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T

his sixth edition of Cellular and Molecular Immunology includes extensive revisions
of the previous edition, which incorporate new discoveries in immunology and the
constantly growing body of knowledge. It is remarkable and fascinating to us that new
principles continue to emerge from analysis of the complex systems that underlie immune
responses. Perhaps one of the most satisfying developments for students of human disease
is that basic principles of immunology are now being used for rational development of
new immunological therapies. Examples of areas in which our understanding has grown
impressively since the last edition of this book include the recognition of microbial products by cytoplasmic and membrane sensors, the intricate organization of lymphoid
tissues, the functional heterogeneity of subsets of dendritic cells and lymphocytes, and the
roles of regulatory cells and inhibitory pathways in immune regulation. We have added
new information while striving to emphasize important principles, and without increasing the length of the book. We have also changed many sections, when necessary, for
increased clarity, accuracy, and completeness.
We have retained the design elements that have evolved through the previous editions
to make the book easier to read. These include the use of bold italic text to highlight "takehome messages," presentation of experimental results in bulleted lists distinguishable
from the main text, and the use of "In-depth" boxes (including several new ones) to present
detailed information about experimental approaches, disease entities, and selected
molecular or biological processes. We also constantly try to further improve the clarity of
illustrations and tables.
Many individuals have made invaluable contributions to this edition. Drs. Michael
Carroll, Jason Cyster, Moh Daha, and Richard Locklsey have been generous with advice
and comments. Our illustrators, David and Alexandra Baker of DNA Illustrations, remain
full partners in the book and provide invaluable suggestions for clarity and accuracy.
Several members of the Elsevier Science staff have played critical roles. Our editor, Bill
Schmitt, has been a source of support and encouragement. Our Developmental Editor,
Rebecca Gruliow, shepherded the book through its preparation and production. Gene
Harris was responsible for the design. Ellen Sklar took charge of the production and has
been a constant source of good sense and efficiency. Our students were the original inspiration for the first edition of this book, and we remain continually grateful to them,
because from them we learn how to think about the science of immunology, and how to
communicate knowledge in the clearest and most meaningful way.
Abul K. Abbas
Andrew H. Lichtman
Shiv Pillai
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Introduction to the
Immune System

T

he first three chapters of this book introduce the nomenclature of immunology
and the components of innate and adaptive immune responses. In
Chapter 1, we describe the types of immune responses and. their general
properties and present an overview of immune responses to microbes. In
Chapter 2, we discuss the early innate immune response to infectious

pathogens. Chapter 3 is devoted to a description of the cells and tissues of
the adaptive immune system, with an emphasis on their anatomic organization and structure-function relationships. This section sets the stage for
more thorough discussion of how the immune system recognizes and
responds to antigens.

.

PROPERTIES AND
OVERVIEW
OF IMMUNE
RESPONSES

Innate and Adaptive
Types of Adaptive
Responses.
6

Immunity.

4

Immune

- -- ---- --

Cardinal Features
Responses.
9

of Adaptive

Immune

Cellular Components of the Adaptive
Immune System. 11
.=. --

Overview of Immune Responses
to
Microbes. 13
The Early Innate Immune Response to
Microbes, 13
The Adaptive Immune Response, 13
The Capture and Display of Microbial
Antigens, 13
Antigen Recognition by Lymphocytes, 14
Cell-Mediated Immunity: Activation of
T Lymphocytes and Elimination of
Intracellular Microbes, 15
Humoral Immunity: Activation of B
Lymphocytes and Elimination of
Extracellular Microbes, 16
Immunological Memory, 16

-- Summary.

------
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The term immunity is derived from the Latin word
immunitas, which referred to the protection from legal
prosecution offered to Roman senators during their
tenures in office. Historically, immunity meant protec-

tion from disease and, more specifically, infectious
disease. The cells and molecules responJible for immunity constitute the immune system, and~their collective
and coordinated response to the introduction of foreign
substances is called the immune respon~e.
The physiologic function of the im'/'une system is
defense against infectious microbes. However, even
noninfectious foreign substances can 'elicit immune
responses. Furthermore, mechanisms Ithat normally
protect individuals from infection and eliminate foreign
substances are also capable of causing ti~sue injury and
disease in some situations. Therefore, a Imore inclusive
definition of the immune response is a rJaction to components of microbes as well as to macrorholecules, such
as proteins and polysaccharides, and sb-tall chemicals
that are recognized as foreign, regardless brthe physiologic or pathologic consequence of su~h a reaction.
Immunology is the study of immune responses in this
broader sense and of the cellular and molecular events
that occur after an organism encounters microbes and
other foreign macromolecules.
Historians often credit Thucydides, in Athens during
the fifth century BC,as having first mentioned immunity
to an infection that he called "plague" (but that was
probably not the bubonic plague we recognize today).
The concept of immunity may have existed long before,
as suggested by the ancient Chinese custom of making
children resistant to smallpox by having them inhale
powders made from the skin lesions of patients recovering from the disease. Immunology, in its modern form,
is an experimental science, in which explanations of
immunologic phenomena are based on experimental
observations and the conclusions drawn from them.
The evolution of immunology as an experimental discipline has depended on our ability to manipulate
the function of the immune system under controlled
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conditions. Historically, the first clear example of this
manipulation, and one that remains among the most
dramatic ever recorded, was Edward Jenner's successful
vaccination against smallpox. Jenner, an English physician, noticed that milkmaids who had recovered from
cowpox never contracted the more serious smallpox. On
the basis of this observation, he injected the material
from a cowpox pustule into the arm of an 8-year-old boy.
When this boy was later intentionally
inoculated
with smallpox, the disease did not develop. Jenner's
landmark treatise on vaccination (Latin vaccinus, of or
from cows) was published in 1798. It led to the widespread acceptance of this method for inducing immunity to infectious diseases, and vaccination remains the
most effective method for preventing infections (Table
1-1). An eloquent testament to the importance of
immunology was the announcement
by the World
Health Organization in 1980 that smallpox was the first
disease that had been eradicated worldwide by a
program of vaccination.
Since the 1960s, there has been a remarkable transformation in our understanding of the immune system
and its functions. Advances in cell culture techniques
(including monoclonal antibody production), immunochemistry, recombinant DNA methodology, x-ray crystallography, and creation of genetically altered animals
(especially transgenic and knockout mice) have changed
immunology from a largely descriptive science into one
in which diverse immune phenomena can be explained
in structural and biochemical terms. In this chapter, we
outline the general features of immune responses and
introduce the concepts that form the cornerstones
of modern immunology and that recur throughout
this book.

INNATE

AND ADAPTIVE

IMMUNITY

Defense against microbes is mediated by the early reactions of innate immunity and the later responses of
adaptive immunity (Fig. 1-1 and Table 1-2). Innate
immunity (also called natural or native immunity) provides the early line of defense against microbes. It consists of cellular and biochemical defense mechanisms
that are in place even before infection and are poised to
respond rapidly to infections. These mechanisms react
only to microbes (and to the products of injured cells),
and they respond in essentially the same way to repeated
infections. The principal components of innate immunity are (1) physical and chemical barriers, such as
epithelia and antimicrobial substances produced at
epithelial surfaces; (2) phagocytic cells (neutrophils,
macro phages) and natural killer (NK) cells; (3) blood
proteins, including members ofthe complement system
and other mediators of inflammation; and (4) proteins
called cytokines that regulate and coordinate many of
the activities of the cells of innate immunity. The mechanisms of innate immunity are specific for structures
that are common to groups of related microbes and
may not distinguish fine differences between foreign
substances.
In contrast to innate immunity, there are other
immune responses that are stimulated by exposure to
infectious agents and increase in magnitude and defensive capabilities with each successive exposure to a particular microbe. Because this form of immunity develops
as a response to infection and adapts to the infection, it
is called adaptive immunity. The defining characteristics of adaptive immunity are exquisite specificity for

Table 1-1. Effectiveness of Vaccines for Some Common Infectious Diseases
Disease

Maximum number
of cases (year)

Number of
cases in 2004

Percent
change

Diphtheria

206,939

(1921)

0

-99.99

Measles

894,134

(1941)

37

-99.99

Mumps

152,209

(1968)

236

-99.90

Pertussis

265,269

(1934)

18,957

-96.84

Polio

(paralytic)

21,269

(1952)

0

-100.0

Rubella

57,686

(1969)

12

-99.98

Tetanus

1,560 (1923)

26

-98.33

-20,000

16

-99.92

6,632

-75.08

Haemophilus
influenzae

Hepatitis

type

B

(1984)

B

26,611 (1985)

This table illustrates the striking decrease in the incidence of selected infectious diseases
for which effective vaccines have been developed.
Adapted from Orenstein WA, AR Hinman, KJ Bart, and SC Hadler. Immunization. In
Mandell GL, JE Bennett, and R Dolin (eds). Principles and Practices of Infectious Diseases, 4th ed. Churchill Livingstone, New York, 1995, and Morbidity and Mortality
Weekly Report 53:1213-1221,2005.
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FIGURE 1-1 Innate and adaptive immunity. The mechanisms of innate immunity provide the initial defense against infections. Adaptive
immune responses develop later and consist of activation of lymphocytes. The kinetics of the innate and adaptive immune responses are
approximations and may vary in different infections.

Table 1-2. Features of Innate and Adaptive Immunity
I

Innate

I

Adaptive

Characteristics

Specificity
...................................................

Diversity

For structures shared by
groups of related microbes

For antigens of microbes
for non microbial antigens

Limited;

Very large; receptors
produced by somatic
recombination
of
gene segments

germline-encoded

.............,..........--.....--.

Memory

.....

,...

.....

.... ...._...___h....

Nonreactivity

...

and

are

None

Yes

Yes

Yes

Skin, mucosal epithelia;
antimicrobial chemicals

Lymphocytes in epithelia;
antibodies secreted at
epithelial surfaces

Complement,

Antibodies

..

to self

Components
Cellular
chemical

and
barriers

...................................................

Blood

proteins

others

.................... ......................-. ...
Phagocytes
neutrophils),

Cells

This

table

responses.

lists the major

characteristics

Innate immunity

(macrophages,
natural
killer

Lymphocytes
cells

and components

is discussed

of innate

and adaptive

in much more detail in Chapter

2.
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TO THE IMMUNE

SYSTEM

distinct molecules and an ability to "remember" and
respond more vigorously to repeated exposures to the
same microbe. The adaptive immune system is able to
recognize and react to a large number of microbial and
nonmicrobial substances. In addition, it has an extraordinary capacity to distinguish between different, even
closely related, microbes and molecules, and for this
reason it is also called specific immunity. It is also sometimes called acquired immunity, to emphasize that
potent protective responses are "acquired" by experience. The main components of adaptive immunity are
cells called lymphocytes and their secreted products,
such as antibodies. Foreign substances that induce specific immune responses or are the targets of such
responses are called antigens.
Innate and adaptive immune responses are components of an integrated system of host defense in which
numerous cells and molecules function cooperatively.
The mechanisms of innate immunity provide an effective initial defense against infections. However, many
pathogenic microbes have evolved to resist innate
immunity, and their elimination requires the more powerful mechanisms of adaptive immunity. The innate
immune response to microbes also stimulates adaptive

Box 1-1

.

immune responses and influences the nature of the
adaptive responses. We will return to a more detailed
discussion of the mechanisms and physiologic functions
of innate immunity in Chapter 2.
Innate immunity is phylogenetically
the oldest
system of host defense, and the adaptive immune
system evolved later (Box 1-1). In invertebrates, host
defense against foreign invaders is mediated largely by
the mechanisms of innate immunity, including phagocytes and circulating molecules that resemble the
plasma proteins of innate immunity in vertebrates.
Adaptive immunity, consisting of lymphocytes and antibodies, first appeared in jawed vertebrates and became
increasingly specialized with further evolution.

TYPES OF ADAPTIVE IMMUNE RESPONSES

There are two types of adaptive immune responses,
called humoral immunity and cell-mediated immunity,
that are mediated by different components of the
immune system and function to eliminate different
types of microbes (Fig. 1-2). Humoral immunity is medi-

IN DEPTH: EVOLUTION OF THE IMMUNE SYSTEM
grafts. (In vertebrates,
this process of graft rejection is
dependent
on adaptive immune responses.)
If sponges
(Porifera) from two different colonies are parabiosed by
being mechanically
held together, they become necrotic
in 1 to 2 weeks, whereas sponges from the same colony
fuse and continue to grow. Earthworms
(annelids) and
starfish (echinoderms)
also reject tissue grafts from
other species of the phyla. These rejection
reactions
are mediated mainly by phagocyte-like
cells. They differ
from graft rejection
in vertebrates
in that specific
memory for the grafted tissue either is not generated or
is difficult to demonstrate.
Nevertheless,
such results
indicate that even invertebrates
must express cell surface
molecules
that distinguish
self from nonself, and such
molecules
may be the precursors
of histocompatibility
molecules in vertebrates.
Recently, a family of polymor-

Mechanisms
for defending
the host against microbes
are
present
in some form in all multicellular
organisms.
These
mechanisms
constitute
innate immunity.
The more specialized
defense
mechanisms
that constitute
adaptive
immunity
are found in vertebrates
only.
Various cells in invertebrates
respond
to microbes
by
surrounding
these
infectious
agents
and destroying
them. These responding
cells resemble
phagocytes
and
have been called phagocytic
amebocytes
in acelomates,
hemocytes
in molluscs
and arthropods,
coelomocytes
in
annelids,
and blood leukocytes
in tunicates.
Invertebrates
do not contain
antigen-specific
lymphocytes
and do not
produce
immunoglobulin
(lg) molecules
or complement
proteins.
However,
they contain a number
of soluble molecules that bind to and lyse microbes.
These molecules
include
lectin-like
proteins,
which
bind to carbohydrates
I

I
I

on microbial

cell walls

and agglutinate

the

microbes,

and
numerous
lytic
and antimicrobial
factors
such
as lysozyme,
which
is also produced
by neutrophils
in
higher organisms.
Phagocytes
in some invertebrates
may
be capable
of secreting
cytokines
that
resemble
macrophage-derived
cytokines
in the vertebrates.
Importantly, all multicellular
organisms
express
cellular
receptors resembling
Toll-like
receptors
that sense microbes

and initiate defense

reactions

against the microbes.

Thus,

host defense
in invertebrates
is mediated
by the cells and
molecules
that resemble
the effector
mechanisms
of
innate immunity
in higher organisms.
Many
studies
have
shown
that
invertebrates
are
capable
of rejecting
foreign
tissue
transplants,
or allo-

I

phic proteins

belonging

to the immunoglobulin

super-

family has been isolated from marine chordates
and
shown to be responsible
for rejection
of organisms.
These proteins may be precursors of mammalian
histocompatibility
molecules.
The hallmark of the vertebrate immune system is the
expression
of somatically
rearranged antigen receptors.
Such receptors
appeared
in jawed fish. Even some
jawless fish express highly variable receptors that differ
from one cell to another, but these are not generated by
recombination
of gene segments.
It is believed that a
transposon containing the gene(s) encoding the enzyme
for recombination
(RAG, or recombination
activating
genes, see Chapter 8) invaded a gene that encoded a
Continued

on following

page
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recepI receptors have been called "variable lymphocyte
molecule. This allowed V and related segments to be I tors," and are apparently generated by shuffling DNA
segments
in the absence
of RAG genes and the more
recombined
to generate
highly diverse and specific
advanced somatic recombination
machinery.
antigen receptors. Not only this feature, but most of the
The immune system has also become increasingly
components
of the adaptive immune system, including
specialized
with evolution.
For instance,
fishes have only
lymphocytes,
antibodies and T cell receptors, MHC molone type of antibody,
called IgM; this number
increases
ecules, and specialized
lymphoid
tissues (but lacking
to two types in amphibians
such as Xenopus
and to seven
germinal centers). all seem to have appeared quite sudor eight types in mammals.
The presence
of more types
denly and coordinately
in jawed vertebrates
(e.g., sharks)
of antibodies
increases
the functional
capabilities
of the
(see Table). A more primitive
version of rearranged
immune
response.
antigen receptors exists in jawless fish (lampreys). These
protein

resembling

a variable

(V) segment

I

I

of an antibody

Innate immunity
Phagocytes

I

NK cells

I

I

Adaptive immunity
Antibodies

I

T and B lymphocytes

Invertebrates
Protozoa

Sponges

Annelids

......................

.h

-

-

+

-

-

+

+

+

-

-

-

+

+

+ (lgM

+

+

+ (lgM,

+

+

+ (2

+

+

+ (3 classes)

+

+

+

+ (3 classes)

+

+

+

+ (7

+

+

.... .- ,-

..... ........ ,,-

~
J
I
I
I

I

I

1
-.' ......

..........................
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Arthropods

I

-

Vertebrates
Elasmobranchs
(sharks,
rays)

+

only)

skates,

......................................

Teleosts
(common

....

..... .. ..

fish)

... .... ,.

...........-...........

Reptiles _,

n. ............,

......

Birds

..''-

............................,.........

Mammals

+

I

I

.'..' -,

Amphibians

others?)

or 3 classes)

or 8 classes)

+

I

I

t

Key: +, present; -, absent
I

...

.--

--- - - -
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ated by molecules in the blood and mucosal secretions,
called antibodies, that are produced by cells called B
lymphocytes (also called B cells). Antibodies recognize
microbial antigens, neutralize the infectivity of the
microbes, and target microbes for elimination by
various effector mechanisms. Humoral immunity is the
principal defense mechanism
against extracellular
microbes and their toxins because secreted antibodies
can bind to these microbes and toxins and assist in their
elimination. Antibodies themselves are specialized, and
different types of antibodies may activate different effector mechanisms. For example, some types of antibodies
promote the ingestion of microbes by host cells (phagocytosis), and other antibodies bind to and trigger the
release of inflammatory mediators from cells. Cellmediated immunity, also called cellular immunity. is
mediated by T lymphocytes (also called T cells). Intracellular microbes. such as viruses and some bacteria,
survive and proliferate inside phagocytes and other host

-- -cells, where they are inaccessible to circulating antibodies. Defense against such infections is a function of cellmediated immunity, which promotes the destruction of
microbes residing in phagocytes or the killing of infected
cells to eliminate reservoirs of infection.
Protective immunity against a microbe may be
induced by the host's response to the microbe or by the
transfer of antibodies or lymphocytes specific for the
microbe (Fig. 1-3). The form of immunity that is induced
by exposure to a foreign antigen is called active immunity because the immunized individual plays an active
role in responding to the antigen. Individuals and lymphocytes that have not encountered a particular antigen
are said to be naive, implying that they are immunologically inexperienced. Individuals who have responded to
a microbial antigen and are protected from subsequent
exposures to that microbe are said to be immune.
Immunity can also be conferred on an individual by
transferring serum or lymphocytes from a specifically

8
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Cell-mediated
immunity

Microbe
Extracellular
microbes

~

Responding
lymphocytes

8 lymphocyte

01~

Phagocytosed

microb~s

macrophage

replicating within
infected cell

microbes in

H~

T lymphocyte

(e.g., viruses)

C~~

T lymphocyte

Secreted
antibody

Effector
mechanism

\r:*

~f h
Transferred
I

by
I

Functions

Serum
(antibodies)

Block
infections and
eliminate
extracellular
microbes

Cells

(T lymphocytes)

Cells
(T lymphocytes)

Activate
macrophages
to kill
phagocytosed
microbes

Kill infected
cells and
eliminate
reservoirs
of infection

immunized individual, a process known as adoptive
transfer in experimental situations. The recipient of such
a transfer becomes immune to the particular antigen
without ever having been exposed to or having
responded to that antigen. Therefore, this form ofimmunity is called passive immunity. Passive immunization
is a useful method for conferring resistance rapidly,
without having to wait for an active immune response to
develop. An example of passive immunity is the transfer
of maternal antibodies to the fetus, which enables newborns to combat infections before they develop the
ability to produce antibodies themselves. Passive immunization against bacterial toxins by the administration of
antibodies from immunized animals is a lifesaving treatment for potentially lethal infections, such as tetanus
and rabies. The technique of adoptive transfer has
also made it possible to define the various cells
and molecules that are responsible for mediating
specific immunity. In fact, humoral immunity was
originally defined as the type of immunity that could
be transferred to unimmunized, or naive, individuals
by antibody-containing
cell-free portions of the blood
(Le., plasma or serum [once called humors]) obtained
from previously immunized individuals. Similarly, cell-

FIGURE

1-2 Types of adaptive immuimmunity,
B lymphocytes
secrete antibodies that prevent infections
by and eliminate
extracellular
microbes.
In cell-mediated
immunity,
helper T lymphocytes
activate
macrophages
to kill
phagocytosed
microbes or cytotoxic T lymphocytes (CTLs) directly destroy infected
cells.

nity. In humoral

mediated immunity was defined as the form of immunity that can be transferred to naive animals with cells
(T lymphocytes) from immunized animals but not with
plasma or serum.
The first experimental demonstration
of humoral
immunity was provided by Emil von Behring and
Shibasaburo Kitasato in 1890. They showed that if serum
from animals that had recovered from diphtheria infection was transferred to naive animals, the recipients
became specifically resistant to diphtheria infection.
The active components
of the serum were called
antitoxins because they neutralized the pathologic
effects of the diphtheria toxin. In the early 1900s, Karl
Landsteiner and other investigators showed that not
only toxins but also nonmicrobial substances could
induce humoral immune responses. From such studies
arose the more general term antibodies for the serum
proteins that mediate humoral immunity. Substances
that bound antibodies and generated the production of
antibodies were then called antigens. (The properties
of antibodies and antigens are described in Chapter 4.)
In 1900, Paul Ehrlich provided a theoretical framework
for the specificity of antigen-antibody
reactions, the
experimental proof for which came during the next 50
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FIGURE
1-3 Active and passive immunity. Active immunity is conferred by a host response to a microbe or microbial antigen. whereas
passive immunity is conferred by adoptive transfer of antibodies or T lymphocytes specific for the microbe. Both forms of immunity provide
resistance to infection and are specific for microbial antigens. but only active immune responses generate immunologic memory.

years from the work of Landsteiner and others using
simple chemicals as antigens. Ehrlich's theories of the
physicochemical complementarity of antigens and antibodies are remarkable for their prescience. This early
emphasis on antibodies led to the general acceptance of
the humoral theory of immunity, according to which
immunity is mediated by substances present in body
fluids.
The cellular theory of immunity, which stated that
host cells were the principal mediators of immunity, was
championed initially by Elie Metchnikoff. His demonstration of phagocytes surrounding a thorn stuck into
a translucent starfish larva, published in 1883, was
perhaps the first experimental
evidence that cells
respond to foreign invaders. Sir Almroth Wright's observation in the early 1900s that factors in immune serum
enhanced the phagocytosis of bacteria by coating the
bacteria, a process known as opsonization, lent support
to the belief that antibodies prepared microbes for ingestion by phagocytes. These early "cellularists" were unable
to prove that specific immunity to microbes could be
mediated by cells. The cellular theory of immunity
became firmly established in the 1950s, when George
Mackaness showed that resistance to an intracellular
bacterium, Listeria monocytogenes, could be adoptively
transferred with cells but not with serum. We now know
that the specificity of cell-mediated immunity is due to
lymphocytes, which often function in concert with other
cells, such as phagocytes, to eliminate microbes.
In the clinical setting, immunity to a previously
encountered microbe is measured indirectly, either by
assaying for the presence of products of immune
responses (such as serum antibodies specific for microbial antigens) or by administering substances purified

from the microbe and measuring reactions to these substances. A reaction to a microbial antigen is detectable
only in individuals who have previously encountered the
antigen; these individuals are said to be "sensitized" to
the antigen, and the reaction is an indication of "sensitivity." Although the reaction to the purified antigen has
no protective function, it implies that the sensitized
individual is capable of mounting a protective immune
response to the microbe.

CARDINAL
IMMUNE

FEATURES OF ADAPTIVE
RESPONSES

All humoral and cell-mediated immune responses to
foreign antigens have a number of fundamental properties that reflect the properties of the lymphocytes that
mediate these responses (Table 1-3).
. Specificity and diversity. Immune responses are specific for distinct antigens and, in fact, for different
portions of a single complex protein, polysaccharide,
or other macromolecule (Fig. 1-4). The parts of such
antigens that are specifically recognized by individual
lymphocytes are called determinants
or epitopes.
This fine specificity exists because individual lymphocytes express membrane receptors that are able
to distinguish subtle differences in structure between
distinct antigens. Clones of lymphocytes with different specificities are present in unimmunized individuals and are able to recognize and respond to foreign
antigens. This concept is the basic tenet of the clonal
selection hypothesis, which is discussed in more
detail later in this chapter.
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Table 1-3.

Cardinal
Immune

Feature

SYSTEM

Features of Adaptive
Responses

Functional

significance

Specificity

Ensures
that
elicit specific

distinct
antigens
responses

Diversity

Enables
immune
to a large variety

Memory

Leads to enhanced
repeated
exposures
the same antigens

Clonal
expansion

Increases
number
of
antigen-specific
lymphocytes
keep pace with microbes

Specialization

Generates
responses
that are
optimal
for defense
against
different
types of microbes

I

I

Contraction
homeostasis

and

Nonreactivity
to self

system
to respond
of antigens
responses
to

to

to

Allows immune system to respond
to newly encountered antigens
Prevents injury to the host during
responses to foreign antigens

The features
of adaptive
immune
responses
tial for the functions
of the immune
system.

are essen-

The total number
of antigenic
specificities
of the
lymphocytes
in an individual,
called the lymphocyte
repertoire,
is extremely
large. It is estimated
that the
immune
system of an individual
can discriminate
107
to 109 distinct
antigenic
determinants.
This property

Antigen

Antigen
Antigen

X

of the lymphocyte
repertoire
is called diversity.
It is
the result of variability
in the structures
of the
antigen-binding
sites of lymphocyte
receptors
for
antigens.
In other words, there are many different
clones of lymphocytes
that differ in the structures
of
their antigen receptors
and therefore
in their specificity for antigens,
contributing
to a total repertoire
that is extremely
diverse. The molecular
mechanisms
that generate such diverse antigen receptors
are discussed in Chapter 8.
o Memory. Exposure of the immune
system to a foreign
antigen enhances
its ability to respond again to that
antigen.
Responses to second and subsequent
exposures to the same antigen, called secondary
immune
responses,
are usually more rapid, larger, and often
qualitatively
different
from the first, or primary,
immune
response
to that antigen
(see Fig. 1-4).
Immunologic
memory
occurs partly because
each
exposure to an antigen expands the clone of lymphocytes specific for that antigen.
In addition,
stimulation of naive lymphocytes
by antigens
generates
long-lived
memory
cells (discussed
in detail
in
Chapter 3). These memory
cells have special characteristics that make them more efficient at responding
to and eliminating
the antigen than are naive lymphocytes that have not previously been exposed to
the antigen. For instance, memory B lymphocytes
produce antibodies
that bind antigens with higher
affinities than do antibodies
produced
in primary
immune responses, and memory T cells react much
more rapidly and vigorously
to antigen challenge
than do naive T cells.

o Clonal expansion.
able proliferation
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FIGURE
1-4 Specificity,
memory,
and contraction
of adaptive immune responses. Antigens X and Y induce the production of different antibodies
(specificity).
The secondary
response
to antigen X is
more rapid and larger than the primary
response (memory). Antibody levels decline
with time after each immunization
(contraction, the process that maintains
homeostasis). The same features
are seen in
cell-mediated
immune responses.
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term clonal expansion refers to an increase in the
number of cells that express identical receptors for
the antigen and thus belong to a clone. This increase
in antigen-specific cells enables the adaptive immune
response to keep pace with rapidly dividing infectious
pathogens.

. Specialization. As we have already noted, the
immune system responds in distinct and special ways
to different microbes, maximizing the effectiveness of
antimicrobial defense mechanisms. Thus, humoral
immunity and cell-mediated immunity are elicited by
different classes of microbes or by the same microbe
at different stages of infection (extracellular and intracellular), and each type of immune response protects
the host against that class of microbe. Even within
humoral or cell-mediated immune responses, the
nature of the antibodies or T lymphocytes that are
generated may vary from one class of microbe to
another. We will return to the mechanisms and functional significance of such specialization in later
chapters.

. Contraction and homeostasis. All normal immune
responses wane with time after antigen stimulation,
thus returning the immune system to its resting basal
state, a state that is called homeostasis (see Fig. 1-4).
This contraction of immune responses occurs largely
because responses that are triggered by antigens
function to eliminate the antigens, thus eliminating
the essential stimulus for lymphocyte survival and
activation. Lymphocytes deprived of these stimuli die
by apoptosis. The mechanisms of homeostasis are
discussed in Chapter 11.

. Nonreactivity to self. One of the most remarkable
properties of every normal individual's immune
system is its ability to recognize, respond to, and
eliminate many foreign (nonself) antigens while
not reacting harmfully to that individual's own (self)
antigenic substances. Immunological unresponsiveness is also called tolerance. Tolerance to self antigens, or self-tolerance, is maintained by several
mechanisms. These include eliminating lymphocytes
that express receptors specific for some self antigens
and allowing lymphocytes to encounter other self
antigens in settings that lead to functional inactivation or death of the self-reactive lymphocytes. The
mechanisms of self-tolerance and discrimination
between self and foreign antigens are discussed in
Chapter 11. Abnormalities in the induction or maintenance of self-tolerance lead to immune responses
against self antigens (autologous antigens), often
resulting in disorders called autoimmune diseases.
The development and pathologic consequences of
autoimmunity are described in Chapter 18.
These features of adaptive immunity are necessary if
the immune system is to perform its normal function of
host defense (see Table 1-3). Specificity and memory
enable the immune system to mount heightened
responses to persistent or recurring stimulation with
the same antigen and thus to combat infections that

PROPERTIES AND OVERVIEW OF IMMUNE RESPONSES

are prolonged or occur repeatedly. Diversity is essential
if the immune system is to defend individuals against
the many potential pathogens in the environment.
Specialization enables the host to "custom design"
responses to best combat particular types of microbes.
Contraction of the response allows the system to return
to a state of rest after it eliminates each foreign antigen
and to be prepared to respond to other antigens. Selftolerance is vital for preventing harmful reactions against
one's own cells and tissues while maintaining a diverse
repertoire of lymphocytes specific for foreign antigens.
CELLULAR
IMMUNE

COMPONENTS

OF THE ADAPTIVE

SYSTEM

The principal cells of the immune system are lymphocytes, antigen-presenting cells, and effector cells. Lymphocytes are the cells that specifically recognize and
respond to foreign antigens and are therefore the mediators of humoral and cellular immunity. There are distinct subpopulations of lymphocytes that differ in how
they recognize antigens and in their functions (Fig. 1-5).
B lymphocytes are the only cells capable of producing
antibodies. They recognize extracellular (including cell
surface) antigens and differentiate into antibodysecreting plasma cells, thus functioning as the mediators
of humoral immunity. T lymphocytes, the cells of cellmediated immunity, recognize the antigens of intracellular microbes and function to destroy these microbes or
the infected cells. T cells do not produce antibody molecules. Their antigen receptors are membrane molecules
distinct from but structurally related to antibodies (see
Chapter 7). T lymphocytes have a restricted specificity
for antigens; they recognize only peptide antigens
attached to host proteins that are encoded by genes in
the major histocompatibility complex (MHC) and that
are expressed on the surfaces of other cells. As a result,
these T cells recognize and respond to cell surfaceassociated but not soluble antigens (see Chapter 6). T
lymphocytes consist of functionally distinct populations, the best defined of which are helper T cells and
cytotoxic, or cytolytic, T lymphocytes
(CTLs). In
response to antigenic stimulation, helper T cells secrete
proteins called cytokines, whose functions are to stimulate the proliferation and differentiation of the T cells
themselves, and activate other cells, including B cells,
macrophages, and other leukocytes. CTLs kill cells that
produce foreign antigens, such as cells infected by
viruses and other intracellular microbes. Some T lymphocytes, which are called regulatory T cells, function
mainly to inhibit immune responses. The generation
and physiologic roles of these regulatory T cells are discussed in Chapter 11. A third class of lymphocytes,
natural killer (NK) cells, is involved in innate immunity
against viruses and other intracellular microbes. We will
return to a more detailed discussion of the properties of
lymphocytes in Chapter 3. Different classes of lymphocytes can be distinguished by the expression of surface
proteins that are named "CD molecules" and numbered
(Chapter 3).
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FIGURE 1-5 Classes of lymphocytes. B lymphocytes recognize

soluble antigens and develop into antibody-secreting
cells. Helper T lymphocytes recognize antigens on the surfaces of APCs and secrete cytokines, which stimulate different mechanisms
of immunity and inflammation. CTLs recognize antigens on infected cells and kill these cells. Regulatory T cells suppress and prevent immune response, e.g. to
self antigens. NK cells use receptors with more limited diversity than T or B cell antigen receptors to recognize and kill their targets, such
as infected cells.

The initiation and development
of adaptive
immune
responses
require
that antigens
be captured
and displayed to specific lymphocytes.
The cells that serve this
role are called antigen-presenting
cells (APCs). The
most specialized
APCs are dendritic
cells, which capture
microbial
antigens that enter from the external environment, transport
these antigens to lymphoid
organs, and
present the antigens
to naive T lymphocytes
to initiate
immune
responses.
Other cell types function
as APCs at

different
stages of cell-mediated
and humoral
immune
responses.
We will describe
the functions
of APCs in
Chapter 6.
The activation
of lymphocytes
by antigen leads to the
generation
of numerous
mechanisms
that function
to
eliminate
the antigen.
Antigen
elimination
often requires the participation
of cells that are called effector
cells because
they mediate
the final effect
of the
immune
response,
which is to get rid of the microbe.
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Activated T lymphocytes, mononuclear phagocytes, and
other leukocytes function as effector cells in different
immune responses.
Lymphocytes and APCs are concentrated in anatomically discrete lymphoid organs, where they interact with
one another to initiate immune responses. Lymphocytes
are also present in the blood; from the blood, they
can recirculate to lymphoid tissues and to peripheral
sites of antigen exposure to eliminate the antigen (see

Chapter 3).
OVERVIEW

OF IMMUNE

RESPONSES

TO MICROBES
Now that we have described the major components of
the immune system and their properties, it is useful
to summarize the principles of immune responses to
different types of microbes. Such a summary will be a
foundation for the topics that are discussed throughout
the book.
The immune system has to combat many and diverse
microbes. As we shall see shortly, some features of
immune responses are common to all infectious
pathogens, and others are unique to different classes of
these microbes. How these adaptive immune reactions
are initiated, orchestrated, and controlled are the fundamental questions of immunology. We start with a discussion of the innate immune response.
The Early Innate
to Microbes

Immune

Response

The innate immune system blocks the entry of microbes
and eliminates or limits the growth of many microbes
that are able to colonize tissues. The main sites of interaction between individuals and their environment-the
skin, and gastrointestinal and respiratory tracts-are
lined by continuous epithelia, which serve as barriers
to prevent the entry of microbes from the external
environment.
If microbes successfully breach the
epithelial barriers, they encounter macrophages in the
subepithelial tissue. Macrophages (and other phagocytic leukocytes) express on their surfaces receptors that
bind and ingest microbes, and other receptors that
recognize different microbial molecules and activate
the cells.
Activated macrophages perform several functions
that collectively serve to eliminate ingested microbes.
These cells produce reactive oxygen species and lysosomal enzymes, which destroy microbes that have been
ingested. Macrophages secrete cytokines that promote
the recruitment of other leukocytes, such as neutrophils,
from blood vessels to the site of infection. Cytokines are
secreted proteins that are responsible for many of the
cellular responses of innate and adaptive immunity, and
thus function as the "messenger molecules" of the
immune system. The local accumulation of leukocytes,
and their activation to destroy the microbes, is part of
the host response called inflammation. The innate
immune response to some infectious pathogens, partic-
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ularly viruses, consists of the production of anti-viral
cytokines called interferons and activation of NK cells,
which kill virus-infected cells.
Microbes that are able to withstand these defense
reactions may enter the blood stream, where they are
recognized by the circulating proteins of innate immunity. The most important plasma proteins of innate
immunity are the members of the complement system.
Complement proteins may be directly activated by
microbial surfaces (the alternative pathway of activation), resulting in the generation of cleavage products
that stimulate inflammation, coat the microbes for
enhanced phagocytosis, and create holes in the microbial cell membranes, leading to their lysis. (As we shall
see later, complement can also be activated by antibodies-called
the classical pathway, for historical
reasons-with
the same functional consequences.)
The reactions of innate immunity are remarkably
effective at controlling, and even eradicating, many
infections. However, a hallmark of pathogenic microbes
is that they have evolved to resist innate immunity and
to successfully invade and replicate in the cells and
tissues of the host. Defense against these pathogens
requires the more powerful and specialized mechanisms
of adaptive immunity.
The Adaptive

Immune

Response

The adaptive immune system uses three main strategies
to combat most microbes.
o Secreted antibodies bind to extracellular microbes,
block their ability to infect host cells, and promote
their ingestion and subsequent
destruction
by
phagocytes.
o Phagocytes ingest microbes and kill them, and helper
T cells enhance the microbicidal abilities of the
phagocytes.
.

CTLs destroy cells infected by microbes that are inaccessible to antibodies.

The goal of the adaptive response is to activate one or
more of these defense mechanisms against diverse
microbes that may be in different anatomic locations,
such as intestinal lumens, the circulation, or inside cells.
A characteristic of the adaptive immune system is that it
produces large numbers oflymphocytes during maturation and after antigen stimulation, and selects the most
useful cells to combat microbes. Such selection maximizes the efficacy of the adaptive immune response. All
adaptive immune responses develop in steps, each of
which corresponds to particular reactions of lymphocytes (Fig. 1-6). We start this overview of adaptive immunity with the first step, which is the recognition of
antigens.

The Capture and Display of
Microbial Antigens
Because the number of naive lymphocytes specific for
any antigen is very small (on the order of 1 in 105or
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FIGURE 1-6 Phases of adaptive immune responses. Adaptive immune responses consist of distinct phases, the first three being the
recognition of antigen, the activation of lymphocytes, and the elimination of antigen (the effector phase). The response contracts (declines)
as antigen-stimulated
lymphocytes die by apoptosis, restoring homeostasis, and the antigen-specific cells that survive are responsible for
memory. The duration of each phase may vary in different immune responses. The y-axis represents an arbitrary measure of the magnitude
of the response. These principles apply to humoral immunity (mediated by B lymphocytes) and cell-mediated immunity (mediated by T
lymphocytes) .

106 lymphocytes) and the quantity of the available
antigen may also be small, special mechanisms are
needed to capture microbes, concentrate them in the
correct location, and deliver their antigens to specific
lymphocytes.
Dendritic cells are the APCs that display microbial
peptides to naive CD4+and CD8+T lymphocytes and initiate adaptive immune responses to protein antigens.
Dendritic cells located in epithelia and connective
tissues capture microbes, digest their proteins into peptides. and express on their surface these pep tides bound
to MHC molecules, which are specialized peptide
display molecules. Dendritic cells carry their antigenic
cargo to draining lymph nodes and take up residence in
the same regions of the nodes through which naive T
lymphocytes continuously recirculate. Thus, the chance
of a lymphocyte with receptors for an antigen finding
that antigen is greatly increased by concentrating the
antigen in recognizable form in the correct anatomic
location. Dendritic cells also display the peptides of
microbes that enter other lymphoid tissues, such as the
spleen.
Intact microbes or microbial antigens that enter
lymph nodes and spleen are recognized in unprocessed

(native) form by specific B lymphocytes. There are also
specialized APCs that display antigens to B lymphocytes.
Antigen

Recognition

by Lymphocytes

Lymphocytes specific for a large number of antigens
exist prior to exposure to the antigen, and when an
antigen enters, it selects the specific cells and activates
them (Fig. 1-7). This fundamental concept is called the
clonal selection hypothesis. It was first suggested by
Niels Jerne in 1955, and most clearly enunciated by
Macfarlane Burnet in 1957, as a hypothesis to explain
how the immune system could respond to a large
number and variety of antigens. According to this
hypothesis, antigen-specific
clones of lymphocytes
develop before and independent of exposure to antigen.
The cells constituting each clone have identical antigen
receptors, which are different from the receptors on the
cells of all other clones. It is estimated that there are
> 106 different specificities in T and B lymphocytes, so
that at least this many antigenic determinants can be
recognized by the adaptive immune system. We will
return to a more detailed discussion of clonal selection
in Chapter 3.

Chapter 1 -

PROPERTIES AND OVERVIEW OF IMMUNE RESPONSES

Lymphocyte

Lymphocyte
clones mature
in generative
lymphoid organs,
in the absence
of antigens
Clones of mature
lymphocytes
specific for diverse
antigens enter
lymphoid tissues

iliL~
~r* F
~~
AntigenX

AntigenY

~

~
Antigen-specific
clones are
activated
("selected")
by antigens

~
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The activation of naive T lymphocytes requires recognition of peptide-MHC complexes presented on dendritic cells. The nature of the antigen that activates T
cells (Le., peptides bound to MHC molecules) ensures
that these lymphocytes can interact only with other cells
(since MHC molecules are cell surface proteins) and not
with free antigen. This, of course, is predictable, because
all the functions of T lymphocytes are dependent on
their physical interactions with other cells. In order to
respond, the T cells need to recognize not only antigens
but also other molecules, called costimulators, that are
induced on the APCs by microbes. Antigen recognition
provides specificity to the immune response, and the
need for co stimulation ensures that T cells respond to
microbes (the inducers of costimulatory molecules) and
not to harmless substances.
B lymphocytes
use their antigen
receptors
(membrane-bound
antibody molecules) to recognize
antigens of many different chemical types.
Engagement of antigen receptors and other signals
trigger lymphocyte proliferation and differentiation. The
reactions and functions ofT and B lymphocytes differ in
important ways and are best considered separately.
Cell-Mediated
Immunity: Activation
T Lymphocytes
and Elimination
of
Intracellular
Microbes

Cb

mediated largely by secreted cytokines. One of the
earliest responses of CD4+ helper T cells is secretion of
the cytokine interleukin-2 (IL-2). IL-2 is a growth factor
that acts on the antigen-activated
lymphocytes and
stimulates their proliferation (clonal expansion). Some
of the progeny differentiate into effector cells that
can secrete different sets of cytokines, and thus perform
different functions. These effector cells leave the lymphoid organs where they were generated and migrate
to sites of infection and accompanying inflammation. When these differentiated
effectors again
encounter cell-associated microbes, they are activated
to perform the functions that are responsible for elimination ofthe microbes. Some effectorT cells ofthe CD4+
helper cell lineage secrete the cytokine interferon-y,
which is a potent macrophage activator and induces
production of microbicidal substances in macrophages.
Thus. these helper T cells can recognize microbial antigens on macrophages that have phagocytosed the
microbes and help the phagocytes to kill the infectious
pathogens. Other CD4+ effector T cells secrete cytokines
that stimulate the production of a special class of
antibody called immunoglobulin E (IgE) and activate
leukocytes called eosinophils. which are able to kill
parasites that may be too large to be phagocytosed. As
we discuss below, CD4+ helper T cells also stimulate B
cell responses.
Activated CD8+lymphocytes proliferate and differentiate into CTLs that kill cells harboring microbes in the
cytoplasm. These microbes may be viruses that infect
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many cell types, or bacteria that are ingested by
macro phages but have learned to escape from phagocytic vesicles into the cytoplasm (where they are inaccessible to the killing machinery of phagocytes, which is
largely confined to vesicles). By destroying the infected
cells, CTLs eliminate the reservoirs of infection.
Humoral Immunity: Activation
of
B Lymphocytes
and Elimination
of
Extracellular
Microbes
Upon activation, B lymphocytes proliferate and differentiate into cells that secrete different classes of antibodies with distinct functions. Many polysaccharide and
lipid antigens have multiple identical antigenic determinants that are able to engage many antigen receptor
molecules on each B cell and initiate the process ofB cell
activation. The response of B cells to protein antigens
requires activating signals ("help") from CD4+ T cells
(which is the historical reason for calling these T cells
"helper" cells). B cells ingest protein antigens, degrade
them, and display pep tides bound to MHC molecules for
recognition by helper T cells, which then activate the B
cells.
Some of the progeny of the expanded B cell clones differentiate into antibody-secreting
plasma cells. Each
plasma cell secretes antibodies that have the same
antigen binding site as the cell surface antibodies (B cell
receptors) that first recognized the antigen. Polysaccharides and lipids stimulate secretion mainly of the antibody class called IgM. Protein antigens, by virtue
of helper T cell actions, induce the production of
antibodies of different classes (lgG, IgA, IgE). This production of functionally different antibodies, all with
the same specificity, is called heavy chain class switching; it provides plasticity in the antibody response,
enabling it to serve many functions. Helper T cells also
stimulate the production of antibodies with increased
affinity for the antigen. This process, called affinity maturation, improves the quality of the humoral immune
response.
The humoral immune response combats microbes in
many ways. Antibodies bind to microbes and prevent
them from infecting cells, thus "neutralizing" the
microbes. In this way, antibodies are able to prevent
infections. In fact, antibodies are the only mechanisms
of adaptive immunity that block an infection before it is
established; this is why eliciting the production of potent
antibodies is a key goal of vaccination. IgG antibodies
coat microbes and target them for phagocytosis, since
phagocytes (neutrophils and macro phages) express
receptors for the tails of IgG. IgG and IgM activate the
complement system, by the classical pathway, and complement products promote phagocytosis and destruction of microbes. Some antibodies serve special roles at
particular anatomic sites. IgA is secreted from mucosal
epithelia and neutralizes microbes in the lumens of the
respiratory and gastrointestinal
tracts (and other
mucosal tissues). IgG is actively transported across the
placenta, and protects the newborn until the immune
system becomes mature. Most antibodies have half-lives

of about 3 weeks. However, some antibody-secreting
plasma cells migrate to the bone marrow and live for
years, continuing to produce low levels of antibodies.
The antibodies that are secreted by these long-lived
plasma cells provide immediate protection if the
microbe returns to infect the individual. More effective
protection is provided by memory cells that are activated
by the microbe.
Immunological

Memory

An effective immune response eliminates the microbes
that initiated the response. This is followed by a contraction phase, in which the expanded lymphocyte
clones die and homeostasis is restored.
The initial activation of lymphocytes generates longlived memory cells, which may survive for years after the
infection. Memory cells are more effective in combating
microbes than are naive lymphocytes because as mentioned earlier, memory cells represent an expanded pool
of antigen-specific lymphocytes (more numerous than
naive cells specific for the antigen), and memory cells
respond faster and more effectively against the antigen
than do naive cells. This is why generating memory
responses is the second important goal of vaccination.
We will discuss the properties of memory lymphocytes
in more detail in Chapter 3.
In Sections II, III, and IV, we describe in detail the
recognition, activation, regulation, and effector phases
of adaptive immune responses. The principles introduced in this chapter recur throughout the book.

SUMMARY
. Protective immunity against microbes is mediated
by the early reactions of innate immunity and the
later responses of adaptive immunity. Innate
immunity is stimulated by structures shared by
groups of microbes. Adaptive immunity is specific
for different microbial and nonmicrobial antigens
and is increased by repeated exposures to antigen
(immunologic memory).

. Humoral
immunity is mediated by B lymphocytes
and their secreted products, antibodies, and functions in defense against extracellular microbes.
Cell-mediated immunity is mediated by T lymphocytes and their products, such as cytokines,
and is important for defense against intracellular
microbes.

. Immunity may be acquired by a response to
antigen (active immunity) or conferred by transfer
of antibodies or cells from an immunized individual (passive immunity).

. The immune system possesses severalproperties
that are of fundamental

importance

for its normal
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functions. These include specificity for different
antigens, a diverse repertoire capable of recognizing a wide variety of antigens, memory of antigen exposure, the capacity for rapid expansion
of clones of antigen-specific
lymphocytes in
response to the antigen, specialized responses to
different microbes, maintenance of homeostasis,
and the ability to discriminate between foreign
antigens and self antigens.
. Lymphocytes are the only cells capable of specifically recognizing antigens and are thus the principal cells of adaptive immunity. The two major
subpopulations of lymphocytes are B cells and T
cells, and they differ in their antigen receptors and
functions. Specialized antigen-presenting
cells
capture microbial antigens and display these antigens for recognition by lymphocytes. The elimination of antigens often requires the participation of
various effector cells.

. The adaptive immune response is initiated by the
recognition of foreign antigens by specific lymphocytes. Lymphocytes respond by proliferating
and by differentiating into effector cells, whose
function is to eliminate the antigen, and into
memory cells, which show enhanced responses on
subsequent encounters with the antigen. The activation of lymphocytes requires antigen and additional signals that may be provided by microbes or
by innate immune responses to microbes.

. CD4+ helper T lymphocytes help macrophages to
eliminate ingested microbes and help B cells to
produce antibodies. CD8+CTLs kill cells harboring
intracellular pathogens, thus eliminating reservoirs of infection. Antibodies, the products of B
lymphocytes, neutralize the infectivity of microbes
and promote the elimination of microbes by
phagocytes and by activation of the complement
system.
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Innate immunity is the initial respo,fse to microbes
that prevents, controls, or eliminates infection of the
host. The importance of innate impunity in host
defense is illustrated by studies showing that inhibiting or eliminating any of several J.echanisms of
innate immunity markedly increases Jusceptibility to
infections, even when the adaptive imPtune system is
intact and functional. We will review eXamples of such
studies later in this chapter and in C~apter 15 when
we discuss immunity to different typ~s of microbes.
Many pathogenic microbes have evolJed strategies to
resist innate immunity. and these strategies are
I
crucial for the virulence of the micro Des.
In infection
by such microbes. innate immune def~nses may keep
the infection in check until the addptive immune
responses are activated. Adaptive imrrlune responses,
being more potent and specialized, ar~ able to eliminate microbes that resist the defense bechanisms of
innate immunity.
I

Innate immunity is the first line of defense against infections. The mechanisms of innate immunity exist before
encounter with microbes and are rapidly activated by
microbes before the development of adaptive immune
responses (see Chapter 1. Fig. 1-1). Innate immunity is
also the phylogenetically oldest mechanism of defense
against microbes and co-evolved along with microbes to
protect all multicellular organisms. including plants and
insects, from infections. Adaptive immunity mediated
by T and B lymphocytes appeared in jawed vertebrates
and is superimposed on innate immunity to improve
host defense against microbes. In Chapter 1, we introduced the concept that the adaptive immune response
enhances some of the antimicrobial mechanisms of
innate immunity and provides both memory of antigen
encounter and specialization of effector mechanisms. In
this chapter. we describe the components. specificity.
and functions of the innate immune system.

. Innate immunity to microbes stimulates adaptive
immune responses and can influenc~ the nature of
the adaptive responses to make them optimally effective against different types ofmicrob~s. Thus. innate
immunity not only serves defensive functions early
after infection but also provides the "warning" that
an infection is present against which a subsequent
adaptive immune response has to be mounted. Moreover, different components of the innate immune
response often react in distinct ways to different
microbes (e.g., bacteria versus viruses) and thereby
influence the type of adaptive immune response that
develops. We will return to this concept at the end of
the chapter.
Some components of innate immunity are functioning at all times, even before infection; these components
include barriers to microbial entry provided by epithelial surfaces. such as the skin and lining of the gastrointestinal and respiratory tracts. Other components
of innate immunity are normally inactive but poised
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to respond rapidly to the presence of microbes; these
components include phagocytes and the complement
system. We begin our discussion of innate immunity by
describing, in general terms, how the innate immune
system recognizes microbes and then proceed to the
individual components of innate immunity and their
functions in host defense.

FEATURES OF INNATE IMMUNE

RECOGNITION

The specificity of the innate immune system for microbial products differs from the specificity of the adaptive
immune system in several respects (Table 2-1).
.

The components of innate immunity recognize structures that are characteristic of microbial pathogens
and are not present on mammalian cells. The innate
immune system recognizes only a limited number of
microbial products, whereas the adaptive immune

system is capable of recognizing a much wider array
of foreign substances whether or not they are products of microbes. The microbial substances that
stimulate innate immunity are called pathogenassociated molecular patterns (PAMPs), and the
receptors that bind these conserved structures are
called pattern recognition receptors (Table 2-2). Different classes of microbes (e.g.. viruses. gram-negative bacteria, gram-positive bacteria, fungi) express
different PAMPs. These structures include nucleic
acids that are unique to microbes, such as doublestranded RNA found in replicating viruses or
unmethylated CpG DNA sequences found in bacteria;
features of proteins that are found in microbes, such
as initiation by N-formylmethionine. which is typical
of bacterial proteins; and complex lipids and carbohydrates that are synthesized by microbes but not by
mammalian
cells, such as lipopolysaccharides
(LPS) in gram-negative bacteria, teichoic acids in
gram-positive bacteria, and mannose-rich oligosac-

Table 2-1. Specificity of Innate and Adaptive Immunity
I

Specificity

Innate immunity
For structures shared by classes of
microbes ("pathogen-associated
molecular patterns")
Di,fferent

microbes
Identical
mannose
receptors

Receptors

I

-[ *.

For structural
detail of microbial
molecules
(antigens);
may recognize
non microbial
antigens

*
()

-{{)

Adaptive immunity

Encoded in germline; limited diversity
("pattern recognition receptors")

Di,fferent

i * :A. w
~

microbes

Distinct~
antibody
molecules

~

r

~

Encoded by genes produced by
somatic recombination
of gene
segments; greater diversity

~

~i~
I.
Toll-like
receptor

Mannose
receptor

Nonclonal:
identical receptors
all cells of the same lineage

Distribution
of receptors
Discrimination

between

N-formylmethionyl
receptor

self

and nonself

~

Scavenger
receptor

on

Yes; host cells are not recognized or they
may express molecules that preventinnate
immune reactions

i~

~GCR

~6

Clonal:
clones of lymphocytes
with distinct
specificities
express
different
receptors
Yes; based
self-reactive
be imperfect
autoimmunity)

on selection
against
lymphocytes;
may
(giving rise to
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Table 2-2. Examples of Recognition Molecules of Innate Immunity and the Molecular Patterns of
Microbes They Recognize

Cell-associated pattern Location
recognition receptors

Specific

Toll-like receptors

Plasma membrane and
endosomal membranes of
dendritic cells, phagocytes,
endothelial cells, and many
other cell types

TLRs 1-9: Various
(see Fig. 2-2)

C-type

Plasma membranes
of phagocytes

Mannose receptor: Microbial surface
terminal mannose and fructose

lectins

examples

and their

bacterial

and viral molecules

with

Glucans

Plasma membranes
of phagocytes

CD36:

microbial

NLRs

Cytoplasm
of phagocytes
and other cells

Nod1, Nod2 and NALP3:

N-formyl Met-Leu-Phe
receptors

Plasma membranes
of phagocytes

FPR and FPRL
N-formylmethionyl

Soluble recognition
molecules

Location

Specific

Pentraxins

Plasma

C reactive protein (CRP): Microbial
and phosphatidylethanolamine

Collectins

Plasma

Mannose-binding
lectin (MBL): Carbohydrates
terminal man nose and fructose

Alveoli

Surfactant proteins SP-A and SP-D: Various
microbial structures

Plasma

Ficolin: N-acetylglucosamine and lipoteichoic acid
components of the cell walls of gram-positive bacteria

Ficolins

receptors

Abbreviations: TLR, Toll-like receptor; PAMP, pathogen-associated

in fungal

carbohydrates

Dectin:

Scavenger

present

PAMP ligands

cell walls

diacylglycerides

bacterial

1: peptides
residues

examples

peptidoglycans

containing

and their PAMP ligands
phosphorylcholine
with

molecular pattern; NLR, Nod-like receptor
I

charides found in microbial but not in mammalian
glycoproteins.
Because of this specificity for microbial structures,
the innate immune system is able to distinguish self
from nonself, but it does so very differently from the
adaptive immune system. The mechanisms of innate
immunity have evolved to recognize microbes
(nonself) and not mammalian (self) molecules. In
contrast,
in the adaptive
immune
system,
self/nonself discrimination is based not on inherited
specificity for microbes but on the elimination or
inactivation of lymphocytes specific for self antigens.
In fact, the innate immune response is not known to
react against self structures in healthy tissues and is
thus even better at discriminating between self and
nonself than the adaptive immune system is. As we
shall see in Chapter 18, adaptive immune responses
can occur against autologous antigens and result in
autoimmune diseases, but this problem does not
appear to happen with innate immunity.

. products
The innate immune system recognizes microbial
that are often essential for survival of the
microbes. This host adaptation is important because
it ensures that the targets of innate immunity cannot
be discarded by microbes in an effort to evade recognition by the host. In contrast, as we shall see in
Chapter 15, microbes may mutate or lose many of
the antigens that are recognized by the adaptive
immune system, thereby enabling the microbes
to evade host defense without compromising their
own survival. An example of a target of innate immunity that is essential for microbes is double-stranded
viral RNA, which plays a critical role in the replication
of certain viruses. Similarly, LPS and teichoic acid
are structural components of bacterial cell walls that
are required for bacterial survival and cannot be
discarded.

. Pattern recognition molecules of the innate immune
system include cell-associated pattern recognition
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receptors expressed on the surface of or inside variOIlS cell types, and soluble proteins in the blood
and extracellular fluids (see Table 2-2). The cellassociated receptors may perform one or both of
two major functions. First, they may transduce
signals that activate antimicrobial and proinflammatory functions of the cells in which they are
expressed. Second, they may facilitate uptake of the
microbes into the cells. Soluble receptors are responsible for facilitating the clearance of microbes from
blood and extracellular fluids by enhancing uptake
into cells or by activating extracellular killing mechanisms. We will discuss these receptors and their
functions in detail below.

. The pattern recognition receptors of the innate
immune system are encoded in germ line DNA. In
contrast. T and B lymphocytes, the principal components of adaptive immunity, use somatic gene
rearrangement to generate their antigen receptors
(see Chapter 8). Because many fewer receptors can be
encoded in the germline than can be generated
through gene rearrangements, the innate immune
system has a limited repertoire of specificities. It is
estimated that the innate immune system can recognize about 103 molecular patterns of microbes. In
contrast, the adaptive immune system is capable of
recognizing 107 or more distinct antigens. Furthermore, whereas the adaptive immune system can
distinguish between antigens of different microbes
of the same class and even different antigens of
one microbe, innate immunity can distinguish only
classes of microbes.

lymphocytes, and other cell types also express pattern
recognition receptors. These cell-associated pattern
recognition receptors are present on the cell surface, in
endosomal vesicles, and in the cytoplasm, ready to recognize microbes in any of these locations (Fig. 2-1).
Pattern recognition receptors are linked to intracellular
signal transduction pathways that activate various cellular responses, including the production of molecules
that promote
inflammation
and defend against
microbes. The major classes of these receptors are discussed next.
Tol/-like Receptors

The TLRs are an evolutionarily conserved family of
pattern recognition receptors expressed on many cell
types, which play essential roles in innate immune
responses to microbes (Fig. 2-2 and Box 2-1). Toll was
originally identified as a Drosophila gene involved in
establishing the dorsal-ventral axis during embryogenesis of the fly, but subsequently it was discovered that the
Toll protein also mediated antimicrobial responses.
There are eleven different human TLRs, named TLR 1 to
11. All these receptors contain a Toll/IL-l receptor (TIR)
homology domain in their cytoplasmic region, which is
Surface TLRs
(TLR-2, 4, 5);
Bacterial lipids,
Flagellin, etc.
Endosome

. Inimmune
addition to microbial products, the innate
system can also recognize stressed or injured

host cells. Stressed or injured cells often express molecules not found in abundance in healthy cells. These
molecules, including heat shock proteins, certain
class I major histocompatibility complex (MHC)-like
molecules, and altered membrane phospholipids, are
recognized by various innate immune system receptors. Cells that are directly infected or are in the vicinity of other infected cells may increase the expression
of these molecules. In this way, innate immunity can
contribute to the elimination of cells harboring
microbes, even if microbial products are not exposed
on the cell surface.
With this general introduction to innate immunity,
we proceed to a discussion of the major classes of
pattern recognition receptors and then the individual
components of innate immunity and their functions in
host defense.
Cellular

Pattern

Recognition

Receptors

A wide variety of cell types express pattern recognition
receptors and therefore participate in innate immune
responses. These include neutrophils, macrophages,
dendritic cells, and endothelial cells, which we will
discuss later in this chapter. In addition, epithelial cells,

(TLRs)

~

I

.~

Viral RNA

CARD-family cytosolic

sensors (RIG-I, others):
Viral RNA

Cytoplasm

Plasma
membrane

Endosomal TLRs
(TLR-7, 8, 9):
Viral RNA,
CpG DNA

.

Bacterial
peptoglycans

\~

NLR-family cytosolic
sensors (NOD2, others):
Bacterial peptidoglycans

FIGURE 2-1 Cellular locations of pattern recognition molecules
of the innate immune system. Some pattern recognition molecules
of the TLR family (see Fig. 2-7), such as TLRs 2, 4, and 5, are
expressed on the cell surface, where they may bind extracellular
pathogen-associated molecular patterns. Other TLRs are expressed
on endosomal membranes, such as TLRs 3, 7, 8, and 9, all of which
can recognize nucleic acids of microbes that have been phagocytosed by cells. Cells also contain cytoplasmic sensors of microbial
infection (discussed later in the chapter), including the NLR family
of proteins, which recognize bacterial peptidoglycans, and a subset
of CARDfamily of proteins, which bind viral RNA.
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TLRs are membrane
signaling
receptors
that play essential roles in innate defense
against
microbes.
TLR genes
have been highly
conserved
during
evolution,
and are
found
in Caenorhabditis
elegans,
Drosophila,
and mammals. There are 12 mammalian
TLR genes (11 expressed

in humans), all of which are type I integral membrane glycoproteins
that contain leucine-rich
repeats flanked by
characteristic
cysteine-rich
motifs in their extracellular
regions and a cytoplasmic
TIR homology
domain (see
Figure). TIR domains are also found in the cytoplasmic
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and inflammation.
In resting cells, functional
NF-KB
IL-1 and IL-18, and
dimers are present in an inactive state in the cytoplasm,
similar signaling pathways are engaged by TLRs, IL-1, and
bound to inhibitory proteins called IKBs. The activation of
IL-18.
NF-KB is initiated by the signal-induced
degradation of IKB
The TLR binding sites for microbial ligands are being
proteins by an enzymatic complex called IKB kinase (lKK).
studied by x-ray crystallography
and mutational analyses.
The same TLRs that lead to NF-KB activation often also
To date, the structural basis for the different TLR specilead to activation of another transcription
factor called APficities remains unknown. TLR signaling requires dimer1. NF-KB and AP-1 activation by TLRs involves a signal
ization of TLR proteins
in the cell membrane,
which
transduction
pathway that is dependent
on the MyD88
sometimes
involves homodimerization
of two identical
adapter protein (see Figure). All TLRs except TLR3 bind
TLR proteins and sometimes
heterodimerization
of two
MyD88,
which,
in most cases, then interacts
with
different TLR proteins. The repertoire of specificities
of
members of the IL-1 receptor-associated
kinase (IRAK)
the TLR system is apparently extended by the ability of
family, and the IRAK proteins interact with and activate
TLRs to heterodimerize
with one another. For example,
TNF receptor-associated
factor 6 (TRAF-6).
TRAF-6,
dimers of TLR2 and TLR6 are required for responses to
which promotes ubiquitination
of downstream
signaling
peptidoglycan.
Specificities
of the TLRs are also influmolecules,
activates TGF-~-activated
kinase 1 (TAK1).
enced by various non-TLR accessory molecules. This is
which in turn initiates the mitogen
activated
protein
most thoroughly understood
for TLR4 and its ligand LPS.
(MAP) kinase and inhibitor of NF-KB (lKB) kinase casLPS first binds to soluble LPS-binding protein (LBP) in the
cades. The MAP kinase and the IKB kinase cascades lead
blood or extracellular
fluid, and this complex serves to
to activation and nuclear localization of the AP-1 and NFfacilitate LPS binding to CD14, which exists as both a
KB transcription
factors, respectively.
soluble plasma protein and a glycophosphatidylinositolTLR4, which responds to bacterial LPS (see Box 15-1,
linked membrane
protein on most cells except endotheChapter 15). engages at least two different signaling pathlium. Once LPS binds to CD14, LBP dissociates, and the
ways, each of which utilizes a different pair of TIR family
LPS-CD14 complex physically associates with TLR4. An
adapter proteins. In one pathway, MyD88 and Mal{flRAP
additional extracellular
accessory protein called MD2 also
are recruited and lead to NF-KB activation via IRAK, TRAFbinds to the complex with CD14. LPS, CD14, and MD2
6, and TAK1. In a second pathway, TRAM and Trif are
are all required for efficient LPS-induced signaling, but it
recruited and lead to activation of interferon
response
is not yet clear if direct physical interaction of LPS with
factor-3 (lRF-3). via TBK1. IRF-3 is a transcription factor
TLR4 is necessary. Different combinations
of accessory
that enhances expression of type 1 interferon genes (lFNmolecules in TLR complexes
may serve to broaden the
a and IFN-~). Therefore, TLR4 signaling can also result in
range of microbial
products
that can induce innate
expression of a wide variety of inflammatory
and antiviral
immune responses.
For example, both CD14 and MD2
genes.
are associated with complexes of other TLRs (e.g., TLR2).
TLR9, which recognizes bacterial and viral unmethyThe details of TLR signaling are the focus of active
lated CpG DNA within endosomes,
recruits
MyD88,
investigation,
and new information
continues to change
leading to activation of IRF7, a transcription
factor that,
our understanding
of the pathways;
the following
dislike IRF3, induces type I interferon gene expression. TLR9
cussion is an overview
of current knowledge.
Ligandsignaling also activates NF-KB.
induced
TLR dimerization
permits
the binding
of
A second major downstream
effect of TLR signaling is
cytoplasmic
adapter proteins to the TLR cytoplasmic tails,
the activation of IRF-3 and -7, which are transcription
via homotypic
interactions
of TIR domains found in both
factors required for expression of type I interferon genes
the TLR and the adapter protein. Four of these adapters
(IFN-a and IFN-~). TLR3, the endosomal receptor for viral
are MyD88, Mal (MyD88 adapter-like)!fIRAP
(TIR domainI double-stranded
RNA, activates IRF-3. TLR3 does not
containing
adapter protein). Trif (TI R-domain-containing
bind MyD88, but utilizes the TRIF adapter protein, which
adapter inducing
interferon-~).
and TRAM (Trif-related
activates TBK1 (TRAF family member associated NF-KB
adapter molecule). Different combinations
of the adapters
activator binding kinase). TRIF then activates the tranare used by different TLRs, as discussed below, which
scription factor IRF-3, which stimulates
expression
of
is the basis for common
and unique downstream
type I interferon genes. The type I interferons are
effects of the TLRs. In all cases, the adapter proteins are
cytokines that block viral replication in cells. Therefore,
crucial for the assembly of signaling complexes,
which
molecular
patterns that are produced by viruses (e.g.,
include protein kinases (usually IRAK family members)
double-stranded RNA) engage TLRs that stimulate the
and TRAF.
transcription
of antiviral cytokines. TRAF6 is also recruited
A major downstream
effect of TLR signaling is the actito the signaling complex induced by TLR3 ligands, leading
.
vation of the transcription
factor NF-KB, which is required
to NF-KB activation.
for expression of many genes related to innate immunity
J
- ~
..

tails of the receptors for the cytokines
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essential for signaling (see Box 2-1). The major cell types
on which TLRs are expressed include macrophages, dendritic cells, neutrophils, mucosal epithelial cells, and
endothelial cells.
Mammalian TLRs are involved in responses to widely
divergent types of molecules that are commonly
expressed by microbial but not mammalian cells (see
Fig. 2-2). TLRs are found on the cell surface and on intracellular membranes, and are thus able to recognize
microbes in different cellular locations. Some of the
microbial products that stimulate TLR signals include
gram-negative bacterial LPS, gram-positive bacterial
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peptidoglycan, bacterial lipoproteins, lipoteichoic acid,
lipoarabinomannan,
zymosan, the bacterial flagellar
protein flagellin, respiratory syncytial virus fusion
protein, unmethylated
CpG motifs, double-stranded
RNA, and single-stranded RNA. TLRs 3, 7, 8, and 9 are
mainly expressed inside cells on endoplasmic reticulum
(ER) and endosomal membranes, where they detect
microbial nucleic acids (see Fig. 2-2). Although the
nucleic acid ligands recognized by these TLRs are not all
uniquely produced by microbes, the nucleic acids made
by host cells are not normally in the endosomallocations of these TLRs. In other words, TLRs 3, 7, 8, and 9
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FIGURE

Mammalian
TLRs: specificities,
basic signaling mechanisms. and cellular
responses.
Ligands
for TLRs are shown
together
of the TLRs that specially bind them. Note that some TLRs are expressed in endosomes
and some on the cell surface (see
Fig. 2-7). The basic steps in TLR signaling, illustrated only for TLR3 and TLR4, are applicable to all TLRs. Further details about the signaling
pathways are described in Box 2-1.
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distinguish self from foreign substances based on cellular location of the ligands they bind. In addition to TLRs,
there are other intracellular pattern recognition receptors, located in the cytoplasm, that we will discuss later.
Several signaling pathways link TLR recognition of
microbial ligands with activation of transcription
factors, resulting in expression of genes important for
innate immune responses (see Box 2-1). These signaling
pathways are initiated by ligand binding to the TLR at
the cell surface or in the ER or endosomes, leading to
dimerization of the TLR proteins. TLR dimerization is
followed by recruitment of TlR domain-containing
adapter proteins, which facilitate the recruitment and
activation of various protein kinases, leading to the activation of different transcription factors. The major transcription factors that are activated by TLR signaling
pathways are nuclear factor KB(NF-KB).AP-I, lRF-3, and
lRF-7. NF-KB and/or AP-I stimulate the expression of
genes encoding many of the molecules in the innate
immune response, which we will discuss later in the
chapter, including inflammatory cytokines (e.g. TNF and
IL-1), chemokines (e.g. CCL2), and endothelial adhesion
molecules (e.g. E-selectin). lRF-3 and lRF-7 promote
expression of interferon (lFN)-a/~ genes, important for
innate immune responses to viruses. The use of different adapter proteins by different TLRs provides some
variability in the type of cellular response that is stimulated by distinct microbial products.
Other Pattern Recognition

laden foam cells in atherosclerosis; they also recognize and mediate the uptake of microbes into phagocytes as part of innate immune responses.

. N-formyl Met-Leu-Phe receptors, including FPR
and FPRLl, recognize short pep tides containing
N-formylmethionyl
residues. FPR and FPRLl are
expressed by neutrophils and macro phages, respectively. Because all bacterial proteins and few mammalian proteins (only those synthesized within
mitochondria) are initiated by N-formylmethionine,
FPR and FPRLl allow phagocytes to detect and
respond to bacterial proteins. The ligands that bind
these receptors are some of the first identified and
most potent chemoattractants
for leukocytes. FPR
and FPRLl belong to the seven-transmembrane,
guanosine triphosphate
(GTP)-binding (G) proteincoupled receptor superfamily. Like chemokine receptors, these receptors initiate intracellular responses
through associated trimeric G proteins. In a resting
cell, the receptor-associated G proteins form a stable
inactive complex containing guanosine diphosphate
(GDP) bound to Ga subunits. Occupancy of the
receptor by ligand results in an exchange of GTP for
GDP.The GTP-bound form of the G protein activates
numerous cellular enzymes, including an isoform of
phosphatidylinositol-specific
phospholipase C that
functions to increase intracellular calcium and activate protein kinase C. The G proteins also stimulate
cytoskeletal changes, resulting in increased cell
motility.

Receptors

Several types of plasma membrane and cytoplasmic
receptors other than TLRs are expressed on various cell
types and recognize microbial molecules (see Table 2-2
and Fig. 2-1). Some of these receptors transmit activating signals, similar to TLRs, that promote inflammatory
responses and enhance killing of microbes. Other receptors mainly participate in the uptake of microbes into
phagocytes, as we will discuss in detail later.

. C-type lectins are a large family of calciumdependent
carbohydrate-binding
molecules expressed on the plasma membranes of macro phages,
dendritic cells, and other leukocytes. There are
several types ofC-type lectins with different specificities, and only partially understood functions. Some of
these lectins recognize carbohydrate structures found
on the cell walls of microorganisms but not mammalian cells. The best known is the mannose receptor, which plays a role in phagocytosis of microbes,
discussed later. Another C-type lectin called Dectinl,
which binds ~-l ,3- and ~-l ,6-linked glucans present
in fungal cell walls, generates signals that intersect
with TLR signaling pathways.

. Scavenger receptors comprise a structurally and
functionally diverse group of molecules with the
common characteristic of mediating the uptake of
oxidized lipoproteins into cells. Some of the major
scavenger receptors that are expressed on phagocytes
are CD36, CD68, and SRBI. Scavenger receptors play
pathologic roles in the generation of cholesterol-

.

NLRs (NACHT-LRRs) are a family of cytoplasmic molecules, defined by the presence of certain conserved
domain structures, which serve as intracellular
sensors of bacterial infection. Several members of this
family are known to bind specific ligands inside cells
and initiate signaling cascades that activate inflammatory responses. One subset of the NLRs is called
Nods (Nucleotide-binding oligomerization domain),
and another subfamily is called NALPs (NACHT-,
LRR- and pyrin domain-containing
proteins). Three
NLRs, including NodI, Nod2, and NALP3, recognize
derivatives of peptidoglycan, a common component
of bacterial cell walls. After recognizing peptidoglycan, they recruit the protein kinase RICK, which
links to downstream signaling pathways that lead to
activation of NF-KB and AP-I, and production of
cytokines and other mediators of innate immunity.
It is likely that NLRs bind other microbial products
as well.

. Caspase activation and recruitment domain
(CARD)-containing proteins, including retinoic acid
inducible gene-l (RIG-I) and melanoma differentiation-associated
gene 5 (MDA5), are cytoplasmic
receptors that bind viral RNA. Via their CARD
domains, RIG-I and MDA5 engage signaling cascades
that involve TBKI, similar to the TLR3 signaling
pathway discussed earlier. Ultimately these pathways
activate the lRF-3 and NF-KB transcription factors,
which stimulate the expression of antiviral type I
interferons.

I
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Table 2-3.
I

Components

Components

I

of Innate Immunity

Principal Functions
I

Barriers
Epithelial layers

...........

.........

Defensins/cathelicidin
......

Prevent microbial entry

.............................................
..........................

.... ...........

.....

Intraepitheliallymphocytes

Circulating

effector

Neutrophils

...........

.... ....--................

Microbial killing

cells
...................

.....

Macrophages
...,........-................

........................................

Early phagocytosis

Circulating

effector
..

..

................-....................

Mannose-binding
lectin (collectin)

...........- ........... ....-..-....................-...............-

C-reactive

protein

and killing of microbes,
that stimulate inflammation

cells, activation

of macrophages

proteins

Complement
..

and killing of microbes

Efficient phagocytosis
secretion of cytokines
Lysis of infected

NK cells

..........

Microbial killing

(pentraxin)

Killing of microbes, opsonization
activation of leukocytes

of microbes,

Opsonization
of microbes,
(lectin pathway)

activation

of complement

Opsonization

activation

of complement

of microbes,

Cytokines
TNF, IL-1, chemokines

.. ....... .....h....

IFN-a,

.u..

-~

....- ....... .................

_... ...' ..........

Inflammation
._.......,...__...

........ ............

................-

Resistance

to viral

Macrophage

IFN-y

infection

activation

...............-.......................................................

IL-12

IFN-y

IL-15

Proliferation

.......................................................................
.......................................................................

IL-10,

TGF-~

production

by NK cells

and T cells

of NK cells

Control of inflammation

Abbreviations:
IFN, interferon; IL, interleukin; NK, natural killer; TGF-~,
transforming growth factor-~, TNF, tumor necrosis factor

COMPONENTS
IMMUNE

OF THE INNATE

SYSTEM

The innate immune system consists of epithelial barriers, circulating and tissue cells, and plasma proteins
(Table 2-3). The principal effector cells of innate immuphagocytes, and
nity are neutrophils, mononuclear
natural killer (NK) cells. These cells attack microbes that
have breached epithelial barriers and entered into
tissues or the circulation. Each of these cell types plays
a distinct role in the response to microbes. Some of the
cells of innate immunity, notably macro phages and NK
cells, secrete cytokines that activate phagocytes and
stimulate the cellular reaction of innate immunity, called
inflammation. Inflammation consists of recruitment of
leukocytes and extravasation of several plasma proteins
into a site of infection, and activation of the leukocytes
and proteins to eliminate the infectious agent. As we
shall see later, inflammation can also injure normal

tissues. If microbes enter the circulation, they are combated by various plasma proteins. The major circulating
proteins of innate immunity are the proteins ofthe complement system and other plasma proteins that recognize microbial structures, such as mannose-binding
lectin. In the following sections, we describe the properties and functions of each ofthese components ofinnate
immunity.
Epithelial

Barriers

Intact epithelial surfaces form physical barriers
between microbes in the external environment and
host tissue (Fig. 2-3). The three main interfaces between
the environment and the host are the skin and the
and respimucosal surfaces of the gastrointestinal
ratory tracts. All three are protected by continuous
epithelia that prevent the entry of microbes, and loss of
integrity of these epithelia commonly predisposes to
infection.

I
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Physical
barrier
to infection
Peptide

Killing of microbes
by locally produced
antibiotics
(defensins,
cathelicidins)

antibiotics

~,* ~*
CIIJIIJ

Killing of microbes
and infected cells
by intraepithelial
lymphocytes
FIGURE 2-3 Epithelial barriers. Epithelia at the portals of entry
of microbes provide physical barriers, produce antimicrobial substances, and harbor intraepithelial lymphocytes that are believed to
killmicrobes and infected cells.

Epithelia, as well as some leukocytes, produce peptides that have antimicrobial properties. Two structurally distinct families of antimicrobial pep tides are the
defensins and the cathelicidins. Defensins are small
cationic pep tides, 29 to 34 amino acids long, that
contain three intra chain disulfide bonds. Three families
of defensins, named a, ~, and cI>,are distinguished by
the location of these bonds. Defensins are produced
by epithelial cells of mucosal surfaces and by granulecontaining leukocytes, including neutrophils, NK cells,
and cytotoxic T lymphocytes. The set of defensin molecules produced differs between different cell types. A
major producer of a defensins are Paneth cells within
the crypts of the small bowel. Paneth cell defensins are
sometimes called crypticidins and serve to limit the
amount of microbes in the lumen. Defensins are also
produced elsewhere in the bowel, in respiratory mucosal
cells, and in the skin. Some defensins are constitutively
produced by some cell types, but their secretion may be
enhanced by cytokines or microbial products. In other
cells, defensins are produced in responses to cytokines
and microbial products. The protective actions of the
defensins include both direct toxicity to microbes,
including bacteria and fungi, and the activation of cells
involved in the inflammatory response to microbes. The
mechanisms of direct microbicidal effects are poorly
understood.
Cathelicidins
are expressed by neutrophils and
various barrier epithelia, including skin, gastrointestinal
mucosal cells, and respiratory mucosal cells. An 18-kD
two-domain precursor cathelicidin protein is transcribed and is proteolytically cleaved into two pep tides,
each with protective functions. Both precursor synthesis
and proteolytic cleavage may be stimulated by inflammatory cytokines and microbial products. The Cterminal fragment, called LL-37 because it has two
leucine residues at its N terminus, has multiple functions

that serve to protect against infections. These include
direct toxicity to a broad range of microorganisms, and
the activation of various responses in leukocytes and
other cell types that promote eradication of microbes. In
addition, LL-37 can bind and neutralize LPS, which is a
toxic component ofthe outer wall of gram-negative bacteria that is discussed later in this chapter. The other fragment of the cleaved cathelicidin precursor may also have
antimicrobial activities, but these are less well defined.
Barrier epithelia and serosal cavities contain certain
types of lymphocytes, including intraepithelial T lymphocytes and the B-1 subset ofB cells, respectively, which
recognize and respond to commonly encountered
microbes. As we will discuss in greater detail in later
chapters, most T and B lymphocytes are components of
the adaptive immune system and are characterized by a
highly diverse repertoire of specificities for different
antigens. The diversity of antigen receptors is generated
by somatic recombination of germline DNA segments
and modification of nucleotide sequences at the junctions between the recombined segments, yielding
unique antigen receptor genes in each lymphocyte clone
(see Chapter 8). However, certain subsets of T and B
lymphocytes have very little diversity, because the same
DNA segments are recombined in each clone and there
is little or no modification of junctional sequences. It
appears that these T and B cell subsets recognize structures commonly expressed by many different or commonly encountered microbial species; in other words,
they recognize PAMPs. Although these T and B cells are
lymphocytes with antigen receptors like other T or B
cells, and they perform similar effector functions as do
other lymphocytes, the nature of their specificities
places them in a special category of lymphocytes that is
akin more to effector cells of innate immunity than to
cells of adaptive immunity. lntraepithelial T lymphocytes are present in the epidermis of the skin and in
mucosal epithelia (see Chapter 3). Various subsets of
intraepitheliallymphocytes
are present in different proportions, depending on species and tissue location.
These subsets are distinguished mainly by the type ofT
cell antigen receptors (TCRs) they express. Some
intraepithelial T lymphocytes express the conventional
a~ form ofTCR, which is present on most T cells in lymphoid tissues. OtherT cells in epithelia express a form of
antigen receptor called the yo receptor that may recognize peptide and nonpeptide antigens. lntraepithelial
lymphocytes may function in host defense by secreting
cytokines, activating phagocytes, and killing infected
cells. The peritoneal cavity contains a population of B
lymphocytes, called B-1 cells, whose antigen receptors
are immunoglobulin molecules, as in other B lymphocytes, but have limited diversity, like the antigen receptors of intra epithelial T lymphocytes. Many B-1 cells
produce immunoglobulin M (lgM) antibodies specific
for polysaccharide and lipid antigens, such as phosphory1choline and LPS, that are shared by many types of
bacteria. In fact. normal individuals have circulating
antibodies against such bacteria, most of which
are present in the intestines. without any evidence
of infection. These antibodies are called natural antibodies and they are largely the product of B-1 cells.

Chapter2 Natural antibodies serve as a preformed defense mechanism against microbes that succeed in penetrating
epithelial barriers.
A third population of cells present under many
epithelia and in serosal cavities are mast cells. Mast cells
respond directly to microbial products by secreting
cytokines and lipid mediators that promote inflammation. We will return to a discussion of mast cells in
Chapter 19.
Phagocytes

and Inflammatory

Responses

The most numerous effector cells of the innate immune
system are bone marrow-derived cells that circulate in
the blood and migrate into tissues. These include cells of
the myeloid lineage, including neutrophils, mononuclear phagocytes, and dendritic cells, which we will
discuss in this section, and cells of the lymphocyte
lineage, including natural killer cells, which will be
described later, as well as yoT cells and B-1 B cells, which
were described above.
Phagocytes, including neutrophils and macrophages,
are cells whose primary function is to identify, ingest,
and destroy microbes. The functional responses of
phagocytes in host defense consist of sequential steps:
active recruitment of the cells to the sites of infection,
recognition of microbes, ingestion of the microbes by
the process of phagocytosis, and destruction of ingested
microbes. In addition, phagocytes produce cytokines
that serve many important roles in innate and adaptive
immune responses and tissue repair. These effector
functions of phagocytes are important not only in innate
immunity, but also in the effector phases of adaptive
immune responses. For example, as we will discuss in
Chapter 13, in T cell-mediated
immunity, antigenstimulated T cells can activate macrophages to become
more efficient at killing phagocytosed microbes. In
humoral immunity, antibodies
coat, or opsonize,
microbes and promote the phagocytosis ofthe microbes
through macrophage surface receptors for antibodies
(see Chapter 14). These are examples that illustrate two
ways by which adaptive immunity works by enhancing
the anti-microbial activities of a cell type of innate
immunity (the macrophage). In the following discussion, we will describe the phagocytes that are important
in innate immunity.

INNATE

IMMUNITY

guishes neutrophil granules from those ofbasophils and
eosinophils, respectively. The remainder of the granules
of neutrophils, called azurophilic granules, are lysosomes containing enzymes and other microbicidal
substances,
including defensins and cathelicidins.
Neutrophils are produced in the bone marrow and arise
from a common lineage with mononuclear phagocytes.
Production of neutrophils is stimulated by granulocyte
colony-stimulating factor (G-CSF). An adult human produces more than 1 x lOll neutrophils per day, each of
which circulates in the blood for only about 6 hours.
Neutrophils may migrate to sites of infection within a
few hours after the entry of microbes. If a circulating
neutrophil is not recruited into a site of inflammation
within this period, it undergoes apoptosis and is usually
phagocytosed by resident macrophages in the liver or
spleen. Even after entering tissues, neutrophils function
for a few hours and then die.
~ononuc~arPhagoc~es
The mononuclear phagocyte system consists of cells that
have a common lineage whose primary function is
phagocytosis, and that play central roles in innate and
adaptive immunity. The cells of the mononuclear
phagocyte system originate in the bone marrow, circulate in the blood, and mature and become activated in
various tissues (Fig. 2-5). The first cell type that enters
the peripheral blood after leaving the marrow is incompletely differentiated and is called the monocyte. Monocytes are 10 to 15/lm in diameter, and they have
bean-shaped nuclei and finely granular cytoplasm containing lysosomes, phagocytic vacuoles, and cytoskeletal filaments (Fig. 2-6). Once they enter tissues, these
cells mature and become macrophages. Macrophages
may assume different morphologic forms after activation by external stimuli, such as microbes. Some develop
abundant cytoplasm and are called epithelioid cells
because of their resemblance to epithelial cells of the
skin. Activated macrophages can fuse to form multinucleate giant cells. Macrophages in different tissues
have been given special names to designate specific
locations. For instance, in the central nervous system,
they are called microglial cells; when lining the vascular
sinusoids ofthe liver, they are called Kupffer cells; in pulmonary airways, they are called alveolar macrophages;

Neutrophils
Neutrophils, also called polymorphonuclear leukocytes,
are the most abundant population of circulating white
blood cells and mediate the earliest phases of inflammatory responses. Neutrophils circulate as spherical
cells about 12 to 15/lm in diameter with numerous
membranous projections. The nucleus of a neutrophil is
segmented into three to five connected lobules, hence
the synonym polymorphonuclear
leukocyte (Fig. 2--4).
The cytoplasm contains granules of two types. The
majority, called specific granules, are filled with enzymes
such as lysozyme, collagenase, and elastase. These granules do not stain strongly with either basic or acidic dyes
(hematoxylin and eosin, respectively), which distin-

FIGURE 2-4 Morphology of neutrophils. The light micrograph
of
a blood neutrophil
shows the multi lobed nucleus.
because
of which
these cells are also called polymorphonuclear
leukocytes.
and the
faint cytoplasmic
granules.
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FIGURE 2-5 Maturation of mononuclear phagocytes. Mononuclearphagocytes develop in the bone marrow.circulatein the bloodas
monocytes, and are resident in alltissues of the bodyas macrophages.They maydifferentiateinto specializedforms in particulartissues.
CNS, central nervous system.

and multinucleate
phagocytes in bone are called
osteoclasts.
Macrophage-like cells are phylogenetically the oldest
mediators of innate immunity. Drosophila responds to
infection by surrounding microbes with "hemocytes,"
which are similar to macrophages, and these cells
phagocytose the microbes and wall off the infection by
inducing coagulation of the surrounding hemolymph.
Similar phagocyte-like cells have been identified even in
plants.
Macrophages typically respond to microbes nearly as
rapidly as neutrophils do, but macrophages survive
much longer at sites of inflammation. Unlike neutrophils, macrophages are not terminally differentiated
and can undergo cell division at an inflammatory site.
Therefore, macrophages are the dominant effector cells
of the later stages of the innate immune response, 1 or
2 days after infection.
Dendritic

Cells

Dendritic cells play important roles in innate responses
to infections and in linking innate and adaptive immune
responses. They have long membranous projections
and phagocytic capabilities, and are widely distributed

FIGURE 24)

in lymphoid tissues, mucosal epithelium, and organ
parenchyma. Dendritic cells are derived from bonemarrow precursors, and most are related in lineage to
mononuclear phagocytes. They express pattern recognition receptors and respond to microbes by secreting
cytokines. One sub population of dendritic cells, called
plasmacytoid dendritic cells, are specialized early cellular responders to viral infection. They recognize endocytosed viruses and produce type I interferons, which
have potent antiviral a ctivities (see Chapter 12). Dendritic cells serve a critical function in adaptive immune
responses by capturing and displaying microbial antigens to T lymphocytes. We will discuss dendritic cells in
this context in Chapter 6.

Recruitment

of Leukocytes

to Sites of Infection

Neutrophils and monocytes are recruited from the blood
to sites of infection by binding to adhesion molecules on
endothelial cells and by chemoattractants produced in
response to the infection. In the absence of infection,
these leukocytes circulate in the blood and do not
migrate into tissues. Their recruitment to sites of infection is a multistep process involving adherence of the
circulating leukocytes to the luminal surface of endothe-

Morphology
of mononuclear
phagocytes.
A. Light micrograph
of a monocyte in a peripheral
blood smear. B. Electron
micrograph of a peripheral
blood monocyte.
(Courtesy
of Dr. Noel Weidner,
Department
of Pathology,
University
of California,
San Diego.) C. Electron micrograph
of an activated
tissue macrophage
showing
numerous
phagocytic
vacuoles
and cytoplasmic
organelles.
(From Fawcett
OW.
Bloom & Fawcett's Textbook of Histology, 12th ed. Chapman & Hall, 1994. With kind permission of Springer Science and Business Media.)
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FIGURE 2-7 Recruitment
of leukocytes.
At sites of infection. macrophages
that have encountered
microbes produce cytokines (such as
TNF and IL-l) that activate the endothelial
cells of nearby venules to produce selectins. ligands for integrins. and chemokines.
Selectins
mediate weak tethering and rolling of blood leukocytes.
such as neutrophils on the endothelium;
integrins mediate firm adhesion of neutrophils; and chemokines
increase the affinity of neutrophil integrins and stimulate the migration of the cells through the endothelium
to the
site of infection. Blood neutrophils.
monocytes.
and activated T lymphocytes
use essentially the same mechanisms
to migrate to sites of
infection.

lial cells in postcapillary venules and migration through
the vessel wall (Fig. 2-7). Each step is orchestrated by
several different types of molecules.
I. Selectin-mediated rolling of leukocytes on endothelium. In response to microbes and cytokines produced by cells (e.g. macrophages) that encounter the
microbes, endothelial
cells lining postcapillary
venules at the site of infection rapidly increase
surface expression of proteins called selectins (Box
2-2). Cytokines are discussed in more detail in
Chapter 12; the most important ones for activating
the endothelium are tumor necrosis factor (TNF) and
interleukin -I (lL-I). The two types of selectins
expressed by endothelial cells are P-selectin, which is
stored in cytoplasmic granules and is rapidly redistributed to the surface in response to microbial products and cytokines, and E-selectin, which is
synthesized in response to IL-I and TNF as well as
microbial products, and is expressed on the cell
surface within 1 to 2 hours. A third selectin, called Lselectin (CD62L), is expressed on lymphocytes and
other leukocytes. It serves as a homing receptor for
naive T lymphocytes and dendritic cells to lymph
nodes, mediating the binding of T cells to high
endothelial venules (see Chapter 3). On neutrophils,
it serves to bind these cells to endothelial cells that are
activated by cytokines (TNF, IL-I, and IFN-y) found at
sites of inflammation. Leukocytes express L-selectin

and the carbohydrate ligands for P- and E-selectins at
the tips of their microvilli, facilitating interactions
with molecules on the endothelial cell surface.
Selectin-selectin ligand interactions are of low-affinity (~ -100 mm) with a fast off-rate, and they are
easily disrupted by the shear force of the flowing
blood. As a result, the leukocytes repetitively detach
and bind again and thus roll along the endothelial
surface. This slowing of leukocytes on the endothelium allows the next set of stimuli to act on the leukocytes.
2. Chemokine-mediated
increase in affinity of integrins. Chemokines are small polypeptide cytokines
produced by tissue macrophages, endothelial cells,
and several other types of cells in response to microbial products and IL-I and TNF, cytokines that are
associated with infections. The major function of
chemokines is to stimulate chemotaxis of cells
("chemokines" is a contraction of "chemoattractant
cytokines"). The chemokines produced at an infection site are transported to the luminal surface of the
endothelial cells of post capillary-venules, where they
are bound by heparan sulfate glycosaminoglycans,
and are displayed at high concentrations. At this location the chemokines bind to specific chemokine
receptors on the surface of the rolling leukocytes.
Leukocytes express a family of adhesion molecules
called integrins (Box 2-3), which are in a low-affinity
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The selectin
family of molecules
consists
of three separate but closely related proteins
that mediate
adhesion
of
leukocytes
to endothelial
cells (see Table). One member
of this family
of adhesion
molecules
is expressed
on
leukocytes,
and the other two members
are expressed
on endothelial
cells, but all three participate
in the process
of leukocyte-endothelium
attachment.
Each
of the
selectin
molecules
is a single-chain
transmembrane
gly-

~

coprotein with a similar modular structure. The amino terminus, expressed extracellularly,
is related to mammalian
carbohydrate-binding
proteins known as C-type lectins.
Like other C-type lectins, ligand binding by selectins is
calcium dependent
(hence the name C-type). The lectin
domain is followed
by domains homologous
to those
found in epidermal growth factors and others found in
proteins
of the complement
system,
and then a
hydrophobic
transmembrane
region and a short cytoplasmic carboxy-terminal
region. The genes for the three
selectins are located in tandem on chromosome
1 in both
mice and humans. The differences
among the three
selectins
serve to confer differences
both in binding
specificity
and in tissue expression.
However, all three
selectins mediate rapid low-affinity
attachment
of leukocytes to endothelium,
an early and important
step in
leukocyte homing.
L-selectin (CD62L) is expressed on lymphocytes
and

I

I

.

:

other leukocytes. It serves as a homing receptor for naive

T lymphocytes
and dendritic cells to lymph nodes, mediI ating the binding of T cells to HEVs (see Chapter 3). On
I neutrophils, it serves to bind these cells to endothelial
activated by cytokines (TNF-a, IL-l, and IFNI y)cellsfoundthat ataresites
of inflammation.
L-selectin is located on
the tips of microvillus
projections
of leukocytes,
facilitating its interaction with ligands on endothelium.
At least three endothelial
cell ligands can bind Ll selectin:
glycan-bearing
cell
adhesion
molecule-l
I
(GlyCAM-l),
a secreted proteoglycan
found on HEVs of
lymph node; MadCAM-l,
expressed on endothelial cells

I

~

r
I

in gut-associated

Selectin

.

lymphoid tissues; and CD34, a proteo-

glycan on endothelial cells (and bone marrow cells).
E-selectin, also known as endothelial leukocyte adhesion molecule-l
(ELAM-l) or CD62E, is expressed exclusively by cytokine-activated
endothelial
cells, hence the
designation
E. E-selectin recognizes
complex sialylated
carbohydrate
groups related to the Lewis X or Lewis A
family found on various surface proteins of granulocytes,
monocytes,
and some previously activated effector and
memory T cells. E-selectin is important
in migration of

I

I

Size

leukocytes,
including
neutrophils
and of effector
and
memory T cells to some peripheral sites of inflammation.
On a subset of T cells, the carbohydrate
ligand for E-

selectin is called CLA-l; this molecule mediates homing

I

I

of the T cells to the skin.
P-selectin (CD62P) was first identified in the secretory
granules of platelets, hence the designation P. It has since
been found in secretory
granules of endothelial
cells,
which are called Weibel-Palade
bodies. When endothelial
cells or platelets are stimulated,
P-selectin is translocated
within minutes to the cell surface as part of the exocytic
secretory
process.
On reaching
the endothelial
cell
surface, P-selectin mediates
binding of neutrophils,
T
lymphocytes,
and monocytes.
In mice, P-selectin expression is regulated by cytokines, similar to the regulation of
E-selectin. The carbohydrate
ligands recognized
by Pselectin are similar to those recognized by E-selectin. A
protein called P-selectin glycoprotein
ligand-l (PSGL-l) is
posttranslationally
modified
in leukocytes
to express
functional
ligands
for P-selectin.
This modification
involves both sulfation and fucosylation.
The synthesis of selectin ligands is regulated in different ways in different leukocytes,
reflecting variations
in the expression
of glycosyl transferase
enzymes that
attach carbohydrates
to the protein backbone
of the
ligands. For example, naive T cells express virtually no Eand P-selectin ligands, and T H 1 cells express significantly
more than do T H2 cells.
The physiologic roles of selectins have been demonstmted by studies of gene knockout mice. L-selectlndeficient mice have small, poorly formed lymph nodes
and defective
induction
of T cell-dependent
immune
responses
and inflammatory
reactions.
Mice lacking
either E-selectin or P-selectin have only mild defects
in leukocyte
recruitment,
suggesting
that these two
molecules are functionally
redundant.
Double knockout
mice lacking both E-selectin and P-selectin have significantly impaired leukocyte recruitment
and increased susceptibility
to infections.
Similarly,
mice lacking the
glycosyltransferase

enzymes,

such

as fucosyltransferase-

I

j

I

VII, which are required to synthesize
the carbohydrate
ligands that bind to selectins, have marked defects in T
cell migration
and cell-mediated
immune
responses.
Humans who lack one of the enzymes needed to express
the carbohydrate
ligands for E-selectin and P-selectin on
neutrophils
have similar problems,
resulting
in a syndrome called type 2 leukocyte adhesion deficiency (LAD2) (see Chapter 20).

I Ligand

I Distribution

L-selectin
(CD62L)

90-110 kD (variation
due to glycosylation)

Leukocytes (high expression on naive
T cells, low expression on activated effector
and memory cells)

Sialyl-Lewis X on GlyCAM-1
MadCAM-1 , others

E-selectin
(CD62E)

11 0 kD

Endothelium
(TNF,IL-1)

Sialyl-Lewis X (e.g., CLA-1) on
various glycoproteins

P-selectin
(CD62P)

140 kD

Storage granules and surface of
endothelium and platelets

activated

by cytokines

, CD34,

Sialyl-Lewis X on PSGL-1 and
other glycoproteins

Abbreviations:
CLA-1, cutaneous
lymphocyte
antigen-1;
GlyCAM-1
, glycan-bearing
cell adhesion
IL-1, interleukin-1;
MadCAM-1,
mucosal
addressin
cell adhesion
molecule-1;
PSGL-1,
P-selectin
TNF, tumor necrosis
factor

j
J

1
I

molecule-1;
glycoprotein

ligand-1;
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The adhesion of cells to other cells or to extracellular
matrices
is a basic component
of cell migration
and
recognition
and underlies
many biologic
processes,
including embryogenesis,
tissue repair, and immune and
inflammatory
responses. It is therefore not surprising that
many different genes have evolved that encode proteins
with specific adhesive functions.
The integrin superfamily consists of about 30 structurally
homologous
proteins
that promote
cell-cell or cell-matrix
interactions
(see
Table). The name of this family of proteins derives from
the idea that they coordinate
(i.e., "integrate")
signals
generated
when they bind extracellular
ligands with
cytoskeleton-dependent
motility,
shape change,
and
phagocytic responses.
All integrins are heterodimeric
cell surface proteins
composed
of two noncovalently
linked polypeptide
chains, a and ~. The a chain varies in size from 120 to
200 kO, and the ~ chain varies from 90 to 110 kO. The
amino terminus of each chain forms a globular head that
contributes
to interchain
linking and to ligand binding.
These globular
heads contain
divalent
cation-binding
domains, which are essential for integrin receptor function. Stalks extend from the globular heads to the plasma
membrane,
followed
by transmembrane
segments
and
cytoplasmic
tails, which are usually less than 50 amino
acid residues long. The extracellular
domains of the two
chains bind to various ligands, including
extracellular
matrix
glycoproteins,
activated
complement
components, and proteins on the surfaces of other cells. Several
integrins
bind to Arg-Gly-Asp
(RGO) sequences
in
fibronectin
and vitronectin
molecules.
The cytoplasmic
domains of the integrins interact with cytoskeletal
components
(including
vinculin, talin, actin, a-actinin,
and
tropomyosin).
Integrins are classified into several subfamilies
based
on the ~ chains in the heterodimers;
the major members
of these subfamilies
are listed in the table.
The ~,-containing
integrins are also called VLA molecules, referring to "very late antigens",
because a'~1 and
were
shown
to
be
expressed
on
T
cells
2 to 4 weeks
a2~'
after repetitive stimulation
in vitro. In fact, other VLA integrins, including VLA-4, are constitutively
expressed
on
some T cells and rapidly induced on others. The ~1 integrins are also called C049a-fC029,
C049a-f referring to
different a chains (a, to ~) and C029 referring to the
common ~1 subunit. Most of the ~, integrins are widely
expressed on leukocytes and non hematopoietic
cells and
mediate
attachment
of cells to extracellular
matrix
ligands, such as fibronectin (VLA-4 and VLA-5) and laminin
(VLA-6). VLA-4 (<X.t~,or C049dC029)
is expressed only on
leukocytes and can mediate attachment
of these cells to
endothelium
by interacting with VCAM-l. VLA-4 is one of
the principal surface proteins that mediate homing of lymphocytes and other leukocytes to endothelium
at peripheral sites of inflammation.
The ~2 integrins, also known as the LFA-1 family, were
identified
by monoclonal
antibodies
that
blocked
adhesion-dependent
lymphocyte
functions such as killing
of target cells by CTLs. LFA-1 plays an important role in

"

the adhesion of lymphocytes
with other cells, such as
APCs and vascular endothelium.
This family is also called
C011 a-cC018, C011 referring to different a chains and
C018 to the common ~2 subunit. LFA-1 itself is termed
C011 aC018.
Other members
of the family include
C011bC018
(Mac-1 orCR3) and C011cC018(p150,95or

CR4), both of which have the same

~ subunit

J

,

as LFA-1.

C011 bC018 and C011 cC018 both mediate leukocyte
attachment
to endothelial
cells and transmigration.
One

~

ligand for LFA-1 (C011 bC018) is ICAM-1 (C054), a mem-

~

brane glycoprotein
expressed on a variety
etic and nonhematopoietic
cells, including

of hematopoiBand T cells,

~

dendritic

keratinocytes,

cells,

macrophages,

fibroblasts,

~

~

and endothelial
cells. Two other ligands for LFA-1 are
ICAM-2, which is expressed
on endothelial
cells, and
ICAM-3, which is expressed on lymphocytes.
ICAM-l, - I
~
2, and -3 are members of the Ig superfamily.
C011 bC018
.
also functions as a fibrinogen receptor and as a complement receptor
on phagocytic
cells, binding particles
opsonized with a product of complement
activation called
the inactivated
C3b (iC3b) fragment
(Chapter 14). An
autosomal-recessive
inherited deficiency
in LFA-1, Mac1, and p150,95 proteins, called type 1 leukocyte adhesion
]
deficiency (LAO-1), has been identified in a few families
I
and is characterized
by recurrent
bacterial and fungal
infections,
lack of polymorphonuclear
leukocyte
accu- ~
mulations at sites of infection, and profound defects in
~
adherence-dependent
lymphocyte
functions. The disease

I

is a result

the~ chain

of mutations

in the C018

gene,

which

of LFA-l subfamily molecules.
An important
feature of integrins is their ability to
respond to intracellular signals by rapidly increasing their
avidity for their ligands. This is referred to as "activation,"
to signals generated
from
I and occurs in response
chemokine
binding to chemokine
receptors, and in Iymphocytes by intracellular signals generated when antigen
binds

to antigen

receptors.

The process

of changes

,
I

encodes

in the

·

I

I
,
,
.I
I
I

binding functions
of the extracellular
domain of integrins induced by intracellular
signals is called "inside-out
signaling."
Chemokineand antigen-receptor-induced
inside-out
signaling
involves
several
different
guanosine
triphosphatase-regulated
pathways,
eventually
leading to

the association
of RAP family molecules and cytoskeletal-interacting
proteins with the cytoplasmic
tails of the
integrin proteins. The resulting avidity changes are a consequence of clustering of the integrins in the leukocyte
membrane,
which increases
the effective
valency of
ligand binding, and conformational
changes in the extracellular domains that enhance affinity of binding. In the
low affinity state, the stalks of the extracellular
domains
of each integrin subunit appear to be bent over, and the
ligand-binding
globular heads are close to the membrane.
In response to alterations
in the cytoplasmic
tail, the
stalks extend in switch-blade
fashion, bringing the globular heads away from the membrane to a position where
they more effectively
interact with their ligands.
Upon ligand binding integrins also deliver stimulatory
signals to cells on which they are expressed. The mechanism of signaling involves tyrosine phosphorylation
of
Continued

on following

page

~

~
.

,
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Abbreviations:
APC, antigen-presenting
cell; iC3b, C3b inactivated;
ICAM, intercellular
adhesion molecule,
LFA, leukocyte function-associated
antigen; MadCAM-1,
mucosal
addressin cell adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1. Adapted from Hynes RO.
@ Cell Press.
Integrins: versatility, modulation,
and signaling in cell adhesion. Cell 69:11-2S, 1992.

different substrates,
inositol lipid turnover, elevated cytoplasmic calcium, and activation
of guanosine
triphosphate- binding proteins and the mitogen activated protein
(MAP) kinase cascade. The functional
consequences
of
these integrin-mediated
signals vary with cell type. In
epithelial cells, integrins cooperate
with growth factor
receptors to deliver anchorage-dependent
mitotic signals.
In phagocytes,
integrin signals are linked to cytoskeleton

-

.. -...

reorganization
reactive

oxygen

required
species

for motility

and

generation,

inflammatory

~

phagocytosis,
gene

expression,
and apoptosis.
In T lymphocytes,
ICAM-'
binding to ~2 integrins may provide costimulatory
signals
that enhance cytokine gene expression,
although this
activity of integrins is probably less important than their
role in cell-cell

1

adhesion.

-

...&..-

.
~
I
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state in unactivated cells and ineffective in mediating
adhesion
interactions.
1\\10 consequences
of
chemokine receptor signaling are enhanced affinity
of leukocyte integrins for their ligands, and membrane clustering of the integrins, resulting in
increased avidity of integrin-mediated binding of the
leukocytes to the endothelial surface.
3. Stable integrin-mediated
adhesion of leukocytes
to endothelium. In parallel with the activation of
integrins and their conversion to the high-affinity
state, cytokines (TNF and IL-1) also enhance
endothelial expression of integrin ligands, mainly
vascular cell adhesion molecule-1 (VCAM-1, the
ligand for the VLA-4 integrin) and intercellular
adhesion molecule-1 (lCAM-1, the ligand for the
LFA-1 and Mac-l integrins) (see Box 2-3). The net
result of these changes is that the leukocytes attach
firmly to the endothelium, their cytoskeleton is
reorganized, and they spread out on the endothelial surface.
4. Transmigration of leukocytes through the endothelium. Chemokines then act on the adherent leukocytes and stimulate the cells to migrate through
interendothelial spaces along the chemical concentration gradient (Le., toward the infection site).
Other proteins expressed on the leukocytes and
endothelial cells, notably CD31, playa role in this
migration through the endothelium. The leukocytes presumably produce enzymes that enable
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them to pass through the vessel wall, and they ultimately accumulate in the extravascular tissue
around the infectious microbes.
Leukocyte accumulation in tissues is a major component of inflammation. It is typically elicited by microbes,
but it may be seen in response to a variety of noninfectious stimuli as well. There is some specificity in this
process of leukocyte migration based on the expression
of distinct combinations of adhesion molecule and
chemokine receptors on neutrophils versus monocytes.
For example, neutrophil migration relies mainly on
LFA-1-ICAM-I interactions in combination with the
chemokines receptors CXCRI and CXCR2 binding the
chemokines CXCL8,while monocytes mainly utilize VLA4-VCAM-1 interactions together with the chemokine
CCL2 binding to the chemokine receptor CCR2. Temporally distinct patterns of expression of adhesion molecules and chemokines at infectious sites typically result
in early neutrophil recruitment (hours to days) followed
later by monocyte recruitment (days to weeks). As we will
see in Chapter 3, yet other combinations of adhesion
molecules and chemokines control the migration oflymphocytes into lymphoid and nonlymphoid tissues.
Phagocytosis

of Microbes

Neutrophils and macrophages ingest bound microbes
into vesicles by the process of phagocytosis (Fig. 2-8).

Phagocyte
membrane
zips up
around microbe

Lysosome

~

·
Killing of
phagocytosed
microbes by
ROS and NO

Microbe ing~:.t:.d/
in Phagos07

@)

Phagosome
with ingested
microbe

Lysosome
with
enzymes

Fusion of
phagosome
with lysosome

.

Activation
of
phagocyte

Killing of
microbes by
lysosomal
enzymes in
phagolysosomes

Phagocyte
oxidase

FIGURE
2-8 Phagocytosis
and intracellular
destruction of microbes.
Microbes may be ingested by different membrane
receptors of
phagocytes;
some directly bind microbes, and others bind opsonized microbes. (Note that the Mac-l integrin binds microbes opsonized with
complement
proteins, not shown.) The microbes are internalized into phagosomes,
which fuse with Iysosomes to form phagolysosomes,
where the microbes are killed by reactive oxygen and nitrogen intermediates
and proteolytic enzymes. NO, nitric oxide; ROS, reactive oxygen
species.
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Phagocytosis is an active, energy-dependent process of
engulfment of large particles (>0.5 11m in diameter).
Microbial killing takes place in the vesicles formed by
phagocytosis, and in this way, the mechanisms of killing,
which could potentially injure the phagocyte, are isolated from the rest of the cell.
The first step in phagocytosis is the recognition of
the microbe by the phagocyte. Neutrophils
and
macro phages are constantly exposed to normal cells,
which they ignore, but will specifically ingest various
microbes and particles. This specificity is due to the fact
that neutrophils and macro phages express receptors
that specifically recognize microbes, and these receptors
are functionally linked to the mechanisms of phagocytosis. Some of these receptors are pattern recognition
receptors, including C-type lectins and scavenger receptors, as we discussed previously. Pattern recognition
receptors can contribute to phagocytosis only of organisms that express particular molecular patterns, such as
mannose. Another group of receptors on phagocytes
recognize certain host proteins that coat microbes.
These proteins are called opsonins, and include antibodies, complement proteins, and lectins. The process
of coating a microbe to target it for phagocytosis is called
opsonization.
Phagocytes have high-affinity receptors that specially
bind to antibody molecules, complement proteins, and
lectins; these receptors are critical for phagocytosis of
many different microbes. One of the most efficient
systems for opsonizing microbes is coating them with
antibodies. Antibody molecules have antigen-binding
sites at one end, and the other end, called the Fc region,
the antibody interacts with effector cells and molecules
of the innate immune system. There are several types of
antibodies, which we will discuss in detail in Chapters 4
and 14. Phagocytes express high-affinity Fc receptors
called FcyRI specific for one type of antibody called IgG
(see Chapter 14). Thus, if an individual responds to an
infection by making IgG antibodies against microbial
antigens, the IgG molecules bind to these antigens, the
Fc ends of the bound antibodies can interact with FcyRI
on phagocytes, and the end result is efficient phagocytosis of the microbes. Because many different antibodies may be produced that bind to many different
microbial products, antibody-mediated
opsonization
contributes to the phagocytosis of a broader range of
microbes than do pattern recognition
receptors.
Although IgG antibodies are essential for efficient
phagocytosis of many organisms, they are really a
product of the adaptive immune system (B lymphocytes) that engages innate immune system effector cells
(phagocytes) to perform their protective functions.
Various soluble pattern recognition receptors and effector molecules of the innate immune system, including
complement and lectins, are also important opsonins.
These opsonins are present in the blood, they bind to
microbes, and phagocytes express receptors for these
opsonins. We will discuss these soluble effectors of the
innate immune system later in this chapter.
Once a microbe or particle binds to receptors on a
phagocyte, the plasma membrane in the region of the

receptors begins to redistribute, and extends a cupshaped projection around the microbe. When the protruding membrane cup extends beyond the diameter of
the particle, the top of the cup closes over, or "zips up,"
and pinches offthe interior of the cup to form an "insideout" intracellular vesicle (see Fig. 2-8). This vesicle,
called a phagosome, contains the ingested foreign particle, and it breaks away from the plasma membrane. The
cell surface receptors also deliver activating signals that
stimulate the microbicidal activities of phagocytes.
Phagocytosed microbes are destroyed, as described next;
at the same time, pep tides are generated from microbial
proteins and presented to T lymphocytes to initiate
adaptive immune responses (see Chapter 6).
Killing of Phagocytosed

Microbes

Activated neutrophils and macrophages kill phagocytosed microbes by the action of microbicidal molecules
in phagolysosomes (see Fig. 2-8). Several receptors that
recognize microbes, including TLRs, G protein-coupled
receptors, antibody Fc and complement C3 receptors,
and receptors for cytokines, mainly IFN-y, function
cooperatively to activate phagocytes to kill ingested
microbes. Fusion of phagocytic vacuoles (phagosomes)
with lysosomes results in the formation of phagolysosomes, where most of the microbicidal mechanisms are
concentrated; these mechanisms are described next.

. Activated neutrophils and macrophages produce
several proteolytic enzymes in the phagolysosomes,
which function to destroy microbes. One of the
important enzymes in neutrophils is elastase, a
broad-spectrum
serine protease
known to be
required for killing many types of bacteria. Another
important enzyme is cathepsin G. Mouse gene knockout studies have confirmed the essential requirement
for these enzymes in phagocyte killing of bacteria.

. Activated macrophages and neutrophils convert
molecular oxygen into reactive oxygen species (ROSJ.
which are highly reactive oxidizing agents that
destroy microbes (and other cells). The primary free
radical-generating system is the phagocyte oxidase
system. Phagocyte oxidase is a multisubunit enzyme
that is assembled in activated phagocytes mainly in
the phagolysosomal membrane. Phagocyte oxidase is
induced and activated by many stimuli, including
IFN-y and signals from TLRs. The function of this
enzyme is to reduce molecular oxygen into ROS
such as superoxide radicals, with the reduced form
of nicotinamide adenine dinucleotide phosphate
(NADPH) acting as a cofactor. Superoxide is enzymatically dismutated into hydrogen peroxide, which
is used by the enzyme myeloperoxidase to convert
normally unreactive halide ions into reactive hypohalous acids that are toxic for bacteria. The process by
which ROS are produced is called the respiratory
burst. Although the generation of toxic ROS is commonly viewed as the major function of phagocyte
oxidase, another function of the enzyme is to produce
conditions within phagocytic vacuoles that are nec-
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essary for the activity of the proteolytic enzymes discussed earlier. The oxidase acts as an electron pump,
generating an electrochemical gradient across the
vacuole membrane, which is compensated for by
movement of ions into the vacuole. The result is an
increase in pH and osmolarity inside the vacuole,
which are necessary for elastase and cathepsin G
activity. A disease called chronic granulomatous
disease is caused by an inherited deficiency
of one of the components of phagocyte oxidase; this
deficiency compromises the capacity of neutrophils
to kill certain species of gram-positive bacteria (see
Chapter 20).

. In addition to ROS,macrophages produce reactive
nitrogen intermediates, mainly nitric oxide (NO), by
the action of an enzyme called inducible nitric oxide
synthase (iNOS). iNOS is a cytosolic enzyme that is
absent in resting macro phages but can be induced in
response to microbial products that activate TLRs,
especially in combination with IFN-y. iNOS catalyzes
the conversion of arginine to citrulline, and freely diffusible nitric oxide gas is released. Within phagolysosomes, nitric oxide may combine with hydrogen
peroxide or superoxide, generated by phagocyte
oxidase, to produce highly reactive peroxynitrite radicals that can kill microbes. The cooperative and
redundant function ofROS and nitric oxide is demonstrated by the finding that knockout mice lacking

FIGURE 2-9 Effector functions of
macrophages. Macrophages are activated
by microbial products such as LPS and
by NKcell-derived IFN-y(described later in
the chapter). The process of macrophage
activation leads to the activation of transcription factors, the transcription of
various genes, and the synthesis of proteins that mediate the functions of these
cells. In adaptive cell-mediated immunity,
macro phages are activated by stimuli from
T lymphocytes

(CD40 ligand and IFN-y)and

respond in essentially the same way (see
Chapter 13, Fig. 13-14).

Molecules
produced
in activated
macrophages

Effector
functions
of activated
macrophages

both iNOS and phagocyte oxidase are more susceptible to bacterial infections than single phagocyte
oxidase or iNOS knockout animals are.
When neutrophils and macrophages are strongly
activated, they can injure normal host tissues by release
of lysosomal enzymes, ROS, and NO. The microbicidal
products of these cells do not distinguish between self
tissues and microbes. As a result, if these products enter
the extracellular environment. they are capable of
causing tissue injury.
Other Functions

of Activated

Macrophages

In addition to killing phagocytosed microbes, macrophages serve many other functions in defense against
infections (Fig. 2-9). Many of these functions are
mediated by cytokines that will be described in more
detail in Chapter 12 as the cytokines of innate immunity.
We have already referred to the role of TNF, IL- I, and
chemokines in inducing inflammatory reactions to
microbes. In addition to these cytokines, macrophages
produce IL-12, which stimulates NK cells and T cells to
produce IFN-y. High concentrations ofLPS induce a systemic disease characterized by disseminated coagulation, vascular collapse, and metabolic abnormalities,
all of which are pathologic effects of high levels of
cytokines secreted by LPS-activated macrophages (see
Box 15-1, Chapter 15). Activated macrophages also
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produce growth factors for fibroblasts and endothelial
cells that participate in the remodeling of tissues after
infections and injury. The role of macrophages, in cellmediated immunity is described in Chapter 13.
Natural

Killer

@

Inhibitory receptor engaged
Removal of

phosphates
and inhibition

,,@

(NK) Cells

NK cells are a lineage of cells related to lymphocytes that
recognize infected and/or stressed cells and respond by
directly killing these cells and by secreting inf/nmmatory
cytokines. NK cells constitute 5% to 20% ofthe mononuclear cells in the blood and spleen and are rare in other
lymphoid organs. The term natural killer derives from
the fact that if these cells are isolated from the blood or
spleen, they kill various target cells without a need for
additional activation. (In contrast, CD8+ T lymphocytes
need to be activated before they differentiate into cytotoxic T lymphocytes [CTLs] with the ability to kill
targets.) In addition to killing infected cells directly, NK
cells are a major source of IFN-y. which activates
macrophages to kill ingested microbes. NK cells are
derived from bone marrow precursors and appear as
large lymphocytes with numerous cytoplasmic granules,
because of which they are sometimes called large granular lymphocytes. By surface phenotype and lineage, NK
cells are neither T nor B lymphocytes, and they do not
express somatically rearranged, clonally distributed
antigen receptors like immunoglobulin or T cell receptors. Their target cells using germline DNA-encoded
receptors, discussed below.
Recognition
of Infected
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...

. Inhibitory
receptor
Self class I

I

MHC-self
peptide complex

@

Inhibitory

receptor

J

t

I
NK cell
not activated;
no cell killing
not engaged

Virus inhibits
class I MHC
expression
Virus-infected
cell (class I
MHC negative)

~
.

I
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Cells by

NK cell activation is regulated by a balance between
signals that are generated from activating receptors and
inhibitory receptors (Fig. 2-10). There are several families of these receptors, which are described in detail
in Box 2-4. Most of these receptors are complexes of
ligand-binding subunits, which recognize molecules on
the surface of other cells, and signaling subunits, which
transduce activating or inhibitory signals into the cell.
When an NK cell interacts with another cell, the
outcome is determined by an integration of signals generated from an array of inhibitory and activating receptors that may be simultaneously expressed by the NK cell
and simultaneously interact with ligands on the other
cell. In general, activating signals must be blocked by
inhibitory signals in order to prevent NK cell activation
and attack of normal cells. Many of these receptors on
NK cells recognize class I MHC molecules or proteins
that are structurally homologous to class I MHC molecules. Class I MHC molecules display peptides derived
from cytoplasmic proteins, including microbial proteins, on the cell surface for recognition by CD8+T cells.
We will describe the structure and function ofMHC molecules in relation to T cell antigen recognition in more
detail in Chapters 5 and 6. For now, it is important to
understand that NK cells use fundamentally different
types of receptors than do T cells to recognize class I or
class I-like MHC molecules.
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NK cell
activated;
killing of
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FIGURE 2-10 Activating and inhibitory receptors of NKcells.

A.

Activating
receptors
of NK cells recognize
ligands on target cells and
activate
protein tyrosine
kinase (PTK), whose
activity
is inhibited
by
inhibitory
receptors
that recognize
class I MHC molecules
and activate protein tyrosine
phosphatase
(PTP). NK cells do not efficiently
kill class I MHC-expressing
healthy
cells. B. If a virus infection
or
other stress inhibits
class I MHC expression
on infected
cells, and
induces
expression
of additional
activating
ligands,
the NK cell
inhibitory
receptor
is not engaged
and the activating
receptor
functions unopposed
to trigger
responses
of NK cells, such as killing of
target cells and cytokine
secretion.

Activating receptors on NK cells recognize a heterogeneous group of ligands that are expressed on cells that
have undergone stress, cells that are infected with
viruses or other intracellular microbes, or cells that are
malignantly transformed. One of the better studied activating receptors is called NKG2D (see Box 2-4), which
binds a family of structurally related class I MHC-like
proteins that are found on virally infected cells and
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NK cells recognize and kill infected or malignantly transformed cells, but they do not usually harm normal cells.
This ability to distinguish
potentially
dangerous
targets
from healthy self is dependent on the expression of both
! inhibitory and activating receptors. Inhibitory receptors on
NK cells recognize class I MHC molecules, which are constitutively
expressed
on most healthy cells in the body
but are often not expressed by cells infected with virus
or cancer cells. Activating receptors on NK cells may recognize structures that are present on both NK- susceptible target cells and normal cells, but the influence of the
inhibitory pathways dominates when class I MHC is recognized. In some cases, if the ligands for the activating
receptors are newly induced or up-regulated
in infected
or transformed
cells, the increased
density of these
ligands permits the activating receptors to overcome the
action of the inhibitory receptors, thereby enabling the NK
cell to kill cells expressing
class I MHC. Some activating
receptors recognize class I MHC-like molecules that are
cells. Differ. expressed only on stressed or transformed
f ent families of NK cell receptors exist, and many of these
receptors
have evolved recently, as indicated by their
absence
in rodents
and their structural
divergence
between
chimpanzees
and humans. The following
discussion focuses on the properties
of human NK cell
inhibitory and activating
receptors,
with only brief consideration of murine NK receptors.
INHIBITORY
RECEPTORS
Inhibitory
NK receptors
fall
into three main families
(see Figure). A common
feature
of members
of all three
families
is the presence
of
immunoreceptor
tyrosine-based
inhibition
motifs
(lTIMs)
in their cytoplasmic
tails. The signaling
functions
of ITIMs are discussed
below. The first family to be discovered
is named the KIR (killer cellig-like
receptor)
family
because
its members
contain
two or three extracellular
Ig-like domains.
The KIRs recognize
different
alleles of
HLA-A,
-8, and -C molecules.
Structural
and binding
studies
indicate
that the sequence
of the peptides
bound
to the MHC molecules
is important
for KIR recognition
of
MHC molecules.
HLA class I molecule
binding to KIRs is
characterized
by very fast on-rates
and off-rates,
which
would be consistent
with the ability of NK cells to rapidly
"test"
for the presence
of MHC expression
on many cells
in a short time. Furthermore,
the inhibitory
signals generated in an NK cell by KIR recognition
of an MHC molecule
are not long lived, and the same NK cell can quickly
go
on to kill an MHC-negative
target cell. Some members
of
the KIR family have short cytoplasmic
tails without
ITIMs,
and these function
as activating
receptors,
as discussed
in more detail below.
Mice do not express
KIRs, but
instead
use the Ly49 family
of C-type
lectin proteins,
which have similar class I MHC specificities
and ITIMs in
their cytoplasmic
tails.
A second
family of inhibitory
receptors
consists
of Iglike transcripts
(lLTs) (also named
LlR or CD85). which
also contain
Ig-like domains.
One member
of this family,
ILT-2, has a broad specificity
for many class I MHC alleles
and contains
four ITIMs in its cytoplasmic
tail. Interestingly, cytomegalovirus
encodes
a molecule
called UL 18
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that is homologous
to human class I MHC and that can
bind to ILT-2. This may represent a decoy mechanism
by
which the virus engages an inhibitory receptor and protects its cellular host from NK cell-mediated
killing.
The

third

NK

inhibitory
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receptor

family

consists

of

.

,

heterodimers
composed
of the C-type lectin NKG2A
covalently bound to CD94. NKG2A has two ITIMs in its
cytoplasmic
tail. The CD94/NKG2A
receptors bind HLAE, a nonclassical
MHC class I molecule. Stable expression of HLA-E on the surface of cells depends on the
binding of signal peptides derived from HLA-A, -8, -C, or
-G. Therefore,
the CD94/NKG2A
inhibitory
receptors
perform a surveillance
function for the absence of HLAE, classical class I MHC, and HLA-G molecules. As is the
case for the KIR receptors, some CD94/NKG2 receptors
do not have cytoplasmic
ITIM motifs, and these function
as NK-activating
receptors, as discussed below.
The ITIMs in the cytoplasmic
tails of inhibitory
receptors
are essential
for the signaling functions
of
these molecules.
ITIMs recruit phosphatase
enzymes
that counteract the effect of kinases in the signaling cas-

I

cades

,

initiated

by activating

receptors.

ITIMs

are com-

posed of the sequence
IleNaI/Leu/Ser-x-Tyr-x-x-LeuNal,
where x denotes any amino acid, and are present in
several different
inhibitory
receptors
in the immune
system. Upon binding class I MHC molecules
to the
extracellular
regions of NK inhibitory receptors, the tyrosine residue in the ITIMs of the cytoplasmic
tails are
and then phosphatases
are recruited,
I phosphorylated,
including the protein-tyrosine
phosphatases
SHP (SH2containing
protein-tyrosine
phosphatase)-'
and SHP-2,
or the phospholipid-phosphatase
SHIP (SH2-containing
inositol polyphosphate
5-phosphatase).
SHP-1 and SHP-2
remove
phosphates
from several signaling
proteins,
whereas
SHIP
degrades
phosphatidylinositol-3.4,5trisphosphate
(PI-3.4,5-P3). The end result is reduced signaling by activating
receptors,
which are coupled to
kinases that add phosphates
to several intracellular substrates.
ACTIVATING
RECEPTORS
The activating receptors on
NK cells include several structurally
distinct groups of
molecules,
and only some of the ligands they bind are
known. CD16, one of the first activating receptors identified on NK cells, is a low-affinity IgG Fc receptor that associates with FceRly and S proteins and is responsible
for
NK cell-mediated
antibody-dependent
cellular cytotoxicity. A more recently discovered group of human NK-activating receptors,
called natural cytotoxicity
receptors,
includes NKp46, NKp30, and NKp44. These are members
of the Ig superfamily.
NKp46 and NKp30 associate with
FceRly and

S proteins,

and NKp44

associates

with

DAP12.

Although
their ligands are not yet known, antibodyblocking studies suggest that they playa dominant role in
NK-mediated
killing of various tumor target cells. Ligand
binding to activating NK cell receptors leads to cytokine
production, enhanced migration to sites of infection, and
killing activity against the ligand-bearing
target cells.
A common feature of NK cell activating receptors is
the presence
of noncovalently
linked subunits
(e.g.,
Continued

on following

page
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ITIM

~ Examples of inhibitory and activating NKcell receptors and their ligands. CD16 and the natural cytotoxic receptors (NCRs)associate
with I; chain homodimers, FcRr homodimers, or I;-FcRy heterodimers. There are multiple different KIRs, with varying ligand
specificities.

FceRly, ~, and DAP2 proteins). whose cytoplasmic tails
recruit kinases involved in signaling. CD16 and some
other activating receptors associate with subunits that
contain immunoreceptor
tyrosine-based
activation
motifs ((TAMs)in their cytoplasmic tails. ITAMsare composed of a conserved sequence of aminoacids, including

I

separated by six to eight amino acid residues. Upon
ligand binding to the extracellular portion of these receptors, the tyrosine residues in the ITAMs become phosphorylated by cytoplasmic Src family kinases, and the
phosphorylated ITAMs then bind other protein tyrosine

kinases, such as Sykand ZAP-70,which act on additional
two Tyr-x-x-Leu/lle
elements (where x is any aminoacid) I substrates ina signalingcascade. These signalingevents

- - - --

-

- ""--

- - -

Continued

on following

page

Chapter2 - INNATE IMMUNITY

are very similar to those that occur in T and B lymphocytes after antigen recognition,
and we will discuss them
in more detail in Chapters 8 and 9. The NKG2D receptor
(which is only distantly related to NKG2A or NKG2C) associates with a signaling subunit named DAP10, which has
a Tyr-x-x-Met motif in its cytoplasmic
domain. Upon phosphorylation, this motif binds phosphatidylinositol-3
kinase
(PI3K) and Grb2, which initiates a different
signaling
cascade from that initiated by ITAM phosphorylation.
As mentioned,
some members of the KIR and CD94/
NKG2 families of MHC-specific
receptors do not contain
ITIMs but rather associate with ITAM-bearing
accessory
molecules (such as DAP12) and deliver activating signals
to NK cells. These
include
KIR2DS,
KIR3DS,
and
CD94/NKG2C.
Some of these receptors
are known to
recognize
normal class I MHC molecules,
and it is
not clear why these potentially
dangerous
receptors
exist on NK cells. These activating receptors bind class
I MHC
molecules
with
lower
affinities
than the
structurally
related inhibitory receptors, and it is possible
that the activating
receptors actually bind MHC-related
~~Iecules
specifically
associated with pathological
condltlons.
--

-

- - -- -

--

tumor cells. Experimental
evidence in mice has shown
that NKG2 ligands are important for controlling
viral
infections and growth of tumors. Another type of activating receptor on NK cells, called CD16 (FcyRIIIa), is a
low-affinity receptor for the Fe portions of IgG1 and IgG3
antibodies. As a result of this recognition, NK cells kill
target cells that have been coated with antibody molecules. This process, called antibody-dependent
cellmediated cytotoxicity, will be described in more detail in
Chapter 14 when we consider the effector mechanisms
of humoral immunity. Kinase-dependent signaling cascades are initiated when activating receptors on NK cells
bind their ligands, rapidly leading to cytotoxic activity
against the target cells bearing the ligands and the production of cytokines. These signaling pathways are
similar to those in T lymphocytes (see Chapter 9).
The inhibitory receptors on NK cells bind to class /
MHC molecules, which are normally expressed on most
healthy, uninfected cells. The binding of these inhibitory receptors to their ligands triggers phosphatasedependent signaling cascades, which counteract the
effect of kinases in the signaling cascades initiated by
activating receptors. Because of specificity of inhibitory
receptors for self-class I MHC, normal host cells are protected from NK-mediated killing. Infection of the host
cells, especially by some viruses, often leads to reduced
expression of class I MHC molecules, and therefore the
ligands for the inhibitory NK cell receptors are lost. As a
result, the NK cells are released from their normal state
of inhibition. At the same time, ligands for activating
receptors are expressed, and thus the infected cells are
killed. This unusual specificity of the NK cell inhibitory
receptors for normal class I MHC allows the innate
immune system to attack virally infected cells that might
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NKG2D, which is expressed
on NK cells, as well as on
T cells, recognizes
the MICA. MICB, and ULBP molecules
in humans
and the RAE-1, MULT1, and H60 molecules
in
mice. All these
NKG2D
ligands
have domains
homologous

to class

I MHC

a and

~ domains,

but

do not

display

peptides
or associate
with ~2-microglobulin.
These NKG2
ligands are not abundantly
expressed
on normal cells but
are up-regulated
by stress or DNA damage
and are often
found on tumor
cells and virus-infected
cells. Thus, NK
cells may use these
receptors
to eliminate
stressed
(injured)
host cells and tumor cells.
Most of the activating
receptors
on NK cells are also
expressed
on certain
subsets
of T cells, including
yoT
cells and CD8+ T cells. However,
the expression
of these
receptors
on T cells is induced
only after T cell activation
by antigen,
while expression
of the receptor
on NK cells
is constitutive.
This highlights
an important
distinction
between
innate
and adaptive
immunity-the
effector
cells of innate immunity,
such as NK cells, are fully differentiated
and ready to respond
immediately
to infections, while adaptive
immune
effector
cells are generated
from naive precursors
only after antigen
exposure.

J

-

-

be invisible to T cells, which require MHC expression for
recognition. The largest group ofNK inhibitory receptors
are the killer cell immunoglobulin-like receptors (KlRs).
These are members of the immunoglobulin superfamily,
and they bind a variety of class I MHC molecules that
otherwise function to present peptide antigens to CD8+
T cells (see Box 2-4). A second important NK inhibitory
receptor is CD94/NKG2A, which is a dimer of C-type
lectins and recognizes a class I MHC molecule called
HLA-E. Interestingly, HLA-E displays peptides derived
from other class I MHC molecules, so in essence,
CD94/NKG2 is a surveillance receptor for several different class I MHC molecules. A third family of NK
inhibitory receptors, called the leukocyte Ig-like receptors (URs). are also Ig superfamily members that bind
class I MHC molecules, albeit with lower affinity than the
KIRs, and are more highly expressed on B cells than on
NK cells.
The expansion and activities ofNK cells are also stimulated by cytokines, mainly IL-15 and /L-12. IL-IS,
which is produced by macrophages and many other cell
types, is a growth factor for NK cells, and knockout mice
lacking IL-IS or its receptor show a profound reduction
in the number of NK cells. The macrophage-derived
cytokine IL-12 is a powerful inducer ofNK cell IFN-yproduction and cytotoxic activity. IL-18 may augment these
actions of IL-12. IL-12 and IL-18 also stimulate IFN-y
production by T cells (see Chapter 13) and are thus
central participants in IFN-y production and the subsequent IFN-y-mediated activation of macrophages in
both innate and adaptive immunity. The type I IFNs,
IFN-a and IFN-~, also activate the cytotoxic potential of
NK cells, perhaps by increasing the expression of IL-12
receptors and therefore responsiveness to IL-12. IL-IS,

I

I
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FIGURE 2-11 Functions of NK cells. A. NK cells recognize ligands
on infected cells or cells undergoing other types of stress, and kill
the host cells. In this way, NK cells eliminate reservoirs of infection
as well as dysfunctional cells. B. NK cells respond to IL-12 produced
by macro phages and secrete IFN-y, which activates the macrophages to kill phagocytosed microbes.

IL-12, and type IIFNs are produced by macrophages in
response to infection, and thus all three cytokines activate NK cells in innate immunity. High concentrations
of IL-2 also stimulate the activities of NK cells, and
culture in IL-2 is sometimes used to enhance NK cell
killing.
Effector Functions

of Natural Killer Cells

The effector functions of NK cells are to kill infected cells
and to activate macrophages to destroy phagocytosed
microbes (Fig. 2-11). The mechanism of NK ceIl-mediated cytotoxicity is essentially the same as that of CTLs
(described in detail in Chapter 13). NK cells, like CTLs,
have granules that contain proteins which mediate
killing of target cells. When NK cells are activated,
granule exocytosis releases these proteins adjacent to
the target cells. One NK cell granule protein, called perforin, facilitates the entry of other granule proteins,
called granzymes, into the cytoplasm of target cells. The
granzymes are enzymes that initiate apoptosis of the
target cells. By killing cells infected by viruses and intracellular bacteria, NK cells eliminate reservoirs of infection. Some tumors, especially those of hematopoietic
origin, are targets of NK cells, perhaps because the
tumor cells do not express normal levels or types of class
I MHC molecules. NK cell-derived IFN-y serves to activate macrophages, like IFN-y produced by T cells, and

increases the capacity of macro phages to kill phagocytosed bacteria (see Chapter 13).
NK cells play several important roles in defense
against intracellular microbes. They kill virally infected
cells before antigen-specific CTLs can become fully
active, that is, during the first few days after viral infection. Early in the course of a viral infection, NK cells are
expanded and activated by cytokines of innate immunity, such as IL-12 and IL-IS, and they kill infected cells,
especially those that display reduced levels of class I
MHC molecules. In addition, the IFN-y secreted by NK
cells activates macro phages to destroy phagocytosed
microbes. This IFN-y-dependent NK cell-macrophage
reaction can control an infection with intracellular bacteria such as Listeria monocytogenes for several days or
weeks and thus allow time for T cell-mediated immunity
to develop and eradicate the infection. Depletion of NK
cells leads to increased susceptibility to infection by
some viruses and intracellular bacteria. In mice lacking
T cells, the NK cell response may be adequate to keep
infection with such microbes in check for some time,
but the animals eventually succumb in the absence
of T cell-mediated immunity. NK cells may also kill
infected cells that attempt to escape CTL-mediated
immune attack by reducing expression of class I MHC
molecules.
Because NK cells can kill certain tumor cells in vitro,
it has also been proposed that NK cells serve to kill
malignant clones in vivo.
Circulating
Pattern Recognition
Molecules
and Effector Proteins
Innate Immunity

of

In addition to cell-associated molecules, several different soluble proteins found in plasma and extracellular
fluids also recognize pathogen-associated
molecular
patterns and serve as effector molecules of the innate
immune system. Other soluble molecules serve as
opsonins, targeting microbes for phagocytosis by neutrophils or macro phages. The soluble pattern recognition proteins and associated effector molecules are
sometimes called the humoral branch of innate immunity, analogous to the humoral branch of adaptive
immunity mediated by antibodies. The major components of the humoral innate immune system are the
complement system, the collectins, the pentraxins, and
the ficolins.
The Complement

System

The complement system consists of several plasma proteins that are activated by microbes and promote
destruction afthe microbes and inflammation. Recognition of microbes by complement occurs in three
ways (Fig. 2-12). The classical pathway, so called
because it was discovered first, uses a plasma protein
called Cl to detect IgM, IgGl, or IgG3 antibodies
bound to the surface of a microbe or other structure. The
alternative pathway, which was discovered later but is
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FIGURE 2-12 Pathways of complement activation. The activation of the complement system may be initiated by three distinct pathways.
all of which lead to the production
of C3b (the early steps). C3b initiates the late steps of complement
activation. culminating
in the production of peptides that stimulate inflammation
(C5a) and polymerized
C9. which forms the membrane attack complex. so called because
it creates holes in plasma membranes.
The principal functions of major proteins produced at different steps are shown. The activation. functions, and regulation of the complement
system are discussed in much more detail in Chapter 14.

phylogenetically older than the classical pathway, is
triggered by direct recognition of certain microbial
surface structures and is thus a component of innate
immunity. The lectin pathway is triggered by a plasma
protein called mannose-binding
lectin (MBL), which
recognizes terminal mannose residues on microbial glycoproteins and glycolipids. MBL bound to microbes
activates one of the prqteins of the classical pathway, in
the absence of antibody, by the action of an associated
serine protease.
Recognition of microbes by any of these pathways
results in sequential recruitment and assembly of additional complement proteins into protease complexes.
The central protein of the complement system, C3, is
cleaved, and its larger C3b fragment is deposited on the
microbial surface where complement is activated. C3b
becomes covalently attached to the microbes and serves
as an opsonin to promote phagocytosis of the microbes.
A smaller fragment, C3a, is released and stimulates
inflammation by acting as a chemoattractant for neutrophils. C3b binds other complement proteins to form
a protease that cleaves a protein called C5, generating a
secreted peptide (C5a) and a larger fragment (C5b) that
remains attached to the microbial cell membranes. C5a
stimulates the influx of neutrophils to the site of infection as well as the vascular component of acute inflammation. C5b initiates the formation of a complex of the
complement proteins C6, C7, ca, and C9, which are
assembled into a membrane pore that causes lysis of the
cells where complement is activated. Mammalian cells
express several regulatory proteins that block complement activation and thus prevent injury to normal host
cells. The complement system will be discussed in more
detail in Chapter 14.

Pentraxins
Several plasma proteins that recognize microbial structures and participate in innate immunity belong to the
pentraxin family, which is a phylogenetically old group
of structurally homologous pentameric proteins. Prominent members of this family include the short pentraxins C-reactive protein (CRP) and serum amyloid P (SAP)
and the long pentraxin PTX3. Plasma concentrations of
CRP are very low in healthy individuals, but can increase
up to lOOO-fold during infections and in response to
other inflammatory stimuli. The increased levels of CRP
are a result of increased synthesis by the liver induced by
the cytokines IL-6 and lL-l, which are produced by
phagocytes as part ofthe innate immune response. Liver
synthesis and plasma levels of several other proteins,
including SAP and others unrelated to the pentraxins,
also increase in response to IL-l and IL-6, and as a group
these plasma proteins are called acute-phase reactants.
Both CRP and SAP bind to several different species of
bacteria and fungi. The molecular ligands recognized by
CRP and SAP include phosphorylcholine
and phosphatidylethanolamine,
respectively, which are phospholipid headgroups found on bacterial membranes and on
apoptotic cells, but are not exposed on the surface of
healthy eukaryotic cells. CRP functions as an opsonin by
binding Clq and interacting with phagocyte Clq receptors or by binding directly to IgG Fc receptors. CRP may
also contribute to complement activation through its
attachment to Clq and activation of the classical
pathway. PTX3 is produced by several cell types, including dendritic cells, endothelial cells, and macrophages,
in response to TLR ligand and the innate immune
system cytokine TNF, but it is not an acute-phase reac-
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tant. PTX3 binds to severalligands, including Clq, apoptotic cells, and certain microorganisms. Studies with
knockout mice reveal that PTX3 provides protection
against some microbes, including the fungus Aspergillus
fumigatus.
Collectins

and Ficolins

The collectins are a family of proteins that contain a
collagen-like tail connected by a neck region to a
calcium-dependent (C-type) lectin head. Three members
of this family serve as soluble pattern recognition molecules in the innate immune system; these include MBL
and pulmonary surfactant proteins SP-A and SP-D.
Mannose-binding
lectin, which was mentioned
earlier in relation to the complement system, is a plasma
protein that functions as an opsonin. Plasma MBL, like
the macrophage mannose receptor, binds carbohydrates with terminal mannose and fucose, which are
typically found in microbial cell surface glycoproteins
and glycolipids. Thus, MBL is a soluble pattern recognition receptor that binds to microbial but not mammalian cells. MBL is a hexamer that is structurally similar
to the Clq component of the complement system. MBL
binds to a macrophage surface receptor that is called the
Clq receptor because it also binds Clq. This receptor
mediates the phagocytosis
of microbes that are
opsonized by MBL. Moreover, MBL can activate the
complement system, as discussed earlier. The gene
encoding MBL is polymorphic, and certain alleles are
associated with impaired hexamer formation and
reduced blood levels. Low MBL levels are associated with
increased susceptibility to a variety of infections, especially in combination with other immunodeficiency
states.
Surfactant protein-A (SP-A) and surfactant-D (SP-D)
are collectins with lipophilic surfactant properties
shared by other surfactants, and are found in the alveoli
of the lungs. Their major functions appear to be as modulators of innate immune responses in the lung. They
bind to various microorganisms and act as opsonins,
facilitating ingestion by alveolar macro phages. SP-A and
SP-D can directly inhibit bacterial growth, and they also
interact with and activate macro phages. SP-A- and SPD-deficient mice have impaired abilities to resist a
variety of pulmonary infections.
Ficolins are plasma proteins that are structurally
similar to collectins, possessing a collagen-like domain,
but instead of a C-type lectin domain, they have a
fibrinogen-type
carbohydrate
recognition
domain.
Ficolins have been shown to bind several species of
bacteria, opsonizing them and activating complement
in a manner similar to that of MBL. The molecular
ligands of the ficolins include N-acetylglucosamine and
the lipoteichoic acid component of the cell walls of
gram-positive bacteria.
Cytokines

of the Innate

Immune

System

The cytokines of innate immunity recruit and activate
leukocytes and produce systemic alterations. including

increases in the synthesis of effector cells and proteins
that potentiate antimicrobial
responses. In innate
immunity, the principal sources of cytokines are
macrophages, neutrophils, and NK cells, but endothelial
cells and some epithelial cells such as keratinocytes
produce many of the same proteins. As in adaptive
immunity, cytokines serve to communicate information
among inflammatory cells and between inflammatory
cells and responsive tissue cells, such as vascular
endothelial cells.
The cytokines of innate immunity will be described
further in Chapter 12. They include cytokines that
control viral infections, namely, IFN-a and IFN-p;
cytokines that mediate inflammation, namely, TNF, IL-I,
and chemokines; cytokines that stimulate the proliferation and activity of NK cells, namely, IL-15 and IL-2;
cytokines that activate macro phages, especially NK
cell-derived IFN-y, and cytokines that serve to limit
macrophage activation, especially IL-IO. In addition,
some cytokines of innate immunity, such as IL-6,
increase bone marrow production of neutrophils and
the synthesis of various proteins involved in host
defense, such as CRP.

ROLE OF INNATE
ADAPTIVE

IMMUNE

IMMUNITY

IN STIMULATING

RESPONSES

The innate immune response provides signals that function in concert with antigen to stimulate the proliferation and differentiation of antigen-specific T and B
lymphocytes. As the innate immune response is providing the initial defense, it also sets in motion the adaptive
immune response. The activation of lymphocytes
requires two distinct signals, the first being antigen and
the second being components
of innate immune
responses to microbes or injured cells (Fig. 2-13). This
idea is called the two-signal hypothesis for lymphocyte
activation. The requirement for antigen (so-called signal
I) ensures that the ensuing immune response is specific.
The requirement for additional stimuli triggered by
microbes or innate immune reactions to microbes
(signal 2) ensures that adaptive immune responses are
induced when there is a dangerous infection and not
when lymphocytes recognize harmless antigens, including self antigens. The molecules produced during innate
immune reactions that function as second signals for
lymphocyte activation include costimulators
(for T
cells), cytokines (for both T and B cells), and complement breakdown products (for B cells). We will return to
the nature of second signals for lymphocyte activation
in Chapters 9 and 10.
The second signals generated during innate immune
responses to different microbes not only enhance the
magnitude
of the subsequent
adaptive
immune
response but also influence the nature of the adaptive
response. A major function ofT cell-mediated immunity
is to activate macrophages to kill intracellular microbes.
Infectious agents that engage TLRs will tend to stimulate
T cell-mediated immune responses. This is because TLR
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microbes. The components of the innate immune
system include epithelial barriers, leukocytes
(neutrophils, macrophages, and NK cells), circulating effector proteins (complement, collectins,
pentraxins),
and cytokines (e.g., TNF, IL-l,
chemokines, IL-2, type I IFNs, and IFN-y).

. The innate immune system uses cell-associated

Lymphocyte
prol iferation
and differentiation

Adaptive
immune
response
~IGURE 2-13 Stimulation of adaptive immunity by innate
Immune responses. Antigen recognition by lymphocytes provides
signal 1 for the activation of the lymphocytes, and molecules
induced on host cells during innate immune responses to microbes
provide signal 2. In this illustration, the lymphocytes are B cells, but
the same principles apply to T lymphocytes. The nature of second
signals

differs

for Band

T cells and is described

in later chapters.

signaling enhances the ability of antigen-presenting
cells to induce the differentiation ofT cells into effector
cells called Till cells. Till cells produce the cytokine IFNy, which can activate macrophages to kill microbes that
might otherwise survive within phagocytic vesicles. Till
cells and cell-mediated immunity are discussed in detail
in Chapter 13. In contrast, many extracellular microbes
that enter the blood activate the alternative complement
pathway, which in turn enhances the production of
antibodies by B lymphocytes. This humoral immune
response serves to eliminate extracellular microbes. The
role of complement in enhancing B cell activation is discussed in Chapter 14.
The role of innate immunity in stimulating adaptive
immune responses is the basis of the action of adjuvants, which are substances that need to be administered together with protein antigens to elicit maximal
T cell-dependent
immune responses (see Chapter 6).
Adjuvants are useful in experimental immunology and
in clinical vaccines. Many adjuvants in experimental use
are microbial products, such as killed mycobacteria and
LPS, that engage TLRs and elicit strong innate immune
responses at the site of antigen entry.

SUMMARY

.

The innate immune system provides the first line
of host defense against microbes. The mechanisms
of innate immunity exist before exposure to

pattern recognition receptors to recognize structures called pathogen-associated
molecular patterns (PAMPs), which are shared by microbes, are
not present on mammalian cells, and are often
essential for survival of the microbes, thus limiting
the capacity of microbes to evade detection by
mutating or losing expression of these molecules.
TLRs are the most important family of pattern
recognition receptors, recognizing a wide variety
of ligands, including microbial nucleic acids,
sugars, glycolipids, and proteins.
. Neutrophils and macro phages are phagocytes that
kill ingested microbes by producing ROS, nitric
oxide,
and
enzymes
in phagolysosomes.
Macrophages also produce cytokines that stimulate inflammation and promote tissue remodeling
at sites of infection. Phagocytes recognize and
respond to microbial products by several different
types of receptors, including TLRs, C-type lectins,
scavenger receptors, and N-formyl Met-Leu-Phe
receptors.

. Neutrophils and monocytes (the precursors of
tissue macrophages) migrate from blood into
inflammatory
sites during
innate
immune
responses. Cytokines, including IL-l and TNF, produced at these sites in response to microbial products induce the expression of adhesion molecules
on the endothelial cells of local venules. These
adhesion molecules mediate the attachment of the
circulating leukocytes to the vessel wall. The
process of leukocyte migration involves sequential
steps, starting with low affinity leukocyte binding
to and rolling along the endothelia surface (mediated by endothelial
selectins and leukocyte
selectin ligands). Next, the leukocytes become
firmly bound, via interactions of leukocyte integrins binding to Ig-superfamily ligands on the
endothelium. Intergrin binding is strengthened by
chemokines, produced at the site of infection,
which bind to receptors on the leukocytes.
Chemokines also stimulate directed migration of
the leukocytes through the vessel wall into the site
of infection.
. NK cells are lymphocytes that defend against intracellular microbes by killing infected cells and providing a source of the macrophage-activating
cytokine IFN -yoNK cell recognition of infected cells
is regulated by a combination of activating and
inhibitory receptors. Inhibitory receptors recog-
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nize class I MHC molecules, because of which NK
cells do not kill normal host cells but do kill cells in
which class I MHC expression is reduced, such as
virus-infected cells.

. The complement system is activated by microbes,
and products of complement activation promote
phagocytosis and killing of microbes and stimulate
inflammation.
. The innate immune system includes other soluble
pattern recognition and effector molecules
found in the plasma, including pentraxins (e.g.,
CRP), collectins (e.g., MBL), and ficolins. These
molecules bind microbial ligands and enhance
clearance by complement-dependent
and
-independent mechanisms.

. Differentcytokinesof innate immunityrecruitand
activate leukocytes (e.g., TNF, IL-I, chemokines),
enhance the microbicidal activities of phagocytes
(lFN-y), and stimulate NK cell and T cell responses
(lL-2). In severe infections, excess systemic cytokine production is harmful and may even cause
death of the host.

. Molecules produced during innate immune
responses stimulate adaptive immunity and influence the nature of adaptive immune responses.
Macrophages activated by microbes and by IFN-y
produce costimulators that enhance T cell activation and IL-2, which stimulates IFN-y production
byT cells and the development ofIFN-y-producing
effector T cells. Complement fragments generated
by the alternative pathway provide second signals
for B cell activation and antibody production.
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The cells of the adaptive immune system are normally
present as circulating cells in the blood and lymph, as
anatomically defined collections in lymphoid organs,
and as scattered cells in virtually all tissues. The
anatomic organization of these cells and their ability to
circulate and exchange among blood, lymph, and tissues

. Specialized
tissues, called peripheral lymphoid
organs, function to concentrate anhgens that are
I

introduced through the common P9rtals of entry
(skin and gastrointestinal and respiratory tracts).
The capture of antigen and its transp6rt to lymphoid
organs are the first steps in adaptive immune
responses. Antigens that are transported to lymphoid
organs are displayed by antigen-presenting
cells
(APCs) for recognition by specific lymphocytes.
. Naive lymphocytes (lymphocytes that have not previously encountered antigens) migrate through these
peripheral lymphoid organs, where they recognize
antigens and initiate immune
responses. The
anatomy oflymphoid organs promotes cell-cell interactions that are required for the antigen recognition
and activation phases of adaptive immune responses.
Effector and memory lymphocytes develop from the
progeny of antigen-stimulated naive cells.
. Effector and memory lymphocytes circulate in the
blood, home to peripheral sites of antigen entry, and
are efficiently retained at these sites. This ensures that
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immunity is systemic (Le., that protective
nisms can act anywhere in the body).

mecha-

Adaptive immune responses develop through a series
of steps, in each of which the special properties of
immune cells and tissues play critical roles. The key
phases of these responses and the roles of different cells
and tissues are illustrated schematically in Fig. 3-1. This
chapter describes the cells, tissues, and organs of the
adaptive immune system and concludes with a discussion of the traffic patterns of lymphocytes throughout
the body.

CEllS

OF THE ADAPTIVE IMMUNE SYSTEM

The cells that are involved
in adaptive
immune
responses are antigen-specific
lymphocytes, APCs that
display antigens and activate lymphocytes, and effector
cells that function
to eliminate
antigens. These cell
types were introduced in Chapter 1. Here we describe
the morphology and functional characteristics of lymphocytes and APCs and then explain how these cells are
organized in lymphoid tissues. The numbers of some of
these cell types in the blood are listed in Table 3-1.

Primary (generative)
lymphoid organs

Naive
lymphocytes

~
T~

\.

Entry of
infectious
agents and/or
environmental
antigens

Maturation of
T lymphocytes

Secondary (peripheral)
lymphoid organs

.

Lymphatic/
blood vessel

Mucosa/skin

Activation of
lymphocytes and
initiation of adaptive
immune responses

Collection of
antigens from
tissues via Iy,mph
'(

Effector T
lymphocytes
and antibodies

~

}k~

~
~~
·

~

Mucosa/skin

f

'tJ

X'

~.x.

~

Activation of
lymphocytes and
initiation of adaptive
immune responses

:. A~tlgensl

,.,. microbes

FIGURE 3-1 Overview of lymphocyte generation and immune

responses in vivo. Lymphocytes
mature in the bone marrow (8 cells)
and thymus (T cells). and enter secondary (peripheral) lymphoid organs
as "naive" lymphocytes.
Antigens
are captured from their site of entry
by dendritic cells and concentrated
in lymph nodes, where they activate
naive
lymphocytes
that
migrate to the nodes through blood
vessels.
Effector
and memory
T
cells develop in the nodes and enter
the circulation,
from which they
may migrate to peripheral tissues.
Antibodies
are produced
in lymphoid organs and enter the circulation, from which they may locate
antigens at any site. Memory cells
also enter the circulation and may
reside in lymphoid organs and other
tissues. This illustration depicts the
key events in an immune response
to a protein antigen in a lymph
node; responses in other peripheral
lymphoid organs are similar.
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Table 3-1.

Normal

Blood

Cell Counts

Mean number
per microliter
White blood
(leukocytes)

cells

Normal
range

7400

4500-11,000

Neutrophils

4400

1800-7700

Eosinophils

200

0-450

Basophils

40

0-200

Lymphocytes

2500

1000-4800

Monocytes

300

0-800

Although these cells are found in the blood, their
responses to antigens are localized to lymphoid and
other tissues and are generally not reflected in changes
in the total numbers of circulating leukocytes. The cells
involved in innate immunity were described in detail in
Chapter 2.
Lymphocytes
Lymphocytes are the only cells in the body capable of
specifically recognizing and distinguishing
different
antigenic determinants and are responsible for the two
defining characteristics
of the adaptive
immune
response, specificity and memory. Several lines of evidence have established the role of lymphocytes as the
cells that mediate adaptive immunity.
o Protective immunity to microbes can be adoptively
transferred from immunized to naive individuals only
by lymphocytes or their secreted products.
o Some congenital and acquired immunodeficiencies
are associated with reduction of lymphocytes in the
peripheral circulation and in lymphoid tissues. Furthermore, depletion of lymphocytes with drugs, irradiation, and cell type-specific antibodies, and by
targeted gene disruptions in mice, leads to impaired
adaptive immune responses.
o Stimulation of lymphocytes by antigens in culture
leads to responses in vitro that show many of the
characteristics of immune responses induced under
more physiologic conditions in vivo.
o Most important, specific receptors for antigens are
produced by lymphocytes but not by any other types
of cells.
Subsets

of Lymphocytes

Lymphocytes consist of distinct subsets that are different
in their functions and protein products but are morphologically very similar (Table 3-2). This heterogeneity
of lymphocytes was introduced in Chapter 1 (see Fig.
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1-5). B lymphocytes, the cells that produce antibodies,
were so called because in birds they were found to
mature in an organ called the bursa of Fabricius. In
mammals, no anatomic equivalent of the bursa exists,
and the early stages of B cell maturation occur in the
bone marrow. Thus, "B" lymphocytes refers to bursaderived lymphocytes or bone marrow-derived
lymphocytes. T lymphocytes, the mediators of cellular
immunity, were named because their precursors, which
arise in the bone marrow, migrate to and mature in the
thymus; "T" lymphocytes refers to thymus-derived lymphocytes. Band T lymphocytes each consist of subsets
with distinct phenotypic and functional characteristics.
The major subsets of B cells are follicular B cells, marginal zone B cells, and B-1 B cells, each of which is found
in distinct anatomic locations within lymphoid tissues.
The two major T cell subsets are helper T lymphocytes
and cytotoxic T lymphocytes (CTLs), which express an
antigen receptor called the a~ receptor. CD4+ regulatory
T cells are now recognized as a third unique subset ofT
cells expressing the a~ receptor. Another population of
T cells called yB T cells expresses a similar but structurally distinct type of antigen receptor. The different
functions of these classes of Band T cells will be discussed in later chapters.
Band
T lymphocytes have clonally distributed
antigen receptors, meaning that there are many clones
of these cells with different antigen specificities, and all
the members of each clone express antigen receptors of
the same specificity that are different from the receptors
of other clones. The genes encoding the antigen receptors of Band T lymphocytes are formed by recombinations of DNA segments during the maturation of
these cells. There is a random aspect to these somatic
recombination events, which results in the generation
of millions of different receptor genes and a highly
diverse repertoire of antigen specificities among different clones oflymphocytes (see Chapter 8). Some subsets
of lymphocytes, including yB T cells, marginal zone B
cells, and B-1 B cells, are restricted in their use of DNA
segments that contribute to their antigen receptor
genes, and the repertoires of these lymphocyte subsets
are very limited.
In addition to Band T cells, there exist other populations of cells that are called lymphocytes based on morphology and certain functional and molecular criteria,
but which are not readily categorized as T or B cells.
Natural killer (NK) cells, which were described in
Chapter 2, have similar effector functions as CTLs, but
their receptors are distinct from B or T cell antigen
receptors and are not encoded by somatically recombined genes. NKT cells are a numerically small population of lymphocytes that share characteristic of both
NK cells and T cells. They express a~ antigen receptors
that are encoded by somatically recombined genes, but
like yBT cells and B-1 B cells, they lack diversity. NKT
cells, yBT cells, and B-1 B cells may all be considered as
part of both adaptive and innate immune systems.
Membrane proteins may be used as phenotypic
markers to distinguish functionally distinct populations
of lymphocytes (see Table 3-2). For instance, most
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Table 3-2. Lymphocyte Classes
Class

Antigen
receptor
and
specificity

Functions

Selected
markers

Blood

a~ T lymphocytes

CD4+ helper
T lymphocytes

CD3+, CD4-,
CDS+

20-25

15-20

10-15

a~ heterodimers

CD3+, CD4+,
CD25+
(Most common,
but other
phenotypes
as well)

Rare

10

10

Helper and
cytotoxic functions
(innate immunity)

yo heterodimers

CD3+, CD4,
and CDS
variable

Antibody
(humoral

Surface

Fc receptors;
class II MHC;
CD19; CD21

10-15

20-25

40-45

CD16
(Fc receptor
for IgG)

10

Rare

10

CD16
(Fc receptor
for IgG); CD3

10

Rare

10

immunity)

.....,...... .......... .. ............
Suppress function of
other T cells (regulation
immune responses,
maintenance
of
self-tolerance)

B lymphocytes

NKT

killer cells

cells

*In most cases,

production
immunity)

a~ heterodimers
Diverse specificities
for peptide-class
II
MHC complexes

CD3+, CD4+,

a~ heterodimers
Diverse specificities
for peptide-class
I
MHC complexes

killing of tumor cells

y'O T lymphocytes

Spleen
50-60

Killing of cell infected
with microbes,

Regulatory
Tcells

node
50-60

(humoral immunity)
Macrophage activation

..
CD8+ cytotoxic
T lymphocytes

Lymph

50-60*

B cell differentiation

(cell-mediated

Natural

Percent of total
lymphocytes
(human)

of

Limited specificities
for peptide and
non peptide antigens
antibody

Diverse specificities
for all types of
molecules

Killing of virus-infected
or damaged cells
(innate immunity)

Various activating and
inhibitory receptors

Suppress or activate
innate and adaptive
immune responses

a~ heterodimers
(Limited specificity
for glycolipid-CD1
complexes)

Limited specificities
for MHC or MHC-like
molecules

CDS-

the ratio of CD4+CDSto CDS+CD4cells is about 2:1.
G; MHC, major histocompatibility
complex

Abbreviations: IgG, immunoglobulin

helper T cells express a surface protein called CD4,
and most CTLs express a different surface protein called
CDB. Antibodies that are specific for such markers,
labeled with probes that can be detected by various
methods, are often used to identify and isolate various
lymphocyte populations.
(Techniques for detecting
labeled antibodies are described in Appendix III.) Many
of the surface proteins that were initially recognized as
phenotypic markers for various lymphocyte sub po pulations have turned out, on further analysis. to play important roles in the activation and functions of these cells.
The accepted nomenclature for lymphocyte markers

uses the CD number designation. CD stands for "cluster
of differentiation," a historical term referring to a cluster
(or collection) of monoclonal antibodies that are specific
for a particular marker of lymphocyte differentiation.
The CD system provides a uniform way to identify cell
surface molecules on lymphocytes, APCs, and many
other cell types in the immune system (Box 3-1).
Examples of some CD proteins are mentioned in Table
3-2, and the biochemistry and functions of the most
important ones are described in later chapters. A current
list of CD markers for leukocytes that are mentioned in
the book is provided in Appendix II.
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From the time that functionally distinct classes of lymphocytes were recognized, immunologists have attempted to develop methods for distinguishing them. The
basic approach was to produce antibodies that would
selectively recognize different subpopulations. This was
initially done

by raising alloantibodies
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was adopted, initiallyfor human leukocytes. According to
this system, a surface marker that identifies a particular
lineage or differentiation stage, that has a defined structure, and that is recognized by a group ("cluster") of monoclonal antibodies is called a member of a cluster of
differentiation (CD).Thus, all leukocyte surface antigens
whose structures are defined are given a CD designation
(e.g., CD1, C02). Although this nomenclature was originally used for human leukocyte markers, it is now
common practice to refer to homologous molecules in
other species and on cells other than leukocytes by the
same CD designation. Newly developed monoclonal antibodies are periodically exchanged among laboratories,
and the antigens recognized are assigned to existing CD
structures or introduced as new "workshop" candidates
(COw).

(i.e., antibodies that

might recognize allelic forms of cell surface proteins) by
immunizinginbred strains of micewith lymphocytesfrom
other strains. Such techniques were successful and led
to the development of antibodies that reacted with
murine T cells (anti-Thyl antibodies) and even against
functionally different subsets of T lymphocytes (anti-Lytl
and anti-Lyt2 antibodies). The limitations of this approach
are obvious, however, because it is useful only for cell
surface proteins that exist in different allelic forms. The
advent of hybridoma technology gave such analyses a
tremendous boost, with the production of monoclonal
antibodies that reacted specifically and selectively with
defined populations of lymphocytes, first in humans and
subsequently in many other species. (Alloantibodies and
monoclonal antibodies are described in Chapter 4.)
Functionally distinct classes of lymphocytes express
distinct types of cell surface proteins. Immunologists
often rely on monoclonal antibody probes to detect these
surface molecules. The cell surface molecules recognized
by monoclonal antibodies are called "antigens" because
antibodies can be raised against them, or "markers,"
because they identify and discriminate between ("mark")
different cell populations. These markers can be grouped
into several categories; some are specific for cells of a
particular lineage or maturational pathway, and the
expression of others varies according to the state of activation or differentiation of the same cells. Biochemical
analyses of cell surface proteins recognized by different
monoclonal antibodies demonstrated that these antibodies, in many instances, recognized the equivalent protein
in different species. In the past, considerable confusion
was created because these surface markers were initially
named according to the antibodies that reacted with
them. To resolve this, a uniform nomenclature system

CELLS

The classification of lymphocytes by CD antigen

~

expression is now widely used in clinical medicine and J
experimental immunology. For instance, most helper T
lymphocytes are CD3+CD4+CDS-,and most CTLs are ~
CD3+CD4-CDS+.This has allowed immunologists to identify the cells participating in various immune responses,
isolate them, and individually analyze their specificities,
response patterns, and effector functions. Such antibodies have also been used to define specific alterations in
particular subsets of lymphocytes that might be occurring
I

I

in various diseases. For example, the decliningnumber
of blood CD4+T cells is often used to follow the progression of disease and response to treatment in human
immunodeficiency virus-infected patients. Further investigations of the effects of monoclonal antibodies on lymphocyte function have shown that these surface proteins I
are not merely phenotypic markers but are themselves
involved in a variety of lymphocyte responses. The two
most frequent functions attributed to various CD mole- I
cules are (1) promotion of cell-cell interactions and adhesion and (2) transduction of signals that lead to I
lymphocyte activation. Examples of both types of func- ~
,
tions are described throughout this book.
I

-- -......
Development

of Lymphocytes

Like all blood cells after birth, lymphocytes
stem cells in the bone marrow.

arise from

o The origin of lymphocytes from bone marrow progenitors was first demonstrated by experiments with
radiation-induced bone marrow chimeras. Lymphocytes and their precursors are radiosensitive and are
killed by high doses of y-irradiation. If a mouse of one
inbred strain is irradiated and then injected with bone
marrow cells, or small numbers of hematopoietic
stem cells (HSCs), of another strain that can be distinguished from the host, all the lymphocytes that
develop subsequently are derived from the bone
marrow cells or HSCs of the donor. Such approaches

have proved useful for examining the maturation of
lymphocytes and other blood cells (see Chapter 8).
All lymphocytes go through complex maturation
stages during which they express antigen receptors and
acquire the functional and phenotypic characteristics of
mature cells (Fig. 3-2). B lymphocytes partially mature
in the bone marrow, enter the circulation, and populate
the peripheral lymphoid organs where they complete
their maturation. T lymphocytes mature completely in
the thymus, then enter the circulation and populate
peripheral lymphoid tissues. We will discuss these
processes of Band T lymphocyte maturation in much
more detail in Chapter 8. These mature Band T cells are
called naive lymphocytes. Upon activation by antigen,
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FIGURE 3-2 Maturation
of lymphocytes.
and immune responses to foreign antigens

Mature lymphocytes
develop from bone marrow
occur in the peripheral lymphoid tissues.

lymphocytes go through sequential
type and functional capacity.

changes in pheno-

Populations

of Lymphocytes

History of Antigen

Distinguished

by

Exposure

In adaptive immune responses, naive lymphocytes
that
emerge from the bone marrow or thymus migrate into
secondary
lymphoid
organs, where they are activated
by antigens to proliferate and differentiate
into effector
and memory cells, some of which then migrate into
tissues (Fig. 3-3). The activation
of lymphocytes
follows
a series of sequential
steps, beginning
with the synthesis of new proteins.
such as cytokine
receptors
and
cytokines,
which are required
for many of the subsequent changes. The naive cells then undergo
proliferation, resulting
in increased
size of the antigen-specific
clones. a process that is called clonal expansion.
In some
infections,
the numbers
of microbe-specific
T cells may
increase more than 50,000- fold. and the numbers
of specific B cells may increase more than SOOO-foid. This rapid
clonal
expansion
of microbe-specific
lymphocytes
is
needed to keep pace with the ability
of microbes
to
rapidly replicate
and expand in numbers.
Concomitant
with clonal expansion,
antigen-stimulated
lymphocytes
differentiate
into effector
cells. whose function
is to
eliminate
the antigen.
Some of the progeny of antigenstimulated
Band T lymphocytes
differentiate
into longlived memory
cells. whose function
is to mediate
rapid
and enhanced
(Le.. secondary)
responses to subsequent
exposures
to antigens. Therefore,
distinct populations
of
lymphocytes
(naive,
effector,
memory)
are always
present in various sites throughout
the body, and these
populations
can be distinguished
by several functional
and phenotypic
criteria
(Table 3-3). The details of lymphocyte
activation
and differentiation.
as well as the
functions

of

each

later in this book.
typic characteristics

of these

populations,

will

Here we will summarize
of each population.

be addressed

the pheno-

nodes

lymphoid tissues

~

Recirculation

stem cells in the generative

lymphoid

organs,

Naive Lymphocytes.
Naive lymphocytes
are mature T
or B cell emigrants
from generative
lymphoid
organs
that have never encountered
foreign antigen. They will
die after 1 to 3 months if they do not recognize
antigens.
Naive and memory
lymphocytes,
discussed
below, are
both called resting lymphocytes,
because they are not
actively dividing.
nor are they performing
effector functions. Naive (and memory)
Band T lymphocytes
cannot
be readily distinguished
morphologically,
and are both
often called small lymphocytes
when observed
in blood
smears or by flow cytometry
(see Appendix
III). A small
lymphocyte
is 8 to 10 11m in diameter
and has a large
nucleus with dense heterochromatin
and a thin rim of
cytoplasm
that contains a few mitochondria,
ribosomes.
and lysosomes,
but no visible specialized
organelles
(Fig.
3-4). Before antigenic stimulation,
naive lymphocytes
are in a state of rest, or in the Go stage of the cell cycle.
In response to stimulation,
they enter the G1 stage of the
cell cycle before going on to divide. Activated lymphocytes are larger 00 to 12 11m in diameter),
have more
cytoplasm and organelles and increased amounts of
cytoplasmic
RNA, and are called large lymphocytes,
or
lymphoblasts
(see Fig. 3-4).
The survival of naive lymphocytes depends on
engagement
of antigen receptors,
presumably
by self
antigens, and on cytokines. It is postulated that naive lymphocytes recognize various self antigens "weakly"-enough
to generate survival signals, but without triggering the
stronger signals that are needed to initiate clonal expansion
and differentiation into effector cells.
o The need for antigen receptor expression to maintain
the pool of naive lymphocytes in peripheral lymphoid
organs has been demonstrated by studies in mice in
which the immunoglobulin (lg) genes that encode the
antigen receptors of B cells were knocked out after the
B cells had matured, or the antigen receptors ofT cells
were knocked out in mature T cells. (The method
used is called the cre-Iox technique and is described
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FIGURE
3-3 The anatomy of lymphocyte activation.
Naive T cells emerging from the thymus and naive B cells emerging
from the
bone marrow migrate into secondary lymphoid organs, including lymph nodes and spleen. In these locations, they are activated by antigens,
and differentiation
into effector and memory lymphocytes.
Some effector and memory lymphocytes
migrate into peripheral tissue sites of
infection.
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Table 3-3. Characteristics of Naive, Effector, and Memory Lymphocytes
Naive
lymphocytes

Activated or effector
lymphocytes

Memory
lymphocytes

Preferentially
to
inflamed tissues

Preferentially
to inflamed
tissues, mucosal tissues

Very low

High

Low

None

Cytokine
cytotoxic

No

Yes

T lymphocytes

Migration

Preferentially
to
peripheral lymphoid
..

n.

Frequency
to particular
Effector

..

functions
....

.. .....

........

....

High

.......

....

..

...

Major CD45 isoform
(humans
only)
...

...'.

..' ......

......

CCR7

....

.....

. ........................................................

High

.........................................................

....................................................

High

.........................................................

Low

. ........................................................

....................................................

Low or variable

High

Low

receptor:

Low

.........................................................

Low

..... .......................................................-

...'..

CD44

Chemokine
..

........................................................

molecules:

integrins,

None

+/-

High

Low

.. .....

Peripheral
lymph node
homing receptor
(L-selectin,
CD62L)
n

secretion;
activity

....

..

IL-2 receptor

..... .... ... ,..

Adhesion

..

oo ...

...
expression

High-affinity

..

..'

of cells responsive
antigen

....
n
Cell cycling
.....
Surface
protein
... ,.. -.

..

n

tissues

.........................................................

....................................................

Variable

....................................................

C045RA

C045RO

C045RO;

Small;

Large;

Small

variable

... ..'..

Morphology

scant cytoplasm

more cytoplasm

B lymphocytes

Membrane
(Ig) isotype
.., ...

Affinity
..
..

...

Effector
..

immunoglobulin

.....

...... .... . .... ..

.....
..

n

.........

....

. . ..... .

receptor:

Abbreviations:

IgG, IgA, IgE

during
response

Relatively

high

.... .. .

IL-2,

Antibody

secretion

None

Large; more cytoplasm;
some are plasma
cells

Small

High

Low

?

Low

High

High

scant

cytoplasm

.'...

CXCR5

. ... .,....,......

CD27

I

Frequently

..

.'..

Small;

.... ...

..

Increases
immune

low

None

.. . .......

Morphology
Chemokine

Relatively

IgG, IgA, IgE

..

function

......

Frequently

.n .n

of Ig produced
...

IgM and IgO

interleukin-2
I

in Appendix III.) Mature naive lymphocytes that lost
their antigen receprs died within 2 or 3 weeks.

o Among T cells. there is evidence that survival of particular clones of naive cells in peripheral lymphoid
organs depends on recognition of the same ligands
that the clones saw during their maturation in the
thymus. In Chapter 8, we will discuss the process ofT
cell maturation and the selection ofT cells by recognition of self antigens in the thymus. This selection
process ensures that the cells that mature are capable
of surviving in peripheral tissues by recognizing the
selecting self antigens.

o If naive lymphocytes are transferred into a mouse
that does not have any lymphocytes of its own, the
transferred lymphocytes begin to proliferate and
increase in number until they reach roughly the
numbers of lymphocytes in normal mice. This
process is called homeostatic proliferation because
it serves to maintain homeostasis (a steady state of
cell numbers) in the immune system. This proliferation of naive lymphocytes in the absence of overt
exposure to antigen is triggered by the recognition of
self antigens.
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FIGURE
3-4 Morphology
of
lymphocytes.
A. Light micrograph
of a lymphocyte
in a peripheral
blood smear. B. Electron micrograph of a small lymphocyte.
(Courtesy
of Dr. Noel Weidner.
Department
of Pathology, University of California.
San Diego.)
C. Electron micrograph
of a large
lymphocyte
(lymphoblast).
(From
Fawcett OW. Bloom & Fawcett's
Textbook of Histology,
12th ed.
Chapman & Hall, 1994. With kind
permission
of Springer Science
and Business Media.)

Secreted proteins called cytokines are also essential
for the survival of naive lymphocytes, and naive T and B
cells constitutively express receptors for these cytokines.
Among these cytokines are interleukin-7 (lL-7). which
promotes survival and, perhaps, low-level cycling of
naive T cells, and B cell activating factor (BAFF), which
is required for naive B cell survival. Naive lymphocytes
also express surface proteins that are involved in directing migration into lymph nodes, as we will discuss in
detail later in this chapter.
Effector Cells. After naive lymphocytes are activated,
they become larger and proliferate, and are called lymphoblasts. Some of these cells differentiate into effector
lymphocytes have the ability to produce molecules
capable of eliminating foreign antigens; effector lymphocytes include helper T cells, CTLs, and antibodysecreting B cells. Helper T cells, which are usually CD4+,
express surface molecules such as CD40 ligand (CD154)
and secrete cytokines that interact with macrophages
and B lymphocytes, leading to their activation. Differentiated CTLs contain cytoplasmic granules containing
proteins that kill virus-infected and tumor cells. Both
CD4+ and CD8+ effector T cells usually express surface
proteins indicative of recent activation, including CD25
(a component of the receptor for the T cell growth factor
lL-2), and class II major histocompatability
complex
(MHC) molecules (in humans, but not mice). A subset of
CD4+T cells called regulatory T cells, which are distinct
from and suppress effectorT cells, constitutively express
CD25 (discussed in Chapter 11). The majority of differentiated effector T lymphocytes are short lived and not
self- renewing.
Many antibody-secreting B cells are morphologically
identifiable as plasma cells. They have characteristic
nuclei, abundant cytoplasm containing dense, rough
endoplasmic reticulum that is the site where antibodies
(and other secreted and membrane proteins) are synthesized, and distinct perinuclear Golgi complexes where
antibody molecules are converted to their final forms
and packaged for secretion (Fig. 3-5). It is estimated
that half or more of the messenger RNA in plasma
cells codes for antibody proteins. Plasma cells develop
in lymphoid organs and at sites of immune responses
and often migrate to the bone marrow, where some
of them may survive for long periods after the
immune response is induced and even after the antigen
is eliminated.

Memory Cells. Memory cells may survive in a functionally quiescent or slowly cycling state for many years after
the antigen is eliminated. They can be identified by their
expression of surface proteins that distinguish them
from naive and recently activated effector lymphocytes,
although it is still not clear which of these surface proteins are definitive markers of memory populations (see
Table 3-3). Memory B lymphocytes express certain
classes (isotypes) of membrane Ig, such as [gG, [gE, or
IgA, as a result ofisotype switching, whereas naive B cells
express only IgM and IgD (see Chapters 4 and 10). [n
humans, CD27 expression is a good marker for memory
B cells. MemoryT cells, like naive but not effectorT cells,
express high levels of IL-7 receptors. Memory T cells also
express surface molecules that promote their migration
into sites of infection anywhere in the body (discussed
later in the chapter). In humans, most naive T cells
express a 200-kD isoform of a surface molecule called
CD45 that contains a segment encoded by an exon designated A. This CD45 isoform can be recognized by antibodies specific for the A-encoded segment and is
therefore called CD45RA (for "restricted 1\'). In contrast,
most activated and memory T cells express a 180-kD
isoform of CD45 in which the A exon RNA has been
spliced out; this isoform is called CD45Ro. However, this
way of distinguishing naive from memory T cells is not
perfect, and interconversion
between CD45RA+ and
CD45RO+populations has been documented. MemoryT

.

~~'.
:-.~
ils, ~.i

t,.

'B'

"

<~
Nucleus

FIGURE 3-5 Morphology of plasma cells. A. Light micrograph of
a plasma cell in tissue. B. Electron micrograph
of a plasma cell.
(Courtesy of Dr. Noel Weidner, Department
of Pathology, University
of California, San Diego, California.)
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cells appear to be heterogeneous in many respects.
Some, called central memory T cells, migrate preferentially to lymph nodes, where they provide a pool of
antigen-specific lymphocytes that can rapidly be activated to proliferate and differentiate into effector cells if
the antigen is reintroduced. Others, called effector
memory cells, reside in mucosal tissues or circulate
in the blood, from where they may be recruited to any
site of infection and mount rapid effector responses
that serve to eliminate the antigen. The migration of
memory T cells is discussed later in this chapter,
and more details about the generation of memory cells,
and the signals for their maintenance, are discussed in
Chapters 10 and 13.

Antigen-Presenting

Cells

APCs are cell populations that are specialized to capture
microbial and other antigens, display them to lympllOcytes, and provide signals that stimulate the proliferation and differentiation of the lymphocytes. By
convention, APC usually refers to a cell that displays
antigens to T lymphocytes. The major type of APC that
is involved in initiating T cell responses is the dendritic
cell. Macrophages present antigens to T cells during
cell-mediated immune responses, and B lymphocytes
function as APCs for helper T cells during humoral
immune responses. A specialized cell type called the follicular dendritic cell (FDC) displays antigens to B lymphocytes during particular phases of humoral immune
responses. APCs link responses of the innate immune
system to responses of the adaptive immune system,
and therefore they may be considered as components of
both systems. In addition to the introduction presented
here, APC function will be described in more detail in
Chapter 6.

Dendritic

Cells

Dendritic cells play important roles in innate immunity
to microbes and in antigen capture and the induction of
T lymphocyte responses to protein antigens. Dendritic
cells arise from bone marrow precursors, mostly of the
monocyte lineage, and are found in many organs,
including epithelial barrier tissues, where they are
poised to capture foreign antigens and transport these
antigens to peripheral lymphoid organs. They have long
cytoplasmic projections, which effectively increases
their surface area, and they actively sample and internalize components of the extracellular tissue environment by pinocytosis and phagocytosis. In addition,
dendritic cells express various surface receptors, such as
Toll-like receptors (see Chapter 2), that recognize
pathogen-associated
molecular patterns and transduce
activating signals into the cell. Once activated, dendritic
cells become mobile and migrate to regional lymphoid
tissues, where they participate in presenting pep tides
derived from internalized protein antigens to T lymphocytes. These activated dendritic cells also express mole-

cules, called costimulators, which function in concert
with antigen to stimulate T cells.
Mononuclear

Phagocytes

Mononuclear
phagocytes function
as APCs in T
cell-mediated adaptive immune responses. We introduced mononuclear
phagocytes
(monocytes
and
macrophages)
in the context of innate immune
responses in Chapter 2. Macrophages
containing
ingested microbes display microbial antigens to differentiated effectorT cells. The effectorT cells then activate
the macrophages to kill the microbes. This process is a
major mechanism of cell-mediated immunity against
intracellular microbes (see Chapter 13).
Mononuclear phagocytes are also important effector
cells in both innate and adaptive immunity. Their effector functions in innate immunity are to phagocytose
microbes and to produce cytokines that recruit and
activate other inflammatory cells (see Chapter 2).
Macrophages serve numerous roles in the effector
phases of adaptive immune responses. As mentioned
above, in cell-mediated immunity, antigen-stimulated T
cells activate macrophages to destroy phagocytosed
microbes. In humoral immunity, antibodies coat, or
opsonize, microbes and promote the phagocytosis ofthe
microbes through macrophage surface receptors for
antibodies (see Chapter 14).
Follicular

Dendritic Cells (FDC)

FDCs are cells with membranous projections, which are
present intermingled in specialized collections of activated B cells, called germinal centers, found in the lymphoid follicles of the lymph nodes, spleen, and mucosal
lymphoid tissues. FDCs are not derived from precursors
in the bone marrow and are unrelated to the dendritic
cells that present antigens to T lymphocytes. FDCs trap
antigens complexed to antibodies or complement products and display these antigens on their surfaces for
recognition by B lymphocytes. This is important for the
selection of activated B lymphocytes whose antigen
receptors bind the displayed antigens with high affinity

(see Chapter 10).
ANATOMY

AND FUNCTIONS

LYMPHOID

TISSUES

OF

To optimize the cellular interactions necessary for the
recognition and activation phases of specific immune
responses, lymphocytes and APCs are localized and concentrated in anatomically defined tissues or organs,
which are also the sites where foreign antigens are transported and concentrated. Such anatomic compartmentalization is not fixed because, as we will discuss later
in this chapter, many lymphocytes recirculate and
constantly exchange between the circulation and the
tissues.
Lymphoid tissues are classified as generative organs,
also called primary lymphoid organs, where lympho-
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cytes first express antigen receptors and attain phenotypic and functional
maturity, and as peripheral
organs, also called secondary lymphoid organs, where
lymphocyte responses to foreign antigens are initiated
and develop (see Fig. 3-2). Included in the generative
lymphoid organs of adult mammals are the bone
marrow, where all the lymphocytes arise and B cells
mature, and the thymus, where T cells mature and reach
a stage of functional competence. The peripheral
lymphoid organs and tissues include the lymph
nodes, spleen, cutaneous
immune
system, and
mucosal immune system. In addition, poorly defined
aggregates of lymphocytes are found in connective
tissue and in virtually all organs except the central
nervous system.
Bone

Marrow

The bone marrow is the site of generation of all circulating blood cells in the adult, including immature lymphocytes, and is the site of early events in B cell
maturation. During fetal development, the generation
of all blood cells, called hematopoiesis (Fig. 3-6), occurs
initially in blood islands of the yolk sac and the paraaortic mesenchyme and later in the liver and spleen.
This function is taken over gradually by the bone marrow
and increasingly by the marrow of the flat bones so that,
by puberty, hematopoiesis
occurs mostly in the
sternum, vertebrae, iliac bones, and ribs. The red
marrow that is found in these bones consists of a

Common
myeloid
progenito~
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sponge-like reticular framework located between long
trabeculae. The spaces in this framework are filled with
fat cells, stromal fibroblasts, and precursors of blood
cells. These precursors mature and exit through the
dense network of vascular sinuses to enter the vascular
circulation. When the bone marrow is injured or when
an exceptional demand for production of new blood
cells occurs, the liver and spleen can be recruited as sites
of extramedullary hematopoiesis.
All the blood cells originate from a common
hematopoietic stem cell that becomes committed to
differentiate along particular lineages (Le., erythroid,
megakaryocytic, granulocytic, monocytic, and lymphocytic) (see Fig. 3-6). Stem cells lack the markers of differentiated blood cells and instead express two proteins
called CD34 and stem cell antigen-I (Sea-I). These
markers are used to identify and enrich stem cells from
suspensions of bone marrow or peripheral blood cells
for transplantation
to reconstitute the hematopoietic
system. The proliferation and maturation of precursor
cells in the bone marrow are stimulated by cytokines.
Many of these cytokines are called colony-stimulating
factors because they were originally assayed by their
ability to stimulate the growth and development of
various leukocytic or erythroid colonies from marrow
cells. These molecules are discussed in Chapter 12.
Hematopoietic cytokines are produced by stromal cells
and macro phages in the bone marrow, thus providing
the local environment for hematopoiesis. They are also
produced by antigen-stimulated
T lymphocytes and

Self-renewing
hematopoietic
stem cell
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FIGURE 3-6 Hematopoiesis. The development of the different lineages of blood cells is depicted in this "hematopoietic tree." The roles
of cytokines in hematopoiesis are illustrated in Chapter 12. Figure 12-15. CFU. colony-forming unit.
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cytokine-activated or microbe-activated macro phages,
providing a mechanism for replenishing leukocytes that
may be consumed during immune and inflammatory
reactions.
In addition to self-renewing stem cells and their differentiating progeny, the marrow contains numerous
antibody-secreting plasma cells. These plasma cells are
generated in peripheral lymphoid tissues as a consequence of antigenic stimulation of B cells and then
migrate to the marrow, where they may live and continue to produce antibodies for many years. Some longlived memory T lymphocytes also migrate to and may
reside in the bone marrow.
Thymus
The thymus is the site ofT cell maturation. The thymus
is a bilobed organ situated in the anterior mediastinum.
Each lobe is divided into multiple lobules by fibrous
septa, and each lobule consists of an outer cortex and an
inner medulla (Fig. 3-7). The cortex contains a dense

collection of T lymphocytes, and the lighter-staining
medulla is more sparsely populated with lymphocytes.
Scattered throughout the thymus are nonlymphoid
epithelial cells, which have abundant cytoplasm, as well
as bone marrow-derived macrophages and dendritic
cells. In the medulla are structures called Hassall's corpuscles, which are composed of tightly packed whorls of
epithelial cells that may be remnants of degenerating
cells. The thymus has a rich vascular supply and efferent
lymphatic vessels that drain into mediastinal lymph
nodes. The thymus is derived from invaginations of the
ectoderm in the developing neck and chest of the
embryo, forming structures called branchial clefts.
Humans with DiGeorge syndrome suffer from T cell deficiency because of mutations in genes required for
thymus development. In the "nude" mouse strain, which
has been widely used in immunology research, a mutation in the gene encoding a transcription factor causes a
failure of differentiation of certain types of epithelial
cells that are required for normal development of the
thymus and hair follicles. Consequently, these mice lack
T cells and hair (see Chapter 20).
The lymphocytes in the thymus, also called thymocytes, are T lymphocytes at various stages of maturation.
In general, the most immature cells of the T cell lineage
enter the thymic cortex through the blood vessels. Maturation begins in the cortex, and as thymocytes mature,
they migrate toward the medulla, so that the medulla
contains mostly mature T cells. Only mature T cells exit
the thymus and enter the blood and peripheral lymphoid tissues. The details of thymocyte maturation are
described in Chapter 8.
Lymph Nodes

Hassall's
corpuscle
Medulla
FIGURE 3-7 Morphology
of the thymus. A. Light micrograph of a
lobe of the thymus showing the cortex and medulla. The blue.
stained cells are developing T cells called thymocytes.
(Courtesy of
Dr. James Gulizia, Department
of Pathology, Brigham and Women's
Hospital, Boston.) B. Schematic
diagram of the thymus illustrat.
ing a portion of a lobe divided into multiple lobules by fibrous
trabeculae.

and the Lymphatic

System

Antigens are transported to lymph nodes mainly in
lymphatic vessels. The skin, epithelia, and parenchymal
organs contain numerous lymphatic capillaries that
absorb and drain fluid from spaces between tissue cells
(made of plasma filtrate) (Fig. 3-8). The absorbed interstitial fluid, called lymph, flows through the lymphatic
capillaries into convergent, ever larger lymphatic
vessels. These vessels merge into afferent lymph vessels
that drain into the subcapsular sinuses of lymph nodes.
Lymphatic vessels that carry lymph into a lymph node
are referred to as afferent, and vessels that drain the
lymph from the node are called efferent. Because lymph
nodes are connected in series along the lymphatics, an
efferent lymphatic exiting one node may serve as the
afferent vessel for another. The efferent lymph vessel at
the end of a lymph node chain joins other lymph vessels,
eventually culminating into one large lymphatic vessel
called the thoracic duct. Lymph from the thoracic duct
is emptied into the superior vena cava, thus returning
the fluid to the blood stream. About 2 L of lymph are normally returned to the circulation each day, and disruption of the lymphatic system may lead to rapid tissue
swelling.
The function of collecting antigens from their portals
of entry and delivering them to lymph nodes is performed largely by the lymphatic system. Microbes enter
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FIGURE
3-8 The lymphatic
system.
The major
lymphatic
vessels and collections of lymph nodes are illustrated. Antigens are
captured from a site of infection, and the draining lymph node to
which these antigens
are transported
and where the immune
response is initiated.

the body most often through the skin and the gastrointestinal and respiratory tracts. All these tissues are lined
by epithelia that contain dendritic cells, and all are
drained by lymphatic vessels. The dendritic cells capture
some microbial antigens and enter lymphatic vessels.
Other antigens enter the lymphatics in cell-free form. In
addition, soluble inflammatory
mediators, such as
chemokines, produced at sites of infection enter the
lymphatics. The lymph nodes are interposed along lymphatic vessels and act as filters that sample the lymph
before it reaches the blood. In this way, antigens captured from the portals of entry are transported to lymph
nodes, and molecular signals of inflammation are also
delivered to the draining lymph nodes.
Lymph enters a lymph node via an afferent lymphatic
vessel into the subcapsular sinus, and tissue-derived
dendritic cells within the lymph then leave the sinus and
enter the paracortex. In this new location, the dendritic
cells can present antigens derived from the tissue to
naive T cells and initiate adaptive immune responses
(see Chapter 6). The mechanisms by which the dendritic
cells gain access to the paracortex are not well understood. Some of the lymph from the subcapsular sinus
is channeled through specialized conduits that run
through the paracortical T cell zone toward the HEV (see
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Fig. 3-9B). These conduits are organized around collagen-containing reticular fibers and are delimited by
basement membrane-like
matrix molecules and a
sheath of specialized cells called fibroblastic reticular
cells. Dendritic cells that are resident in the lymph node
are also closely associated with the conduits. The
conduit system serves several functions. It provides a
direct route for delivery of lymph-borne chemokines
that are produced in inflamed tissues, such as CCL2,
to the HEY, where they contribute to the regulation
of leukocyte recruitment into the lymph node. The
specialized lining of the conduit serves as a selective
filtration barrier, allowing only some molecules of
particular size or chemical properties to enter the T cell
zones of the node. The resident dendritic cells lining
the conduits sample cell-free protein antigens transported through the conduits, so that these antigens may
be processed and presented to T cells in the adjacent
paracortex.
Adaptive immune responses to antigens that enter
through epithelia or are found in tissues are initiated in
lymph nodes. Lymph nodes are small nodular organs situated along lymphatic channels throughout the body. A
lymph node consists of an outer cortex and an inner
medulla. As described earlier, each lymph node is surrounded by a fibrous capsule that is pierced by numerous afferent lymphatics, which empty the lymph into a
subcapsular or marginal sinus (Fig. 3-9). The lymph percolates through the cortex into the medullary sinus and
leaves the node through the efferent lymphatic vessel in
the hilum. Beneath the subcapsular sinus, the outer
cortex contains aggregates of cells called follicles. Some
follicles contain central areas called germinal centers,
which stain lightly with commonly used histologic
stains. Follicles without germinal centers are called
primary follicles, and those with germinal centers are
secondary follicles. The cortex around the follicles is
called the parafollicular cortex or paracortex, and is
organized into cords, which are regions containing reticular fibers, lymphocytes, dendritic cells, and mononuclear phagocytes, arranged around lymphatic and
vascular sinusoids. Lymphocytes and APCs in these
cords are often found near one another, but there is significant movement of these cells relative to one another.
Internal to the cortex is the medulla, consisting of
medullary cords separated by a labyrinthine arrangement of sinuses that drain into fibroblastic reticular cell
conduits, and eventually into a main medullary sinus.
These medullary cords are populated by macro phages
and plasma cells. Blood is delivered to a lymph node by
an artery that enters through the hilum and branches
into capillaries in the outer cortex, and it leaves the node
by a single vein that exits through the hilum.
Different classes of lymphocytes are sequestered in
distinct regions of the cortex of lymph nodes (Fig. 3-10).
Follicles are the B cell zones of lymph nodes. Primary
follicles contain mostly mature, naive B lymphocytes.
Germinal centers develop in response to antigenic stimulation. They are sites of remarkable B cell proliferation,
selection of B cells producing high-affinity antibodies,
and generation of memory B cells. The processes of
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FDCs interdigitate to form a dense reticular network in
the germinal centers. The T lymphocytes are located
mainly beneath and more centrally to the follicles, in the
paracortical cords. Most (-70%) of these T cells are CD4+
helper T cells, intermingled with relatively sparse CD8+
cells. These proportions can change dramatically during
the course of an infection. For example, during a viral
infection, there may be a marked increase in CD8+ T
cells. Dendritic cells are also concentrated in the paracortex of the lymph nodes.
The anatomic segregation of different classes of lymphocytes in distinct areas of the node is dependent on
cytokines (see Fig. 3-10). Naive T and B lymphocytes
enter the node through an artery. These cells leave the
circulation and enter the stroma of the node through
specialized vessels called high endothelial venules
(HEVs, described in more detail later), which are located
in the center of the cortical cords. The naive T cells
express a receptor called CCR7 that binds the CCLl9 and
CCLZI chemokines produced in the T cell zones of the
lymph node. Chemokines (chemoattractant cytokines)
include a large family of 8- to 10-kDa proteins that are
involved in a wide variety of cell motility functions in
development, maintenance of tissue architecture, and
immune and inflammatory
responses. Chemokines
exert their biologic effects by binding to chemokine
receptors, which are cell surface, G protein-linked
receptors that are linked to various signal transduction
pathways. The general properties of chemokines and
chemokine receptors are discussed in detail in Chapter
12. CCL 19 and CCLZI attract the naive T cells into the T
cell zone. Dendritic cells also express CCR7, and this is
why they migrate to the same area of the node as do
naive T cells (see Chapter 6). Naive B cells express
another chemokine receptor, CXCR5, which recognizes
a chemokine CXCLl3 produced only in follicles. Thus,
B cells are attracted into the follicles, which are the B
cell zones of lymph nodes. Another cytokine, called
lymphotoxin, plays a role in stimulating CXCLl3
production, especially in the follicles. The functions of
various cytokines in directing the movement of lymphocytes in lymphoid organs and in the formation of these
organs have been established by numerous studies in
mice.
o Knockout mice lacking the membrane form of the
cytokine lymphotoxin (LTP)or the LTpreceptor show
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RGURE 3-9 Morphology of a lymph node. A. Schematic diagram
of a lymph node illustrating the T cell-rich and B cell-rich zones
and the routes of entry of lymphocytes and antigen (shown captured
by a dendritic cell). B. Schematic of the microanatomy of a lymph
node depicting the route of lymph drainage from the subcapsular
sinus. through fibroreticular cell conduits. to the perivenular channel
around the HEV. C. Light micrograph of a lymph node illustrating
the T cell and B cell zones. (Courtesy of Dr. James Gulizia.
Department of Pathology. Brigham and Women's Hospital. Boston,
Massachusetts.)
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The anatomic segregation of T and B cells ensures
that each lymphocyte population is in close contact with
the appropriate APCs (Le., T cells with dendritic cells and
B cells with FDCs). Furthermore, because of this precise
segregation, Band T lymphocyte populations are kept
apart until it is time for them to interact in a functional
way. As we will see in Chapter 10, after stimulation by
antigens, T and B cells lose their anatomic constraints
and begin to migrate toward one another. Activated T
cells may either migrate toward follicles to help B cells
or exit the node and enter the circulation, whereas activated B cells migrate into germinal centers and, following differentiation into plasma cells, they may home to
the bone marrow.

B cell

@

T cell zone
(parafollicular
cortex)

B cell zone
(lymphoid
ollicle)
FIGURE 3-10

o CXCR5 knockout mice lack B cell zones in lymph
nodes and spleen. Similarly, CCR7 knockout mice
lack T cell zones.

Segregation of B cells and T cells in a lymph node.

A. The schematic diagram illustrates the path by which naive T and
B lymphocytes
migrate to different areas of a lymph node. The lymphocytes enter through an artery and reach an HEV, shown in crosssection, from where naive lymphocytes
are drawn to different areas
of the node by chemokines
that are produced in these areas and
bind selectively
to either cell type. Also shown is the migration of
dendritic cells, which pick up antigens from the sites of antigen
entry, enter through afferent lymphatic vessels, and migrate to the
T cell-rich areas of the node. B. In this section of a lymph node, the
B lymphocytes,
located in the follicles, are stained green; the T cells,
in the parafollicular
cortex, are red. The method used to stain these
cells is called immunofluorescence
(see Appendix
III for details).
(Courtesy of Drs. Kathryn Pape and Jennifer Walter, University of
Minnesota
School of Medicine,
Minneapolis.)
The anatomic segregation of T and B cells is also seen in the spleen (see Fig. 3-11).

absence of peripheral lymph nodes and a marked disorganization of the architecture of the spleen, with
loss of the segregation of Band T cells.
o Overexpression of Iymphotoxin or tumor necrosis
factor (TNF) in an organ, either as a transgene in
experimental animals or in response to chronic
inflammation in humans, can lead to the formation
in that organ of lymph node-like structures that
contain B cell follicles with FDCs and interfollicularT
cell-rich areas containing mature dendritic cells.

Spleen
The spleen is the major site of immune responses to
blood-borne antigens. The spleen, an organ weighing
about 150g in adults, is located in the left upper quadrant of the abdomen. It is supplied by a single splenic
artery, which pierces the capsule at the hilum and
divides into progressively smaller branches that remain
surrounded by protective and supporting fibrous trabeculae (Fig. 3-11). The lymphocyte-rich regions of the
spleen, called the white pulp, are organized around
branches of these arteries, called central arteries. The
architecture ofthe white pulp is analogous to the organization oflymph nodes, with segregated T cell and B cell
zones. In mouse spleen, the central arteries are surrounded by cuffs of lymphocytes, most of which are T
cells. Because of their anatomic location, morphologists
call these areas periarteriolar lymphoid sheaths. Several
smaller branches of each central arteriole pass through
the periarteriolar lymphoid sheaths and drain into a vascular sinus known as the marginal sinus. B cell-rich follicles occupy the space between the marginal sinus and
the periarteriolar sheath. Outside the marginal sinus is a
distinct region called the marginal zone, which forms
the outer boundary of the white pulp and is populated
by B cells and specialized macrophages. The B cells in
the marginal zone are functionally distinct from follicular B cells and are known as marginal zone B cells. The
architecture of the white pulp is more complex in
humans than in mice, with both inner and outer marginal zones, and a perifollicular zone. The segregation of
T lymphocytes in the periarteriolar lymphoid sheaths,
and B cells in follicles and marginal zones, is a highly
regulated process, dependent on the production of different cytokines and chemokines by the stromal cells in
these different areas, analogous to the case for lymph
nodes. The chemokine CXCL13 and its receptor CXCR5
are required for B cell migration into the follicles, and
CCL19 and CCL21 and their receptor CCR7 are required
for naive T cell migration into the periarteriolar sheath.
The production of these chemokines by non-lymphoid
stromal cells is stimulated by the cytokine Iymphotoxin.
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APCs, B cells, and T cells promotes the interactions
required for the efficient development of humoral
immune responses, as will be discussed in Chapter 10.
The spleen is also an important filter for the blood.
Some ofthe arteriolar branches of the splenic artery ultimately end in extensive vascular sinusoids, distinct from
the marginal sinuses, scattered among which are large
numbers of erythrocytes, macrophages, dendritic cells,
sparse lymphocytes, and plasma cells; these constitute
the red pulp. The sinusoids end in venules that drain
into the splenic vein, which carries blood out of the
spleen and into the portal circulation. Red pulp
macro phages clear the blood of microbes, and of
damaged red blood cells. The spleen is the major site for
the phagocytosis
of antibody-coated
(opsonized)
microbes. Individuals lacking a spleen are highly susceptible to infections with encapsulated bacteria such as
pneumococci and meningococci because such organisms are normally cleared by opsonization and phagocytosis, and this function is defective in the absence of
the spleen.

Cutaneous

FIGURE 3-11 Morphology of the spleen. A. Schematicdiagram
of the spleen illustrating T cell and B cell zones, which make up the
white pulp. B. Photomicrograph of a section of human spleen
showing a trabecular artery with adjacent periarteriolar lymphoid
sheath and a lymphoid follicle with a germinal center. Surrounding
these areas is the red pulp, rich in vascular sinusoids. C. Immunohistochemical demonstration of T cell and B cell zones in the spleen,
shown in a cross-section of the regionaround an arteriole.T cells
in the periarteriolar lymphoid sheath are stained red, and B cells
in the follicle are stained green. (Courtesy of Drs. Kathryn Pape
and Jennifer Walter, University of Minnesota School of Medicine,
Minneapolis, Minnesota.)
The function ofthe white pulp is to promote adaptive
immune responses to blood-borne antigens. These antigens are delivered into the marginal sinus by circulating
dendritic cells, or are sampled by the macro phages in
the marginal zone. The anatomic arrangements of the

Immune

System

The skin contains a specialized cutaneous immune
system consisting of lymphocytes and APCs. The skin is
the largest organ in the body and is an important physical barrier between an organism and its external environment. In addition, the skin is an active participant in
host defense, with the ability to generate and support
local immune and inflammatory
reactions. Many
foreign antigens gain entry into the body through the
skin, and this tissue is the site of many immune
responses.
The principal cell populations within the epidermis
are keratinocytes, melanocytes, epidermal Langerhans
cells, and intraepithelial T cells (Fig. 3-12). Keratinocytes
produce several cytokines that may contribute to innate
immune
reactions
and cutaneous
inflammation.
Langerhans cells, located in the suprabasal portion of
the epidermis, are the immature dendritic cells of the
cutaneous immune system. Langerhans cells form an
almost continuous meshwork that enables them to
capture antigens that enter through the skin. When
Langerhans cells encounter microbes, they are activated
by engagement of Toll-like receptors (Chapter 2). The
cells lose their adhesiveness for the epidermis, enter
lymphatic vessels, begin to express the CCR7 chemokine
receptor, and migrate to the T cell zones of draining
lymph nodes in response to chemokines produced in
that location. The Langerhans cells also mature into efficient APCs. This process is described in more detail in
Chapter 6.
Intraepidermal lymphocytes constitute only about
2% of skin-associated lymphocytes (the rest reside in the
dermis), and the majority are CDW T cells. Intraepidermal T cells may express a more restricted set of antigen
receptors than do T lymphocytes in most extracutaneous tissues. In mice (and some other species), many
intraepidermallymphocytes
are T cells that express an
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FIGURE

3-12 Cellular components
of the cutaneous immune
system. The major components
of the cutaneous immune system
shown in this schematic diagram include keratinocytes.
Langerhans
cells. and intra epidermal lymphocytes.
all located in the epidermis.
and T lymphocytes
and macrophages.
located in the dermis.

uncommon type of T cell antigen receptor (TCR) formed
by y and Dchains instead of the usual a and p chains of
the antigen receptors of CD4+ and CD8+ T cells (see
Chapter 7). As we shall discuss shortly, this is also true of
intraepitheliallymphocytes
in the intestine, raising the
possibility that YDT cells, at least in some species, may
be uniquely committed to recognizing microbes that are
commonly encountered at epithelial surfaces. However,
neither the specificity nor the function of this T cell subpopulation is clearly defined.
The dermis, which is composed of connective tissue,
contains T lymphocytes (both CD4+and CD8+cells), predominantly in a perivascular location, and scattered
macro phages. This is essentially similar to connective
tissues in other organs. The T cells usually express phenotypic markers typical of activated or memory cells. It
is not clear whether these cells reside permanently
within the dermis or are merely in transit between blood
and lymphatic capillaries as part of memory T cell recirculation (described later).
Mucosal

Immune

System

The mucosal surfaces of the gastrointestinal and respiratory tracts are colonized by lymphocytes and APCs
that are involved in immune responses to ingested and
inhaled antigens. Like the skin, these mucosal epithelia
are barriers between the internal and external environments and are therefore an important site of entry of
microbes. Much of our knowledge of mucosal immunity
is based on studies of the gastrointestinal tract, and this
is emphasized in the discussion that follows. In comparison, little is known about immune responses in the
respiratory mucosa, even though the airways are a major
portal of antigen entry. It is likely, however, that the features of immune responses are similar in all mucosal
lymphoid tissues.

OF THE ADAPTIVE

IMMUNE

SYSTEM

In the mucosa of the gastrointestinal tract, lymphocytes are found in large numbers in three main regions:
within the epithelial layer, scattered throughout the
lamina propria, and in organized collections in the
lamina propria, including Peyer's patches (Fig. 3-13).
Cells at each site have distinct phenotypic and functional characteristics. The majority of intraepithelial
lymphocytes are T cells. In humans, most of these are
CD8+ cells. In mice, about 50% of intraepithelial lymphocytes express the YDform of the TCR, similar to
intraepidermallymphocytes
in the skin. In humans, only
about 10% of intraepitheliallymphocytes
are YDcells, but
this proportion is still higher than the proportions of YD
cells found among T cells in other tissues. Both the ap
and the YDTCR-expressing intraepithelial lymphocytes
show limited diversity of antigen receptors. All these
findings support the idea that mucosal intraepithelial
lymphocytes have a limited range of specificity, distinct
from that of most T cells and this restricted repertoire
may have evolved to recognize commonly encountered
intraluminal antigens.
The intestinal lamina propria contains a mixed population of cells. These include T lymphocytes, most of
which are CD4+ and have the phenotype of activated
cells. It is likely that T cells initially recognize and
respond to antigens in mesenteric lymph nodes draining the intestine and migrate back to the intestine to
populate the lamina propria. This is similar to the postulated origin of T cells in the dermis of the skin. The
lamina propria also contains large numbers of activated
B lymphocytes and plasma cells as well as macrophages,
dendritic cells, eosinophils, and mast cells.
In addition to scattered lymphocytes, the mucosal
immune system contains organized lymphoid tissues,
the most prominent of which are the Peyer's patches of
the small intestine. Like lymphoid follicles in the spleen
and lymph nodes, the central regions of these mucosal
follicles are B cell-rich areas that often contain germinal
centers. Peyer's patches also contain small numbers of
CD4+T cells, mainly in the interfollicular regions. In adult
mice, 50% to 70% of Peyer's patch lymphocytes are B
cells, and 10% to 30% are T cells. Some of the epithelial
cells overlying Peyer's patches are specialized M (membranous) cells. M cells lack microvilli, are actively
pinocytic, and transport macromolecules from the intestinallumen into subepithelial tissue by a mechanism of
transepithelial transport known as transcytosis. They are
thought to play an important role in delivering antigens
to Peyer's patches. Follicles similar to Peyer's patches are
abundant in the appendix and are found in smaller
numbers in much of the gastrointestinal and respiratory
tracts. Pharyngeal tonsils are also mucosal lymphoid follicles analogous to Peyer's patches. Because of the vast
size of the mucosal tissues, a large portion of the body's
lymphocytes are normally present in these tissues.
Immune responses to oral antigens differ in some
fundamental
respects from responses to antigens
encountered at other sites. The two most striking differences are the high levels of IgA antibody production
associated with mucosal tissues (see Chapter 14) and the
tendency of oral immunization with protein antigens
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PATHWAYS AND MECHANISMS

(see

OF

LYMPHOCYTE RECIRCULATION AND HOMING
Lymphocytes are continuously
moving through the
blood stream, lymphatics, secondary lymphoid tissues,
and peripheral nonlymphoid tissues, and functionally
distinct populations of lymphocytes show different trafficking patterns through these sites (Fig. 3-14). Naive
lymphocytes will move from the blood stream into
lymph nodes, and via lymphatics back into the blood
stream many times, until they encounter an antigen they
recognize within a lymph node. This traffic pattern of
naive lymphocytes, called lymphocyte recirculation,
enables the limited number of naive lymphocytes that
are specific for a particular foreign antigen to search for
that antigen throughout the body. Lymphocytes that
have reacted to that antigen and differentiated into
effector and memory cells within secondary lymphoid
tissues may move back into the blood stream and then

patch

FIGURE
3-13 The mucosal
immune
system.
A. Schematic
diagram of the cellular components of the mucosal
immune
system in the intestine. B. Photomicrograph
of mucosal lymphoid
tissue in the human intestine.
Similar aggregates
of lymphoid
tissue are found throughout
the
gastrointestinal
tract and the respiratory tract.

migrate into sites of infection andlor inflammation in
peripheral (nonlymphoid) tissues. Some effector lymphocyte subsets will preferentially migrate into a particular tissue, such as skin or gut. The process by which
particular populations of lymphocytes selectively enter
lymph nodes or some tissues but not others is called
lymphocyte homing. The existence of different homing
patterns ensures that different subsets of lymphocytes
are delivered to the tissue micro environments where
they are required for adaptive immune responses and
not, wastefully, to places where they would serve no
purpose. In the following section, we describe the mechanisms and pathways of lymphocyte recirculation and
homing. Our discussion emphasizes T cells because
much more is known about their movement through
tissues than is known about B cell recirculation.
The mechanisms of lymphocyte migration out of
blood vessels into the extravascular sites in lymph nodes
or peripheral tissues are fundamentally similar to the
mechanisms of migration of other leukocytes into
inflammatory
sites, described in Chapter 2. The
adhesion molecules involved include selectins, integrins, and members of the 19superfamily. The adhesion
molecules expressed on lymphocytes are often called
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FIGURE 3-14 Pathways of T lymphocyte recirculation. Naive T cells preferentially leave the blood and enter lymph nodes across the
HEVs. Dendritic cells bearing antigen enter the lymph node through lymphatic vessels. If the T cells recognize antigen, they are activated,
and they return to the circulation through the efferent lymphatics and the thoracic duct, which empties into the superior vena cava, then
into the heart, and ultimately into the arterial circulation. Effector and memory T cells preferentially leave the blood and enter peripheral
tissues through venules at sites of inflammation. Recirculation through peripheral lymphoid organs other than lymph nodes is not shown.

homing
receptors,
and the adhesion
molecules
that the
homing
receptors
bind to on the endothelial
cells are
often called addressins.
Chemokines
influence
lymphocyte adhesion
to endothelial
cells and various aspects of
movement
of the lymphocytes
through
the vessel wall
and in the extravascular
space. Chemokines
involved
in
lymphocyte
traffic are produced
constitutively
in secondary lymphoid
organs and inducibly
at sites of infection. Adhesion
to and detachment
from extracellular
matrix components
within
tissues determine
how long
lymphocytes
are retained
at a particular
extravascular
site before they return through
the lymphatics
to the
blood.

Recirculation of Naive T Lymphocytes
Between Blood and Secondary
Lymphoid Organs
Specific homing of naive T cells to lymph nodes and
mucosal lymphoid tissues occurs through specialized
postcapillary venules and involves several different
adhesion molecules and chemokines. The homing mechanisms are very efficient, resulting in a net flux of lymphocytes through lymph nodes of up to 25x 109cells each
day (Le., each lymphocyte goes through a node once a
day on the average). Peripheral tissue inflammation
causes a significant increase in T cell influx into lymph
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nodes draining the site of inflammation, while egress of
the T cells into efferent lymphatics is transiently reduced.
The mechanism of this transient retention involves
innate immune system cytokines interferon-a and -~,
which inhibit the function of sphingosine I-phosphate
receptor-l (S1PI), described later. The net result is a
rapid increase in the number of naive T cells that are
retained in a lymph node draining a site of infection or
inflammation. Antigens are concentrated in the secondary lymphoid organs, including lymph nodes, mucosal
lymphoid tissues, and spleen, where they are presented
by mature dendritic cells, the APCs that are best able to
initiate responses of naive T cells. Thus, movement of
naive T cells through the secondary lymphoid organs
maximizes the chances of specific encounter with
antigen and initiation of an adaptive immune response.
Naive T lymphocytes are delivered to secondary lymphoid tissues via arterial blood flow, and they leave the
circulation and migrate into the stroma of lymph nodes
through modified postcapillary venules called high
endothelial venules that are lined by plump endothelial
cells (Fig. 3-15). HEVs are also present in mucosallymphoid tissues, such as Peyer's patches in the gut, but not
in the spleen. HEVs display certain adhesion molecules
and chemokines on their surfaces, discussed below,
which support the selective homing of only certain populations of lymphocytes. The development and maintenance of the morphologic and molecular phenotype
of HEVs depend on soluble factors present in lymph.
In addition, certain cytokines, such as lymphotoxin,
are required for HEV development. In fact, HEVs may
develop in extralymphoid sites of chronic inflammation
where such cytokines are produced for prolonged
periods of time.
Migration of naive T cells out of the blood into lymph
node parenchyma is a multi-step process consisting of
selectin-mediated rolling of the cells, integrin-mediated
firm adhesion, and transmigration through the vessel
wall. This sequence of events for T lymphocyte homing
is similar to migration of other leukocytes into peripheral inflamed tissues discussed in Chapter 2. Different
selectins and integrins are involved in the migration of
naive and activated lymphocytes to different tissues (Fig.
3-16). The rolling of naive T cells on HEVs in peripheral
lymphoid organs is mediated by L-selectin on the lymphocytes binding to its peripheral node addressin
(PNAd) on HEVs. (Selectins are described in Box 2-2,
Chapter 2.) The carbohydrate groups that bind L-selectin
may be attached to different sialomucins on the
endothelium in different tissues. For example, on lymph
node HEVs, the PNAd is displayed by two sialomucins,
called GlyCAM-1 (glycan-bearing cell adhesion molecule-I) and CD34. In Peyer's patches in the intestinal
wall, the L-selectin ligand is a molecule called MadCAM1 (mucosal addressin cell adhesion molecule-I). The
subsequent firm adhesion of the T cells to the HEVs is
mediated by integrins, mainly LFA-l and VLA-4 (see Box
2-3, Chapter 2). The affinity of the integrins is rapidly
increased by two chemokines, called CCLl9 and CCL21,
which are produced mainly in lymphoid tissues. CCLl9
is constitutively produced by HEV and is bound to glycosaminoglycans on the cell surface for display to rolling
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FIGURE
3-15 High endothelial venules. A. Light micrograph of
an HEV in a lymph node illustrating the tall endothelial cells. (Courtesy of Dr. Steve Rosen, Department of Anatomy, University of
California, San Francisco.) B. Expression of L-selectin ligand on
HEVs, stained with a specific antibody by the immunoperoxidase
technique. (The location of the antibody is revealed by a brown reaction product of peroxidase, which is coupled to the antibody; see
Appendix III for details.) The HEVs are abundant in the T cell zone
of the lymph node. (Courtesy of Drs. Steve Rosen and Akio Kikuta,
Department of Anatomy, University of California, San Francisco.)
C. A binding assay in which lymphocytes are incubated with frozen
sections of a lymph node. The lymphocytes (stained dark blue) bind
selectively to HEVs. (Courtesy of Dr. Steve Rosen, Department of
Anatomy, University of California, San Francisco.) D. Scanning electron micrograph of an HEV with lymphocytes attached to the luminal
surface of the endothelial cells. (Courtesy of J. Emerson and T.
Yednock, University of California San Francisco School of Medicine,
San Francisco. From Rosen SD, and LM Stoolman. Potential role
of cell surface lectin in lymphocyte recirculation. In Olden K, and
J Parent (eds). Vertebrate Lectins. Van Nostrand Reinhold, New
York, 1987.)
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FIGURE 3-16 Migration of naive and effector T lymphocytes. A. Naive T lymphocytes home to lymph nodes as a result of L-selectin
binding to its ligand on HEVs, which are present only in lymph nodes, and as a result of binding chemokines (CCL19 and CCL21)displayed
on the surface of the HEV.Activated T lymphocytes, including effector cells, home to sites of infection in peripheral tissues, and this migration is mediated by E- and P-selectins and integrins, and chemokines that are produced at sites of infection. Additional chemokines and
chemokine receptors, besides the ones shown, are involved in effector/memory T cell migration. B. The adhesion molecules, chemokines,
and chemokine receptors involved in naive and effector/memory T cell migrationare described.
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lymphocytes. CCL2I is produced by other cell types in
the lymph node, and is transported through the HEV to
the luminal surface and displayed in the same fashion as
CCLl9. Both these chemokines bind to the chemokine
receptor called CCR7, which is highly expressed on naive
lymphocytes. This interaction of the chemokines with
CCR7 ensures that naive T cells increase integrin avidity
and are able to adhere firmly to HEVs. The final step of
transmigration
of the firmly attached lymphocytes
through the vessel wall occurs in response to the same
CCR7-binding chemokines produced in the lymph node,
and is presumably assisted by surface molecules such as
CD3I on the lymphocytes and the endothelial cells.
The important role for L-selectin and chemokines in
naive T cell homing to secondary lymphoid tissues is
supported by many different experimental observations.
o Lymphocytes from L-selectin knockout mice do not
bind to peripheral lymph node HEVs, and the mice
have a marked reduction in the number of lymphocytes in peripheral lymph nodes.
o Immunohistochemical
and in situ hybridization
studies indicate that CCLl9 and CCL2I, the two
chemokines that bind to CCR7 on T cells, are produced in T cell zones of lymph nodes.

o There are very few naive T cells in the lymph nodes of
mice with genetic deficiencies in CCLl9 and CCL2I,
or CCR7, but the B cell and memory T cell content of
these lymph nodes is relatively normal.
Naive T cells that have homed into lymph nodes but
fail to recognize antigen and become activated will eventually return to the blood stream. This return to the blood
completes one recirculation loop, and provides the naive
T cells another chance to seek out the antigens they can
recognize in other lymph nodes. The major route of
reentry into the blood is through the efferent lymphatics,
perhaps via other lymph nodes in the same chain, and
then via the lymphatic vasculature to the thoracic duct,
and finally into the superior vena cava. The exit of naive
T cells from lymph nodes is dependent on a lipid
chemoattractant called sphingosine I-phosphate (SIP),
which is present at relatively high concentrations in the
blood compared to tissues. SIP binds to a specific G
protein-coupled receptor on T cells called SIPI (mentioned earlier), and signals generated by SIPI stimulate
directed movement of the naiveT cells along an SIP concentration gradient out of the lymph node parenchyma.
SIP and the SIPI receptor are also required for mature
naive T cell egress from the thymus, as well as for migration of activated T cells out of lymph nodes.
o A drug

called FTY720 functionally
inactivates
S 1PI, blocks T cell egress from lymphoid organs, and
acts as a potent immunosuppressive
drug for experimental treatment of graft rejections and autoimmune
diseases.

o Genetic ablation of SIPl in mice results in a failure
ofT cells to leave the thymus and populate secondary
lymphoid organs. If T cells lacking this receptor are

injected into mice, the cells enter lymph nodes but
are unable to exit.

Following activation,
T cells transiently
reduce
expression of SIPI and stay in the lymph nodes for a
few days. Once these cells have differentiated into
effector cells, SI PI is re-expressed and the cells are able
to leave the lymph nodes and migrate to peripheral
tissues.
Naive T cell homing into gut-associated lymphoid
tissues, including Peyer's patches and mesenteric lymph
nodes, is fundamentally similar to homing to other
lymph nodes, and relies on interactions of the T cells
with HEVs, which are mediated by selectins, integrins,
and chemokines. One particular feature of naive T cell
homing to mesenteric lymph nodes and Peyer's patches
is the contribution of an Ig superfamily molecule called
MadCAM-I (mucosal addressin cell adhesion molecule1) that is expressed on HEVs in these sites but not typically elsewhere in the body. Naive T cells express two
ligands that bind to MadCAM-I, L-selectin and an integrin called a4~7, and both contribute to the rolling step
of naive T cell homing into gut-associated lymphoid
tissues.
Naive T cell migration into the spleen is not as finely
regulated as homing into lymph nodes. The spleen does
not contain morphologically identifiable HEVs, and it
appears that naive T cells are delivered to the marginal
zone and red pulp sinuses by passive mechanisms that
do not involve selectins, integrins, or chemokines.
However, CCR7-binding chemokines do participate in
directing the naive T cells into the white pulp. Even
though splenic homing of naive T cells appears to be less
tightly regulated than homing into lymph nodes, the rate
of lymphocyte passage through the spleen is very high,
about half the total body lymphocyte population every
24 hours.

Migration of Effector T Lymphocytes
Sites of Inflammation

to

Effector T cells exit lymph nodes and preferentially home
to peripheral tissues at sites of infection, where they are
needed to eliminate microbes during the effector phase
of adaptive immune responses. A fund amen tal aspect of
differentiation of naive T cells into effector cells, which
occurs in the peripheral lymphoid organs, is a change in
expression of chemokine receptors and adhesion molecules that determine the migratory behavior of these
cells. Predictably, the expression of molecules involved
in naive T cell homing into lymph nodes, including Lselect in and CCR7, decreases shortly after antigeninduced activation of the naive T cells. As a result, the
effector cells that develop are no longer constrained to
stay in the node. L-selectin and CCR7 may be reexpressed later, allowing for some homing of circulating
effector T cells back into lymph nodes. The egress of activated lymphocytes from lymph nodes is also actively
driven by the SIP-SIPI receptor pathway (discussed
earlier) .
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Effector T cell migration into inflammatory sites is
dependent on a multistep sequence of events at the
blood-endothelial
interface, similar to the processes
described for migration of other leukocytes in Chapter 2
and for naive T cells in this chapter. Homing to these
sites involves adhesion to, and transmigration through,
the endothelial lining of postcapillary venules in the
infected tissue. Effector T cells express adhesion molecules and chemokine receptors, which bind ligands
typically present on endothelial cells at peripheral
inflammatory sites. The Iigands include endothelial
adhesion molecules and chemokines whose expression
is induced as part of the innate immune response to
infections. The adhesion molecules and cytokines that
control the migration of effector T cells to inflammatory
sites are described in Chapter 13.
Some effector cells have a propensity to migrate to
particular tissues. This selective migration capacity is
acquired during the differentiation of the T cells. By
enabling different subsets of effector cells to migrate to
different sites, the adaptive immune system directs cells
with specialized effector functions to the locations
where they are best suited to deal with particular types
of infections. The clearest examples of populations of
effector T cells that specifically home to different tissues
are skin-homing and gut-homing T cells. Skin-homing
effector T cells express a carbohydrate ligand for Eselectin called CLA-l (for cutaneous
lymphocyte
antigen-I), and the CCR4 and CCRlO chemokine receptors, which bind CCLl7 and CCL27, chemokines that are
commonly expressed in inflamed skin. Gut-homing
effector T cells express the a4~7 integrin, which binds to
MadCam-l on gut endothelial cells, and CCR9, which
binds to CCL25, a chemokine expressed in inflamed
bowel. Remarkably, these distinct migratory phenotypes
of skin- and gut-homing effector T cells may be induced
by distinct signals delivered to naive T cells at the time
of antigen presentation by DCs in either subcutaneous
lymph nodes or gut associated lymphoid tissues, respectively. Although the molecular basis for this imprinting
of migratory phenotype is not known, there is evidence
that DCs in Peyer's patches produce retinoic acid, which
promotes the expression of a4~7 and CCR9 by responding T cells. A different subset of T cells that is found
within the intestinal epithelium express an integrin
called CDl03 (aE~7) that can bind to E-cadherin
molecules on epithelial cells, allowingT cells to maintain
residence
as intraepithelial
lymphocytes.
Another
example of heterogeneity of the migratory phenotpye of
effector T cells are subsets of CD4+effector T cells, called
Th 1 and Th2 cells; these are discussed in detail in
Chapter 13.
Memory

T Cell Migration

Memory T cells are heterogeneous in their patterns of
expression of adhesion molecules and chemokine receptors and in their propensity to migrate to different
tissues. Subsets of memory cells arise from the same
clones of T cells that give rise to skin- and gut-homing
effector cells described above, and these memory cells
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likely retain the homing properties of their corresponding effector cell brethren. Because we have only imperfect ways of identifying memory T cells, the distinction
between effector and memory T cells in experimental
studies is often not precise. TWo subsets of memory T
cells described earlier in this chapter, namely, central
memory and effector memory T cells, were initially
defined based on differences in CCR7 and L-selectin
expression. Central memory T cells were defined as
human CD45RO+ blood T cells that express high levels of
CCR7 and L-selectin, while effector memory T cells were
defined as CD45RO+ blood T cells that express low levels
of CCR7 and L-selectin but express other chemokine
receptors that bind inflammatory chemokines. These
phenotypes suggest that central memoryT cells home to
secondary lymphoid organs, while effector memory T
cells home to peripheral tissues. Although central and
effector memory T cell populations can also be detected
in mice, experimental homing studies have indicated
that CCR7 expression is an imperfect marker to distinguish central and effector memory T cells. Nonetheless,
it is clear that some memory T cells either remain in, or
tend to home to, secondary lymphoid organs, while
others migrate into peripheral
tissues, especially
mucosal tissues. In general, the peripheral tissue
homing effector memory T cells respond to antigenic
stimulation by rapidly producing effector cytokines,
while the lymphoid tissue based central memory cells
tend to proliferate more (providing a pool of cells for
recall responses), and provide helper functions for B
cells.

Homing of B Lymphocytes
B cells utilize the same basic mechanisms as do naive T
cells to home to secondary lymphoid tissues throughout
the body, which enhances their likelihood of responding
to microbial antigens in different sites. Immature B cells
leave the bone marrow via the blood and enter the red
pulp of the spleen from open-ended arterioles at the
perimeter of the white pulp. Once in the spleen, the
immature B cells mature either into follicular B cells or
marginal zone B cells. As the follicular B cells mature
they migrate, in an integrin-dependent
manner, into the
white pulp in response to a chemokine called CXCLl3,
which binds to the chemokine receptor CXCR5, and, to
a lesser extent, in response to CCLl9 and CCL21, which
bind to CCR7. Once the maturation is completed within
the splenic white pulp, naive follicular B cells will reenter the circulation and home to lymph nodes and
mucosal lymphoid tissues. Homing of naive B cells from
the blood into lymph nodes involves tethering/rolling
interactions on HEY;chemokine activation of integrins,
and stable arrest, as described earlier for naive T cells.
Naive B cells express L-selectin, CCR7, and LFAl, which
bind to PNad, CXCLl9 and CXCL21, and ICAM-l, respectively, on lymph node HEVs. In addition, naive B cells
express another chemokine receptor called CXCR4,
which binds the chemokine CXC12, and this interaction
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also plays a significant role in naive B cell integrin activation and homing into lymph nodes. Once naive B cells
enter the stroma of secondary lymphoid organs, they
migrate into follicles, the site where they may encounter
antigen and become activated. This migration of naive B
cells into follicles is mediated by CXCLl3, which is produced in follicles. Homing of naive B cells into Peyer's
patches involves CXCRS, and the integrin a4~7, which
binds to MadCAM 1. During the course of B cell
responses to protein antigens, B cells and helper T cells
must directly interact, and this involves highly regulated
movements of both Band T cells within the secondary
lymphoid organs. These local migratory events, and
the chemokines that orchestrate them, will be discussed
in detail in Chapter 10. Presumably, naive B cells that
have entered secondary lymphoid tissues but do not
become activated by antigen reenter the circulation, like
naive T cells do, but how this process is controlled is not
clear.
Subsets of B cells committed to expressing particular
types of antibodies migrate from secondary lymphoid
organs into specific tissues. As we will describe in later
chapters, different populations of activated B cells may
secrete different types of antibodies, called isotypes,
each of which performs a distinct set of effector functions. Many antibody-producing plasma cells migrate to
the bone marrow, where they secrete antibodies for long
periods of time. Most bone marrow-homing
plasma
cells produce IgG antibodies, which are then distributed
throughout the body via the blood stream. B cells within
mucosal associated lymphoid tissues usually become
committed to expressing the IgA isotype of antibody,
and these committed cells may home specifically to
epithelial-lined mucosal tissues. This homing pattern
combined with the local differentiation within mucosa
of B cells into IgA-secreting plasma cells serve to optimize 19Aresponses to mucosal infections, because IgA is
efficiently excreted into the lumen of mucosal epitheliallined tissues, such as the gut and respiratory tree. The
mechanisms by which different B cell populations
migrate to different tissues are, not surprisingly, similar
to the mechanisms
we described
for tissuespecific migration of effector T cells, and depend on
expression of distinct combinations of adhesion molecules and chemokine receptors on each B cell subset. For
example. bone marrow-homing
IgG-secreting plasma
cells express VLA-4 and CXCR4, which bind respectively
to VCAM-l and CXCLl2 expressed on bone marrow
sinusoidal endothelial cells. In contrast, mucosalhoming IgA-secreting plasma cells express a4~7, CCR9,
and CCRlO, which bind respectively to MadCAM-l,
CCL2S, and CCL28, expressed on mucosal endothelial
cells. IgG-secreting B cells are also recruited to chronic
inflammatory sites in various tissues, and this pattern of
homing can be attributed to CXCR3 and VLA-4 on these
B cells binding to VCAM-l ,CXCL9, and CXCLlO, which
are often found on the endothelial surface at sites of
chronic inflammation.

SUMMARY

.

The anatomic organization of the cells and tissues
of the immune system is of critical importance for
the generation of immune responses. This organization permits the small number of lymphocytes
specific for anyone antigen to locate and respond
effectively to that antigen regardless of where in
the body the antigen is introduced.

. The adaptive immune response depends on
antigen-specific lymphocytes, APCs required for
lymphocyte activation, and effector cells that eliminate antigens.
. Band

T lymphocytes express highly diverse

and specific antigen receptors and are the cells
responsible for the specificity and memory of
adaptive immune responses. NK cells are a distinct
class of lymphocytes that do not express highly
diverse antigen receptors and whose functions are
largely in innate immunity. Many surface molecules are differentially expressed on different
subsets of lymphocytes, as well as on other leukocytes, and these are named according to the CD
nomenclature.

. Both Band T lymphocytesarise from a common
precursor in the bone marrow. B cell development
proceeds in the bone marrow, whereas T cell precursors migrate to and mature in the thymus. After
maturing, Band T cells leave the bone marrow and
thymus, enter the circulation, and populate peripherallymphoid organs.

. Naive
Band T cells are mature lymphocytes that
have not been stimulated by antigen. When they
encounter antigen, they differentiate into effector
lymphocytes that have functions in protective
immune responses. Effector B lymphocytes are
antibody-secreting plasma cells. Effector T cells
include cytokine-secreting CD4+ helper T cells and
CDa+ CTLs.

. Some
of the progeny of antigen-activated Band T
lymphocytes differentiate into memory cells that
survive for long periods in a quiescent state. These
memory cells are responsible for the rapid and
enhanced responses to subsequent exposures to
antigen.

. APCs function to display antigens for recognition
by lymphocytes and to promote the activation
of lymphocytes. APCs include dendritic cells,
mononuclear phagocytes, and FDCs.
. The organs of the immune system may be divided
into the generative organs (bone marrow and
thymus), where lymphocytes mature, and the
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peripheral organs (lymph nodes and spleen),
where naive lymphocytes are activated by antigens.

. Bonemarrowcontains the stem cellsfor all blood
cells, including lymphocytes, and is the site of maturation of all of these cell types except T cells,
which mature in the thymus.
. The lymph nodes are the sites where Band T cells
respond to antigens that are collected by the lymph
from peripheral tissues. The spleen is the organ in
which lymphocytes respond to blood-borne antigens. Both lymph nodes and spleen are organized
into B cell zones (the follicles) and T cell zones. The
T cell areas are also the sites of residence of mature
dendritic cells, which are APCs specialized for the
activation of naive T cells. FDCs reside in the B cell
areas and serve to activate B cells during humoral
immune responses to protein antigens. The development of secondary lymphoid tissue architecture
depends on cytokines.

. The cutaneous immune system consists of specialized collections of APCs and lymphocytes
adapted to respond to environmental antigens
encountered in the skin. A network of immature
dendritic cells called Langerhans cells, present in
the epidermis of the skin, serves to trap antigens
and then transport them to draining lymph nodes.
The mucosal immune system includes specialized
collections of lymphocytes and APCs organized to
optimize encounters with environmental antigens
introduced through the respiratory and gastrointestinal tracts.

. Lymphocyte recirculation is the process by which
lymphocytes continuously move between sites
throughout the body through blood and lymphatic
vessels, and it is critical for the initiation and effector phases of immune responses.

. various
Naive T cells normally recirculate among the
peripheral lymphoid organs, increasing
the likelihood of encounter with antigen displayed
by APCs such as mature dendritic cells. Effector T
cells more typically are recruited to peripheral sites
of inflammation where microbial antigens are
located. Memory T cells may enter either lymphoid
organs or peripheral tissues.

. Differentpopulations of lymphocytesexhibitdistinct patterns of homing. Naive T cells migrate

CELLSANDTISSUES OF THE ADAPTIVE IMMUNE SYSTEM

preferentially to lymph nodes; this process is mediated by binding of L-selectin on the T cells to
peripheral lymph node addressin on HEVs in
lymph nodes and by the CCR7 receptor on T cells
that binds to chemokines produced in lymph
nodes. The effector and memory T cells that are
generated by antigen stimulation of naive T cells
exit the lymph node. They have decreased Lselectin and CCR7 expression but increased
expression of integrins and E-selectin and Pselectin ligands, and these molecules mediate
binding to endothelium at peripheral inflammatory sites. Effector and memory lymphocytes also
express receptors for chemokines that are produced in peripheral tissues.
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Recognition of Antigens

A

daptive immune responses are initiated by the specific recognition of antigens
by lYmphocytes. This section is devoted to a discussion of the cellular and
molecular basis of antigen recognition and the specificities of Band T lYmphocytes.
We begin with antibodies, which are the antigen receptors and effector molecules
of B lYmphocytes, because our understanding of the structural basis of
antigen recognition has evolved from studies of these molecules. Chapter 4
describes the structure of antibodies and how these proteins recognize
antigens.
The next three chapters consider antigen recognition by T lYmphocytes,
which play a central role in all immune responses to protein antigens. In
Chapter 5, we describe the genetics and biochemistry of the major histocompatibility complex (MHC), whose products are integral components of
the ligands that T cells specifically recognize. Chapter 6 discusses the association of foreign peptide antigens with MHC molecules and the cell biology
and physiologic significance of antigen presentation. Chapter 7 deals with
the T cell antigen receptor and the other T cell membrane molecules that are
involved in the recognition of antigens and the responses of the T cells.

'\.

~,

Cha p ter 4
ANTIBODIES
ANTIGENS

Natural Distribution
Antibodies,
76

~?; l,
6/ J

!,)

2~
)

AND

and Production

of

Molecular Structure of Antibodies,
77
General Features of Antibody Structure, 80
Structural Features of Variable Regions and
Their Relationship to Antigen Binding, 84
Structural Features of Constant Regions and
Their Relationship to Effector Functions, 85
Synthesis, Assembly, and Expression of Ig
Molecules, 88
Antibody Binding of Antigens, 89
Features of Biologic Antigens, 89
Structural and Chemical Basis of Antigen
Binding, 91
Structure-Function
Relationships
in
Antibody Molecules,
92
Features Related to Antigen Recognition, 92
Features Related to Effector Functions, 94
Summary,

~

95

Antibodies are circulating proteins that are produced in
vertebrates in response to exposure to foreign structures
known as antigens. Antibodies are incredibly diverse and
specific in their ability to recognize foreign shapes, and
are the primary mediators of humoral immunity against
all classes of microbes. One of the earliest experimental
demonstrations of adaptive immunity was the finding by
von Behring and Kitasato in 1890 that chemically inactivated toxins could induce protective immunity when
injected into experimental animals, and that protection
could be transferred to other susceptible animals by

injecting serum from their immune counterparts. Based
on this discovery, life-threatening hunjan diphtheria
infections were successfully treated by the administration of serum from horses immunized with a chemically
modified form of the diphtheria toxin. Tile family of circulating proteins
that mediate
thJse protective
responses were initially called antitoxin~. When it was
appreciated that similar proteins could be generated
against many substances, not just toxins,! these proteins
were given the general name "antibodies." The substances that generated or were recognize& by antibodies
were then called antigens. Antibodies, rJajor histocompatibility complex (MHC) molecules (s~e Chapter 5),
and T cell antigen receptors (see ChapterV) are the three
classes of molecules used in adaptive immunity to recognize antigens (Table 4-1). Of these three, antibodies
bind the widest range of antigenic structures, show the
greatest ability to discriminate between different antigens, and bind antigens with the greatest strength. Antibodies represent the first of the three types of
antigen-binding molecules to be discovered and characterized. Therefore, we begin our discussion of how the
immune system specifically recognizes antigens by
describing the structure and the antigen-binding properties of antibodies.
Antibodies can exist in two forms: membrane-bound
antibodies on the surface of B lymphocytes function as
receptors for antigen, and secreted antibodies that
reside in the circulation, tissues, and mucosal sites bind
antigens, neutralize toxins, and prevent the entry and
spread of pathogens. The recognition of antigen by
membrane-bound
antibodies on specific naive B cells
activates these lymphocytes and initiates a humoral
immune response. Antibodies are also produced in a
secreted form by antigen-stimulated B cells. In the effector phase of humoral immunity, these secreted antibodies bind to antigens and trigger several effector
mechanisms that eliminate the antigens. The elimination of antigen often requires interaction of antibody
with other components of the immune system, includ-
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Table 4-1. Features of Antigen Binding by the Antigen-Recognizing

Feature

Antigen

I

binding

Molecules of the Immune System

molecule

I

I

Immunoglobulin

(Ig)

T cell receptor

~t

Antigen
binding

site

(TCR)

MHC molecules*

\1

l\II
Peptide-binding
cleft
made of a1 and a2 (class
or a1 and p1 (class II)

Made up of three

Made up of three
CDRs in VH and
three CDRs in VL

CDRs in V IX and
three CDRs

in V~

Nature of antigen
that may be bound

Macromolecules
(proteins,
lipids, polysaccharides)
and small chemicals

Peptide-MHC
complexes

Peptides

Nature of antigenic
determinants

Linear and conformational
determinants
of various
macromolecules
and chemicals

Linear determinants
of
peptides; only 2 or 3 amino
acid residues of a peptide
bound to an MHC molecule

Linear determinants
of
peptides; only some
amino acid residues
of a peptide

Kct 10-7-10-11 M; average
affinity of Igs increases
during immune response

Kct 10-5 -10-7

Kct 10-6 -10-9 M;
extremely stable binding

recognized

Affinity
antigen

of
binding

'The structures
and functions
of MHC and TCA molecules
Abbreviations:
CDA, complementarity-determining
region;
VH, variable
domain
of heavy chain Ig; VL. variable
domain

are discussed
Kd, dissociation
of light chain

ing molecules such as complement
proteins
and cells
that include
phagocytes
and eosinophils.
Antibodymediated
effector
functions
include
neutralization
of
microbes
or toxic microbial
products;
activation
of the
complement
system;
opsonization
of pathogens
for
enhanced
phagocytosis;
antibody-dependent
cell-mediated cytotoxicity,
by which antibodies
target microbes
for lysis by cells of the innate
immune
system;
and
immediate
hypersensitivity,
in which antibodies
trigger
mast cell activation.
These effector
functions
of antibodies are described
in detail in Chapter
14. In this
chapter, we discuss the structural
features of antibodies
that underlie
their antigen
recognition
and effector
functions.

NATURAL

DISTRIBUTION

PRODUCTION

AND

OF ANTIBODIES

Antibodies are distributed
the body and are found

in biologic fluids throughout
on the surface of a limited
number of cell types. B lymphocytes
are the only cells
that synthesize
antibody
molecules.
These cells initially
express an integral membrane
form ofthe antibody
molecule on the cell surface where it functions
as the B cell
antigen receptor. After exposure to an antigen, much of

M

in Chapters
constant;
Ig

5 and 7, respectively.
MHC, major histocompatibility

I)

complex;

the initial antibody
response occurs in lymphoid
tissues,
mainly the spleen, lymph nodes, and mucosal lymphoid
tissues, but long-lived
antibody-producing
plasma cells
may persist in other tissues, especially
in the bone
marrow
(see Chapter
10). Secreted forms of antibodies
accumulate
in the plasma
(the fluid portion
of the
blood), in mucosal secretions,
and in the interstitial
fluid
of tissues. Secreted antibodies
often attach to the surface
of other immune
effector
cells, such as mononuclear
phagocytes,
natural
killer (NK) cells, and mast cells,
which have specific receptors for binding antibody molecules (see Chapter 14).
When blood or plasma forms a clot, antibodies
remain in the residual fluid, called serum. Any serum
sample that contains
detectable
antibody
molecules
that bind to a particular
antigen is commonly
called
an antiserum. (The study of antibodies and their
reactions with antigens is therefore classically called
serology.) The concentration
of antibody molecules in
serum specific for a particular antigen is often estimated
by determining
how many serial dilutions of the serum
can be made before binding can no longer be observed;
sera with a high concentration
of antibody molecules
specific for a particular antigen are said to have a "high
titer."
A healthy 70-kg adult human produces about 2g-3 g
of antibodies
every day. Almost two thirds of this is an
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antibody called IgA, which is produced by activated B
cells and plasma cells in the walls of the gastrointestinal
and respiratory tracts and actively transported into the
lumens. The large amount of IgA produced reflects the
large surface areas of these organs. Antibodies that enter
the circulation have limited half-lives. The most
common type of antibody, called IgG, is primarily found
in the serum (though IgG antibodies can also be transported to mucosal sites) and has a half-life of about
3 weeks.

MOLECULAR

STRUCTURE

OF ANTIBODIES

An understanding of the structure of antibodies has provided important insights regarding antibody function.
The analysis of antibody structure also paved the way to
the eventual characterization ofthe genetic organization
of antigen receptor genes in both Band T cells, and the
elucidation of the mechanisms of immune diversity,
issues that will be considered in depth in Chapter 8.
Early studies of antibody structure relied on antibodies purified from the blood of individuals immunized
with various antigens. It was not possible, using this

The ability to produce virtually unlimited quantities of
identical antibody molecules specific for a particular antigenic determinant has revolutionized immunology and
has had a far-reaching impact on research in diverse fields
as well as on clinical medicine. The first method for producing homogeneous or monoclonal antibodies of known
specificity was described by Georges Kohler and Cesar
Milstein in 1975, and this approach remains the most
common one used today to generate such antibodies.
This technique is based on the fact that each B lymphocyte produces antibody of a single specificity. Because
normal B lymphocytes cannot grow indefinitely, it is
necessary to immortalize B cells that produce a
specific antibody. This is achieved by cell fusion, or
somatic cell hybridization, between a normal antibodyproducing B cell and a myeloma cell, followed by selection of fused cells that secrete antibody of the desired
specificity derived from the normal B cell. Such fusionderived immortalized antibody-producing cell lines are
called hybridomas, and the antibodies they produce are
monoclonal antibodies.
The technique of producing hybridomas requires cultured myeloma cell lines that will grow in normal culture
medium but not in a defined "selection" medium
because they lack functional genes required for DNA
synthesis in this selection medium. Fusing normal cells
to these defective myeloma fusion partners provides
the necessary genes from the normalcells, so that only
the somatic cell hybrids will grow in the selection
medium. Moreover, the uncontrolled growth property
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approach,
to define antibody structure precisely
because serum contains a mixture of different antibodies produced by many clones of B lymphocytes that
may respond to different portions (epitopes) of an
antigen (so-called polyclonal antibodies). A major
breakthrough providing antibodies whose structures
could be elucidated was the discovery that patients with
multiple myeloma, a monoclonal tumor of antibodyproducing plasma cells, often have large amounts of
biochemically identical antibody molecules (produced
by the neoplastic clone) in their blood and urine.
Immunologists found that these antibodies could be
purified to homogeneity and analyzed. The recognition that myeloma cells make monoclonal immunoglobulins led to an extremely powerful technique
for producing monoclonal antibodies, described by
Georges Kohler and Cesar Milstein in 1975. They developed a method for immortalizing individual antibodysecreting cells from an immunized animal by producing
"hybridomas," each of which secreted individual monoclonal antibodies of predetermined specificity. These
antibodies have proved to be of tremendous importance
in most avenues of biologic research, and have many
practical applications in clinical diagnosis and therapy
(Box 4-1).

of the myeloma cell makes such hybrids immortal.
Myeloma cell lines that can be used as fusion partners

are created by inducingdefects in nucleotide synthesis
pathways. Normal animal cells synthesize purine L
nucleotides and thymidylate, both precursors of DNA, I
by a de novo pathway requiring tetrahydrofolate. Antifolate drugs, such as aminopterin, block activation of I
tetrahydrofolate, thereby inhibiting the synthesis of
purines and therefore preventing DNA synthesis by
the de novo pathway. Aminopterin-treated cells can
use a salvage pathway in which purine is synthesized
from exogenously supplied hypoxanthine by the en- ~I
zyme hypoxanthine-guanine phosphoribosyltransferase
(HGPRT).and thymidylate is synthesized from thymidine
by the enzyme thymidine kinase (TK).Therefore, cells
grow in the presence of aminopterin only if the culture
medium is also supplemented with hypoxanthine and
thymidine (called HATmedium). Myeloma cell lines can
be made defective in HGPRT or TK by mutagenesis followed by selection in media containing substrates for
these enzymes that yield lethal products. Only HGPRT-or
TK-deficient cells will sUNive under these selection conditions. Such HGPRT- or TK-negative myeloma cells
cannot use the salvage pathway and will therefore die in
HATmedium. If normal B cells are fused to HGPRT-or
TK-negative cells, the B cells provide the necessary
enzymes so that the hybrids synthesize DNA and grow
in HATmedium.
To produce a monoclonal antibody specific for a
defined antigen, a mouse or rat is immunized with that
Continued on following

page
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Box 4-1

fj

IN DEPTH: MONOCLONAL ANTIBODIES (Continued)

antigen, and B cells are isolated from the spleen or lymph
nodes of the animal. These B cells are then fused with
an appropriate
immortalized
cell line. Myeloma lines are
the best fusion partners for B cells because like cells tend
to fuse and give rise to stable hybrids more efficiently

I

Isolate spleen
cells from mouse
immunized
with antigen X

I
r

I

I

~o~re,,:!
some producing

than unlike cells. In current practice, the myeloma lines
that are used do not produce their own Ig, and cell fusion
is achieved with polyethylene
glycol. Hybrids are selected
for growth
in HAT medium;
under these conditions,
unfused
HGPRT- or TK-negative
myeloma
cells die

anti-X antibody

Mixture of
fused and
unfused cells

~

g~~~~~~
selection medium;

does
not produce antibody

Fusion

f

O~~O
"

In vitro selection
in HAT medium

~
..

:-'-"~'

Only fused cells
(hybridomas)
grow

'\ .-:

,~

~

}&--~

': ,:

~

~

~

i
.
I
I

I~I
rI

Screen

supernatants
for presence
of anti-X
and expand positive clones

antibody

..

Hybridomas
monoclonal

~
I

producing
anti-X antibody

I
Continued

on following

...!
page
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because they cannot

use the salvage pathway,
and
unfused B cells cannot survive for more than 1 to 2
weeks because they are not immortalized,
so that only

hybrids will grow (see Figure). The fused cells are cul-

l
I
I

I

tured at a concentration
at which each culture well is
expected
initially to contain only one hybridoma
cell.
The culture supernatant
from each well in which growing
cells are detected is then tested for the presence of antibody reactive with the antigen used for immunization.
The screening
method depends on the antigen being
used. For soluble
antigens,
the usual technique
is
radioimmunoassay
or enzyme-linked
immunosorbent
assay; for cell surface antigens,
a variety of assays
for antibody binding to viable cells can be used (see
Appendix
111: Laboratory
Methods
Using Antibodies).
Once positive wells (i.e., wells containing
hybridomas
producing the desired antibody) are identified,
the cells
are cloned in semisolid agar or by limiting dilution, and
clones producing
the antibody are isolated by another
round of screening.
These cloned hybridomas
produce
monoclonal
antibodies
of a desired specificity.
Hybridomas can be grown in large volumes or as ascitic tumors
in syngeneic
mice to produce large quantities of monoclonal antibodies.
Some of the common applications
of hybridomas and
monoclonal
antibodies include the following:

·

Identification
of phenotypic
markers
unique to particular cell types. The basis for the modern
classification of lymphocytes
and other leukocytes
is the
binding
of population-specific
monoclonal
antibodies. These have been used to define clusters
of differentiation
(CD markers)
for various cell types (see
Chapter
3).

·

Immunodiagnosis.
The diagnosis
of many infectious
and systemic
diseases
relies on the detection
of
particular
antigens
or antibodies
in the circulation
or
in tissues
by use of monoclonal
antibodies
in
immunoassays.

·

Tumor
diagnosis.
bodies are used
techniques.

·

Therapy.
A number
of monoclonal
antibodies
are
used therapeutically
today. Some examples
include
the use of antibodies
against tumor necrosis
factor
in the therapy
of rheumatoid
arthritis,
antibodies
against CD20 for the treatment
of B cell leukemias,
antibodies
against
the type 2 epidermal
growth

I

factor

I
.I

receptor

in patients

with

breast cancer,

anti-

Functional

analysis

of cell surface

and secreted

mol-

ecules.
In immunologic
research,
monoclonal
antibodies that bind to cell surface molecules
and either
stimulate
or inhibit particular
cellular
functions
are
invaluable
tools for defining
the functions
of surface
molecules,
including
receptors
for antigens.
Antibodies
that bind and neutralize
cytokines
are routinely
used
for
detecting
the
presence
and

--

roles of these

protein

hormones

in vitro

and in vivo.
I

At present,
fusing

J

hybridomas

HAT-sensitive

mouse

are most often
myelomas

with

produced
B cells

by

ing the

antigen-binding

sites

from

a murine

monoclonal

antibody to be "stitched"
into a cDNA encoding a human
myeloma
protein,
creating
a hybrid
gene.
When
expressed,
the resultant
hybrid protein, which retains
antigen specificity, is referred to as a humanized antibody.
Humanized
antibodies
are far less likely to appear
"foreign"
in humans
and to induce
anti-antibody
responses
(see Box 4-3) that limit the usefulness
of
murine monoclonal
antibodies
when they are administered to patients.
Genetic engineering
is also being used to create monoclonal antibody-like
molecules
of defined
specificity
without
the need for producing
hybridomas.
One
approach, called "phage display," uses random collections of cDNAs encoding just the antigen-binding
regions
of antibodies.
These cDNAs are generated
from messenger RNA isolated from the spleens of immunized
mice, and amplified
by polymerase
chain reaction
technology.
The cDNAs are then cloned into bacteriophages to form phage display libraries. Although
the
antigen-binding
regions of antibodies
are formed from
two different
polypeptide
chains, synthetic
antigenbinding sites can be created by expressing
fusion proteins in which sequences
from the two chains are
covalently joined in a tandem array. Such fusion proteins
I

I

I

can be expressed on the surfaces of the bacteriophages,
and pools of phage can be tested for their ability to bind
to a particular
antigen.
The virus that binds to the antigen
presumably
contains
cDNA
encoding
the desired
synthetic antigen-binding
site. The cDNA is isolated from that

virus and linked with DNA encoding

1

from

immunized
mice, rats, or hamsters. Attempts
are being
made to generate human monoclonal
antibodies,
primarily for administration
to patients, by developing
human
myeloma lines as fusion partners. However, it is a general
I rule that the stability of hybrids is low if cells from species
that are far apart in evolution
are fused, and for this
reason human B cells do not form hybridomas
with
mouse myeloma lines at high efficiency.
Genetic engineering
techniques
are used to expand
the usefulness
of monoclonal
antibodies.
The complementary
DNAs (cDNAs) that encode the polypeptide
chains of a monoclonal
antibody can be isolated from
a hybridoma,
and these genes can be manipulated
in
vitro. As we shall discuss later in this chapter, only
small portions of the antibody molecule are responsible
for binding to antigen; the remainder
of the antibody
molecule
can be thought
of as a "framework."
This
structural organization allows the DNA segments encod-

Tumor-specific
monoclonal
antifor detection
of tumors
by imaging

bodies against vascular
endothelial
growth
factor, a
promoter
of angiogenesis,
in patients
with colon
cancer, and so on.

.

functional
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the non-antigen-

binding parts of a generic antibody molecule. The final
I
construct can then be transfected
into a suitable cell type,
expressed in soluble form, purified, and used. The advantage of phage display technology
lies in the fact that the
number
of binding sites that can be screened
for
the desired specificity
is three to four orders of magnitude greater than the practical limit of hybridomas
that
can be screened.
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The availability of homogeneous populations of antibodies and immortalized antibody-producing
plasma
cells (myelomas and hybridomas) permitted the complete amino acid sequence determination and molecular cloning of individual antibody molecules. The ready
availability of monoclonal immunoglobulins
culminated in the x-ray crystallographic determinations ofthe
three-dimensional
structure of several antibody molecules and of antibodies bound to antigens.
General

Features

of Antibody

Structure

Plasma or serum proteins are traditionally separated by
solubility characteristics into albumins and globulins
and may be further separated by migration in an electric

@

Secreted

Light
chain

\
N

/

field, a process called electrophoresis. Most antibodies
are found in the third fastest migrating group of globulins, named gamma globulins for the third letter of the
Greek alphabet. Another common name for antibody
is immunoglobulin
(Ig), referring to the immunityconferring portion of the gamma globulin fraction. The
terms immunoglobulin
and antibody are used interchangeably throughout this book.
All antibody molecules share the same basic structural characteristics but display remarkable variability
in the regions that bind antigens. This variability of the
antigen-binding regions accounts for the capacity of
different antibodies to bind a tremendous number of
structurally diverse antigens. There are believed to be a
million or more different antibody molecules in every

IgG

Heavy
chain

Fc
region

c
Disulfide bond .....
Ig domain

D

c c

FIGURE 4-1
Structure
of an antibody
molecule.
A. Schematic
diagram
of a secreted
IgG molecule.
The antigen-binding
sites are formed
by the
juxtaposition
of VL and VH domains.
The heavy chain C regions
end in tail
pieces.
The locations
of complementand Fc receptor-binding
sites
within
the
heavy
chain
constant
regions
are approximations.
B.
Schematic
diagram
of a membrane-bound
IgM molecule
on the surface
of a B lymphocyte.
The IgM molecule
has one more CH domain
than IgG,
and the membrane
form of the antibody
has C-terminal
transmembrane
and cytoplasmic
portions
that anchor the molecule
in the plasma
membrane. C. Structure
of a human
IgG molecule
as revealed
by x-ray crystallography.
In this ribbon diagram
of a secreted
IgG molecule,
the heavy
chains are colored
blue and red, and the light chains are colored
green;
carbohydrates
are shown
in gray. (Courtesy
of Dr. Alex McPherson,
University
of California,
Irvine.)
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individual (theoretically the antibody repertoire may
include more than 109 different antibodies), each with
unique amino acid sequences in their antigen-combining sites. The effector functions and common physicochemical properties of antibodies are associated with
the non-antigen-binding
portions, which exhibit relatively few variations among different antibodies.
An antibody molecule has a symmetric core structure
composed of two identical light chains and two identical heavy chains (see Fig. 4-1). Both the light chains and
the heavy chains contain a series of repeating, homologous units, each about 110 amino acid residues in
length, that fold independently in a globular motif that
is called an Ig domain. An Ig domain contains two layers
of ~-pleated sheet, each layer composed of three to five
strands of anti parallel polypeptide chain (Fig. 4-2). The
two layers are held together by a disulfide bridge, and
adjacent strands of each ~-sheet are connected by short
loops. It is the amino acids in some of these loops that
are critical for antigen recognition, as discussed below.
Many other proteins of importance in the immune
system contain domains that use the same folding motif
and have amino acid sequences that are similar to Ig
amino acid sequences. All molecules that contain this
type of domain are said to belong to the Ig superfamily,
and all the gene segments encoding the Ig domains of
these molecules are believed to have evolved from one
ancestral gene (Box 4-2).
Both heavy chains and light chains consist of aminoterminal variable (V) regions that participate in
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antigen recognition and carboxy-terminal constant (C)
regions; the C regions of the heavy chains mediate effector functions. In the heavy chains, the V region is composed of one Ig domain and the C region is composed of
three or four Ig domains. Each light chain is made up of
one V region Ig domain and one C region Ig domain.
Variable regions are so named because they contain
regions of variability in amino acid sequence that distinguish the antibodies made by one clone of B cells
from the antibodies made by other clones. The V region
of one heavy chain (VH)is juxtaposed with the V region
of one light chain (VJ to form an antigen-binding site
(see Fig. 4-1). Because the core structural unit of each
antibody molecule contains two heavy chains and two
light chains, it has two antigen-binding sites. The C
region domains are separate from the antigen-binding
site and do not participate in antigen recognition. The
heavy chain C regions interact with other effector molecules and cells of the immune system and therefore
mediate most of the biologic functions of antibodies. In
addition, the carboxy-terminal ends of one form of the
heavy chains anchor membrane-bound
antibodies in
the plasma membranes of B lymphocytes. The C regions
of light chains do not participate in effector functions
and are not directly attached to cell membranes.
Each light chain is about 24 kD, and each heavy chain
is 55 to 70 kD. Heavy and light chains are covalently
linked by disulfide bonds formed between cysteine
residues in the carboxyl terminus of the light chain and
the CHI domain of the heavy chain. Noncovalent inter-

15
FIGURE
4-2 Structure of an antibody light chain. The secondary and tertiary structures
of a human Ig light chain are shown schematically. The V and C regions each independently
fold into Ig domains. Each domain is composed of two antiparallel arrays of ~-strands represented by the flat arrows, colored yellow and red, respectively,
to form two ~pleated sheets. In the C domain, there are three and four
~strands
in the two sheets. In the V domain, which is about 16 amino acid residues longer than the C domain, the two sheets are composed of five and four strands. The dark blue bars are intrachain disulfide bonds, and the numbers indicate the positions of amino acid
residues counting from the amino (N) terminus. Similar Ig C and V domain structures are found in the extracellular
portions of many other
membrane
proteins in the immune system, as discussed in Box 4-2. (Adapted with permission from Edmundson
AB, KR Ely, EE Abola, M
Schiffer, and N Panagiotopoulos.
Rotational allomerism
and divergent evolution of domains in immunoglobulin
light chains. Biochemistry
14:3953-3961,
1975. Copyright 1975 American Chemical Society.)
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Many of the cell surface and soluble molecules
that
mediate recognition, adhesion, or binding functions in the
vertebrate
immune
system
share partial amino acid
sequence homology and tertiary structural features that
were originally identified in Ig heavy and light chains. In
addition, the same features are found in many molecules
outside the immune system that also perform similar

IgG

functions.
These diverse
proteins
are members
of the Ig
superfamily
(sometimes
called the Ig supergene
family).
A superfamily
is broadly
defined
as a group of proteins
that share
a certain
degree
of sequence
homology,
usually at least 15 %. The conserved
sequences
shared
by superfamily
members
often contribute
to the formation of compact
tertiary structures
referred
to as domains,
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and most often the entire sequence of a domain characteristic of a particular superfamily
is encoded by a single
exon. Members of a superfamily
are likely to be derived
from a common precursor gene by divergent evolution,
and multidomain
proteins may belong to more than one
superfamily.
The criterion for inclusion of a protein in the
Ig superfamily
is the presence of one or more Ig domains
(also called Ig homology units). which are regions of 70
to either Ig varito "0 amino acid residues homologous
able (V) or Ig constant (C) domains. The Ig domain contains conserved
residues that permit the polypeptide
to
assume a globular tertiary structure called an antibody (or
Ig) fold, composed of a sandwich arrangement
of two ~sheets, each made up of three to five anti parallel ~strands of 5 to , 0 amino acid residues. This sandwich-like
structure is stabilized by hydrophobic
amino acid residues
on the I3-strands pointing inward, which alternate with
hydrophilic
residues pointing out. Because the inwardpointing residues are essential for the stability of the ter-

in Ig and TCR V and C units, although they share similar
tertiary structures. A second early event in the evolution
of this family was the acquisition of the ability to undergo
DNA recombination,
which
has remained
a unique
feature of the antigen receptor gene members
of the
family.
Most identified members
of the Ig superfamily
(see
Figure) are integral plasma membrane
proteins with Ig
domains in the extracellular
portions,
transmembrane
domains composed
of hydrophobic
amino acids, and
widely divergent cytoplasmic
tails, usually with no intrinsic enzymatic activity. There are exceptions to these generalizations.
For example,
the platelet-derived
growth
factor receptors
have cytoplasmic
tails with tyrosine
kinase activity, and the Thy-' molecule has no cytoplasmic tail but, rather, is anchored to the membrane
by a
phosphatidylinositol
linkage.
One recurrent
characteristic
of the Ig superfamily
members is that interactions
between Ig domains on dif-

tiary structure,

ferent polypeptide

they are the major contributors

regions that are conserved
members.
In addition, there

between
are usually

to the

Ig superfamily
conserved cys-

chains are essential for the functions
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of the molecules. These interactions
can be homophilic,
occurring
between
identical
domains
on opposing

teine residues that contribute to the formation of an intra-

polypeptide chains of a multimeric

chain disulfide-bonded
loop of 55 to 75 amino acids
(-90kD).
Ig domains are classified as V-like or C-like on
the basis of closest homology
to either Ig V or Ig C
domains. V domains are formed from a longer polypeptide than are C domains and contain two extra ~-strands
within the ~-sheet sandwich. A third type of Ig domain,
called C2 or H, has a length similar to C domains but has
sequences
typical of both V and C domains.
Using several criteria of evolutionary
relatedness, such

of CH: CH pairing to form functional Fc regions of Ig molecules. Alternatively,
they can be heterophilic,
as occurs
in the case of VH:VL or V~:Va pairing to form the antigenbinding sites of Ig or TCR molecules,
respectively.
Heterophilic interactions
can also occur between Ig domains
on entirely distinct molecules expressed on the surfaces
of different
cells. Such interactions
provide adhesive
forces that stabilize cell-cell interactions
and initiate
signals resulting from such interactions.
For example, the

~

as primary

to

presentation

of an antigen

~

have

presenting

cell

undergo

sequence,

intron-exon

DNA rearrangements,

structure,

molecular

and ability

biologists

involves

protein, as in the case

to a helper

heterophilic

T cell by an antigen-

intercellular

Ig

postulated a scheme, or family tree, depicting the evolu- I domain interactions between several Ig superfamily moltion of members of the Ig superfamily. In this scheme, an I ecules, including CD4:class II MHC and CD28:B7 (see
early event was the duplication of a gene for a primordial
surface receptor followed
by divergence
of V and C
exons. Modern members of the superfamily
contain different numbers of V or C domains. The early divergence
is reflected by the lack of significant sequence homology

-

-

actions between the VL and VH domains
and between the
CL and CHI domains
may also contribute
to the association of heavy and light chains. The two heavy chains of
each antibody
molecule
are also covalently
linked by
disulfide
bonds. In IgG antibodies,
the first class of antibodies
to be structurally
analyzed,
these bonds
are
formed
between
cysteine
residues
in the CH2 regions,
close to the region known as the hinge (see below). In
other isotypes,
the disulfide
bonds may be in different
locations.
Noncovalent
interactions
(e.g., between
the
third CH domains [CII3]) may also contribute
to heavy
chain pairing.
The associations
between the chains of antibody
molecules and the functions
of different
regions of antibod-

Chapter 7). Numerous
Ig superfamily
members
have
been identified
on cells of the developing
and mature
nervous system, consistent
with the functional
importance of highly regulated cell-cell interactions
in these
sites.
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ies were first deduced from experiments
done by Rodney
Porter in which rabbit IgG was cleaved by proteolytic
enzymes
into fragments
with distinct
structural
and
functional
properties.
In IgG molecules,
the hinge
between the CIII and CH2 domains
of the heavy chain is
the region most susceptible
to proteolytic
cleavage.
If
rabbit IgG is treated with the enzyme papain under conditions
of limited
proteolysis,
the enzyme
acts on the
hinge region and cleaves the IgG into three separate
pieces (Fig. 4-3). lWo of the pieces are identical to
each other and consist of the complete
light chain (VL
and CO associated with a Vu-CHI fragment of the heavy
chain. These fragments retain the ability to bind antigen
because each contains paired VL and VII domains, and
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they are called Fab (fragment, antigen binding). The
third piece is composed of two identical, disulfidelinked peptides containing the heavy chain CH2and CH3
domains. This piece of IgG has a propensity to selfassociate and to crystallize into a lattice and is therefore
called Fc (fragment, crystallizable). When pepsin
(instead of papain) is used to cleave rabbit IgG under
limiting conditions, proteolysis occurs distal to the
hinge region, generating an F(ab'h antigen-binding fragment of IgG with the hinge and the interchain disulfide
bonds intact (see Fig. 4-3).
The results of limited papain or pepsin proteolysis of
other isotypes besides IgG, or of IgGs of species other
than the rabbit, do not always recapitulate the studies
with rabbit IgG. However, the basic organization of the
Ig molecule that Porter deduced from his experiments is
common to all Ig molecules of all isotypes and of all
species. In fact, these proteolysis experiments provided
the first evidence that the antigen recognition functions
and the effector functions of Ig molecules are spatially
segregated.

FIGURE

c c

4-3 Proteolytic fragments
of
an IgG molecule.
IgG molecules
are
cleaved by the enzymes papain (A) and
pepsin (8) at the sites indicated by arrows.
Papain digestion allows separation of two
antigen-binding
regions
(the Fab fragments) from the portion of the IgG molecule that binds to complement
and Fc
receptors (the Fc fragment).
Pepsin generates a single bivalent antigen-binding
fragment, F(ab')2'

Structural Features of Variable Regions
and Their Relationship to
Antigen Binding
Most of the sequence differences among different antibodies are confined to three short stretches in the V
region of the heavy chain and to three stretches in the V
region of the light chain. These diverse stretches are
known as hypervariable segments, and they correspond
to three protruding loops connecting adjacent strands of
the p-sheets that make up the V domains of Ig heavy and
light chain proteins (Fig. 4-4). The hypervariable regions
are each about 10 amino acid residues long, and they are
held in place by more conserved framework sequences
that make up the Ig domain of the V region. The genetic
mechanisms leading to amino acid variability are discussed in Chapter 8. In an antibody molecule, the three
hypervariable regions of a VL domain and the three
hypervariable regions of a VH domain are brought
together to form an antigen-binding surface. Because
these sequences form a surface that is complementary

Chapter4 - ANTIBODIES AND ANTIGENS

@

@
100

Light

90

Chains

I

CDR3

I

CDR2

CDR1

80
70
60
50
40

>.

30

:= 20
.0
.;:: ~10
~>
0
0

10

Residue

20

30

40

50

60

70

80

#

90

100

.

110

15

FIGURE 4-4 Hypervariable regions in Ig molecules. A. Kabat-Wu plot of amino acid variability in Ig molecules. The histograms depict the
extent of variability defined as the number of differences
in each amino acid residue among various independently
sequenced Ig light chains,
plotted against amino acid residue number, measured from the amino terminus. This method of analysis, developed by Elvin Kabat and Tai
Te Wu, indicates that the most variable residues are clustered in three "hypervariable"
regions, colored in blue, yellow, and red, corresponding to COR 1, CDR2, and CDR3, respectively.
Three hypervariable
regions are also present in heavy chains. (Courtesy of Dr. EA Kabat,
Department
of Microbiology,
Columbia University College of Physicians and Surgeons, New York.) B. Three-dimensional
view of the hypervariable COR loops in a light chain V domain. The V region of a light chain is shown with COR 1, CDR2, and CDR3 loops, colored in blue,
yellow, and red, respectively.
These loops correspond
to the hypervariable
regions in the variability plot in A. Heavy chain hypervariable
regions (not shown) are also located in three loops, and all six loops are juxtaposed
in the antibody molecule to form the antigen-binding
surface (see Fig. 4-5).

to the three-dimensional
structure of the bound antigen,
the hypervariable
regions are also called complementarity-determining
regions (CDRs). Proceeding
from
either the VI. or the VH amino terminus, these regions are
called CORl, COR2,and COR3 (see Fig. 4-4). The COR3s
of both the VIIsegment and the VI.segment are the most
variable of the CORso As we will discuss in Chapter 8,
there are special genetic mechanisms for generating
more sequence diversity in COR3 than in CORl and
COR2. Crystallographic analyses of antibodies reveal
that the CORs form extended loops that are exposed on
the surface of the antibody and are thus available to
interact with antigen (see Fig. 4-4). Sequence differences
among the CORs of different antibody molecules contribute to distinct interaction surfaces and, therefore,
specificities of individual antibodies. The ability of a V
region to fold into an Ig domain is mostly determined by
the conserved sequences ofthe framework regions adjacent to the CORso Confining the sequence variability to
three short stretches allows the basic structure of all
antibodies to be maintained despite the variability
among different antibodies.
Antigen binding by antibody molecules is primarily
a function of the hypervariable regions of VII and VL.
Crystallographic
analyses of antigen-antibody
complexes show that the amino acid residues of the hypervariable regions form multiple contacts with bound
antigen (Fig. 4-5). The most extensive contact is with the

third hypervariable region (COR3), which is also the
most variable of the three CORso However, antigen
binding is not solely a function of the CORs, and framework residues may also contact the antigen. Moreover,
in the binding of some antigens, one or more of the
CORs may be outside the region of contact with antigen,
thus not participating in antigen binding.
Structural
Features
Regions and Their
Effector
Functions

of Constant
Relationship

to

Antibody molecules can be divided into distinct classes
and subclasses on the basis of differences in the structure of their heavy chain C regions. The classes of antibody molecules are also called isotypes and are named
IgA, IgO, IgE, IgG, and IgM (Table 4-2). In humans, IgA
and IgG isotypes can be further subdivided into closely
related subclasses, or subtypes, called IgAl and IgA2,
and IgGl, IgG2, IgG3, and IgG4. (Mice, which are often
used in the study of immune responses, differ in that the
IgG isotype is divided into the IgGl, IgG2a, IgG2b, and
IgG3subclasses.) The heavy chain C regions of all antibody molecules of one isotype or subtype have essentially the same amino acid sequence. This sequence is
different in antibodies of other isotypes or subtypes.
Heavy chains are designated by the letter of the Greek
alphabet corresponding to the isotype of the antibody:
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FIGURE 4-5 Binding of an antigen by an antibody. A. This model
of a globular protein antigen (hen egg lysozyme) bound to an antibody molecule shows how the antigen-binding
site can accommodate soluble macromolecules
in their native (folded) conformation.
The heavy chains of the antibody are colored red, the light chains
are yellow, and the antigen is colored blue. (Courtesy of Dr. Dan
Vaughn, Cold Spring Harbor Laboratory,
Cold Spring Harbor, New
York.) B. A view of the interacting surfaces of hen egg lysozyme (in
green) and an Fab fragment of a monoclonal anti-hen egg lysozyme
antibody (VH in blue and VL in yellow) is provided. The residues of
hen egg lysozyme and of the Fab fragment that interact with one
another are shown in red. A critical glutamine residue on lysozyme
(in magenta) fits into a "cleft" in the antibody. (This figure is based
on Figure 3B and reprinted with permission
from Amit AG, RA
Mariuzza, SE Phillips, and RJ Poljak. Three dimensional
structure of
an antigen antibody
complex
at 2.8A resolution.
Science 233,
747-753,
1986. Copyright 1986 AAAS.)

19A1 contains al heavy chains; 19A2, a2; IgD, 0; IgE, E;
IgGI, yl; IgG2, "(2.;IgG3, y3; IgG4, y4; and IgM, 11. In
human IgM and IgE antibodies, the C regions contain
four tandem Ig domains. The C regions of IgG, 19A,and
IgD contain only three Ig domains. These domains are
designated CII and numbered sequentially from amino
terminus to carboxyl terminus (e.g., CHI, CH2, and so
on). In each isotype, these regions may be designated
more specifically

(e.g., Crl,

~

in IgG). Antibodies

can

act as antigens when introduced into foreign hosts, eliciting the production of anti-antibodies (Box 4-3). By
immunizing an animal of one species with Ig of another
species. it is possible to produce anti-antibodies specific
for one Ig class or subclass, and such antibodies are rou-

tinely used in the clinical and experimental analyses of
humoral immune responses.
Different isotypes and subtypes of antibodies perform
different effector functions. The reason for this is that
most of the effector functions of antibodies are mediated
by the binding of heavy chain C regions to Fc receptors
on different cells, such as phagocytes, NK cells, and mast
cells, and to plasma proteins, such as complement proteins. Antibody isotypes and subtypes differ in their C
regions and therefore in what they bind to and what
effector functions they perform. The effector functions
mediated by each antibody isotype are listed in Table 4-2
and are discussed in more detail later in this chapter and
in Chapter 14.
Antibody molecules are flexible, permitting them to
bind to different arrays of antigens. Every antibody contains at least two antigen-binding sites, each formed by
a pair of VH and VL domains. Many Ig molecules can
orient these binding sites so that two antigen molecules
on a planar (e.g., cell) surface may be engaged at once
(Fig. 4-6). This flexibility is conferred, in large part, by a
hinge region located between CHI and CH2 in certain
isotypes. The hinge region varies in length from 10 to
more than 60 amino acid residues in different isotypes.
Portions of this sequence assume a random and flexible
conformation, permitting molecular motion between
the CHI and CH2 domains. Some of the greatest differences between the constant regions of the IgG subclasses are concentrated in the hinge. This leads to
different overall shapes of the IgG subtypes. In addition,
some flexibility of antibody molecules is due to the
ability of each VHdomain to rotate with respect to the
adjacent CHI domain.
There are two classes, or isotypes, of light chains,
called JCand A.which are distinguished by their carboxyterminal constant (C) regions. An antibody molecule has
either two J(light chains or two A.light chains, but never
one of each. In humans, about 60% of antibody molecules have J( light chains, and about 40% have A.light

A

Widely spaced cell
surface determinants

B

Closely spaced cell
surface determinants

FIGURE 4-6 Flexibility of antibody molecules. The two antigenbinding sites of an Ig monomer
can simultaneously
bind to two
determinants
separated by varying distances. In A, an Ig molecule
is depicted binding to two widely spaced determinants
on a cell
surface, and in B, the same antibody is binding to two determinants
that are close together. This flexibility is mainly due to the hinge
regions located between the CH1 and CH2 domains, which permit
independent
movement
of antigen-binding
sites relative to the rest
of the molecule.
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Table 4-2.

Isotype of Subtypes
antibody
IgA

IgA1,2

H chain

Serum
concentr.
(mg/mL)

a(1 or 2) 3.5

Human
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Antibody Isotypes

Serum
half-life
(days)

Secreted

6

IgA
(dimer)

form

Functions

Monomer, dimer,

Mucosal

immunity

trimer

~'

~\UU

~O
~\
\

Co2

Ca3
chain

IgO

None

0

Trace

3

IgE

None

E

0.05

2

Naive 8 cell
antigen receptor

None

Defense against
helminthic parasites,
immediate
hypersensitivity
CE2
CE3
CE4

IgG

IgG1-4

IgM

None

The effector

functions

Y (1 ,2,3
or 4)

of antibodies

13.5

23

1.5

5

are discussed

in detail

in Chapter

chains. Marked changes in this ratio can occur in
patients with monoclonal B cell tumors because the
neoplastic clone produces antibody molecules with the
same light chain. In fact, the ratio ofK:-bearing cells to Abearing cells is often used clinically in the diagnosis of B
cell lymphomas. In mice, lC-containing antibodies are
about 10 times more abundant than A-containing antibodies. Unlike in heavy chain isotypes, there are no
known differences in function between lC-containing
antibodies and A-containing antibodies.

Opsonization,
complement
activation, antibodydependent cellmediated cytotoxicity,
neonatal immunity,
feedback inhibition
of 8 cells

14.

Secreted and membrane-associated
antibodies differ
in the amino acid sequence of the carboxy-terminal end
of the heavy chain C region. In the secreted form, found
in blood and other extracellular fluids. the carboxyterminal portion is hydrophilic. The membrane-bound
form of antibody contains a carboxy-terminal stretch
that includes a hydrophobic a-helical transmembrane
anchor region followed by an intracellular juxtamembrane positively charged stretch that helps anchor the
protein in the membrane (Fig. 4-7). In membrane IgM
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Antibody
molecules
are proteins
and can therefore
be immunogenic.
Immunologists
have exploited this fact
to produce antibodies
specific for Ig molecules
that
can be used as reagents to analyze the structure and
function of the Ig molecules.
To obtain an anti-antibody
response,
it is necessary
that the Ig molecules
used
to immunize
an animal be recognized
in whole or in
part as foreign. The simplest approach is to immunize
an animal of one species (e.g., rabbit) with Ig molecules
of a second
species
(e.g., mouse).
Populations
of
antibodies
generated
by such cross-species
immunizations are largely specific for epitopes present in the constant (C) regions of light or heavy chains. Antisera
generated in this way can be used to define .the isotype
of an antibody.
When an animal is immunized
with Ig molecules
derived from another animal of the same species, the
immune response is confined to epitopes of the immunizing Ig that are absent or uncommon
on the Ig molecules of the responder animal. Two types of determinants
have been defined by this approach. First, determinants
may be formed by minor structural differences
(polymorphisms) in amino acid sequences
located in the conserved portions of Ig molecules,
called allotopes.
All
antibody molecules
that share a particular allotope are
said to belong to the same allotype.
In simple terms, an
allotype is the protein product of a distinct allelic form of
an Ig gene. Different individuals in a species may inherit
two different forms of any Ig gene. Most allotopes are
located in the C regions of light or heavy chains, but some
are found in the framework
portions of V regions. Allotypic differences
have been important in the study of Ig
genetics. For example, allotypes detected by anti-Ig antibodies were initially used to locate the position of Ig
genes by linkage analysis. In addition, the remarkable
observation
that, in homozygous
animals, all the heavy
chains
of
a
particular
isotype
(e.g.,
IgM) share the same
r
allotype even though the V regions of these antibodies
~
have different amino acid sequences
provided the first
evidence that the C regions of all Ig molecules of a par-

L

ticular isotype are encoded
is separate
from the gene
-

by a single gene segment
that
segments
encoding
V regions.
-

and IgO molecules, the cytoplasmic portion ofthe heavy
chain is short, only three amino acid residues in length;
in membrane
IgG and IgE molecules, it is somewhat
longer, up to 30 amino acid residues in length, but this
includes the positively charged three-amino acid juxtamembrane sequence.
Secreted IgG and IgE, and all membrane Ig molecules,
regardless of isotype, are monomeric with respect to the
basic antibody structural unit (Le., they contain two
heavy chains and two light chains). In contrast, the
secreted forms of IgM and IgA form muItimeric complexes in which two or more of the four-chain core antibody structural units are covalently joined. IgM may be
secreted as pentamers and hexamers of the core fourchain structure, while IgA is often secreted as an Ig
dimer. These complexes are formed by interactions

As is discussed
in Chapter
8, we now know that this surprising conclusion
is correct.
The second
type of determinant
on antibody
molecules that can be recognized
as foreign
by other animals
of the same species
is that formed
by the hypervariable
regions of the Ig variable domains.
When a homogeneous
population
of antibody
molecules
(e.g.,
a myeloma
protein,
or a monoclonal
antibody)
is used as an immunogen, antibodies
are produced
that react with the unique
hypervariable
loops of that antibody.
These determinants
are recognized
as foreign
because
they
are usually
present
in very small quantities
in any given animal (i.e.,
at too Iowa
level to induce
self-tolerance).
The unique
I

determinants
of individual antibody molecules are called
idiotopes,
and all antibody
molecules
that share an
idiotope are said to belong to the same idiotype.
As is
discussed
in Chapter 8, hypervariable
sequences
that
form idiotopes arise both from inherited germ line diversity and from somatic events. Idiotopes may be involved
in regulation of B cell functions.
The theory of lymphocyte regulation through idiotopes of antigen receptors,
called the network hypothesis,
is mentioned
in Chapter
11.
In addition to experimentally
elicited anti-Ig antibodies,
I

I

I

I

I

I

immunologists

have been interested

in naturally occur-

ring antibodies
reactive with self Ig molecules.
Anti-Ig
antibodies
are particularly
prevalent in an autoimmune
disease called rheumatoid
arthritis (see Chapter 18), in
which setting they are known as rheumatoid
factor.
Rheumatoid factor is usually an IgM antibody that reacts
with the constant regions of self IgG. The significance
of
rheumatoid
factor in the pathogenesis
of rheumatoid
arthritis is unknown.
Patients treated with mouse monoclonal
antibodies
may make antibodies
against the mouse Ig, called a
human anti-mouse
antibody (HAMA) response.
These
anti-Ig

antibodies

eliminate

the injected

monoclonal

anti-

body. Humanized antibodies have been developed to circumvent this problem, but even humanized
antibodies
I contain hypervariable
regions derived from the original
' monoclonal antibody, and these can elicit a response in
treated patients.

I

l

__

..

J

between regions, called tail pieces, that are located at the
carboxy-terminal ends of the secreted forms of 11and a
heavy chains (see Table 4-2). Multimeric IgM and IgA
molecules also contain an additionallS-kO polypeptide
called the joining OJ chain, which is disulfide bonded to
the tail pieces and serves to stabilize the muItimeric
complexes, and to transport multimers across epithelia
from the basolateral to the luminal end.
Synthesis,
Assembly,
Ig Molecules

and Expression

of

Ig heavy and light chains, like most secreted and membrane proteins, are synthesized on membrane-bound
ribosomes in the rough endoplasmic reticulum. The
protein is translocated into the endoplasmic reticulum,
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FIGURE 4-7 Membrane and secreted forms of Ig heavy chains. The membrane forms of the Ig heavy chains, but not the secreted forms,
contain transmembrane
regions made up of hydrophobic
amino acid residues and cytoplasmic
domains that differ significantly
among the
different isotypes. The cytoplasmic
portion of the membrane form of the ~ chain contains only 3 residues, whereas the cytoplasmic
region
of IgG heavy chains contains 20-30 residues. The secreted forms of the antibodies end in C-terminal tail pieces, which also differ among
isotypes: ~ has a long tail piece (21 residues) that is involved in pentamer formation, whereas IgGs have a short tail piece (3 residues).

and Ig heavy chains are N-glycosylated during the
translocation process. The proper folding of Ig heavy
chains and their assembly with light chains are regulated
by proteins resident in the endoplasmic reticulum called
chaperones. These proteins, which include calnexin and
a molecule called BiP (binding protein), bind to newly
synthesized Ig polypeptides and ensure that they are
retained or targeted for degradation unless they become
properly folded and assembled into Ig molecules. The
covalent association of heavy and light chains, stabilized
by the formation of disulfide bonds, also occurs in the
endoplasmic reticulum. After assembly, the Ig molecules
are released from the chaperones and directed into the
cisternae of the Golgi complex, where carbohydrates are
modified, and the antibodies are then transported to the
plasma membrane in vesicles. Antibodies of the membrane form are anchored in the plasma membrane and
the secreted form is transported out of the cell. Other
proteins that bind to Ig are coordinately regulated. For
instance, secreted 19A and IgM antibodies are maintained as multimers by the attached J chains. In plasma
cells, transcription of Ig heavy and light chain genes is
accompanied by coordinate J chain gene transcription
and biosynthesis.
The maturation of B cells from bone marrow progenitors is accompanied by specific changes in Ig gene
expression, resulting in the production oflg molecules in
different forms (Fig. 4-8). The earliest cell in the B lymphocyte lineage that produces Ig polypeptides, called
the pre-B cell, synthesizes the membrane form of the /l
heavy chain. These /l chains associate with proteins
called surrogate light chains to form the pre-B cell receptor, and a small proportion of the synthesized pre- B cell
receptor is expressed on the cell surface. Immature and
mature B cells produce 1Cor A.light chains, which associate with /l proteins to form IgM molecules. Mature B
cells express membrane forms oflgM and IgD (the /l and

o heavy chains associated with 1Cor A.light chains). These
membrane Ig receptors serve as cell surface receptors
that recognize antigens and initiate the process of B cell
activation. The pre-B cell receptor and the B cell antigen
receptor are noncovalently associated with two other
integral membrane proteins, Iga and Ig~, which serve
signaling functions and are essential for surface expression of IgM and IgD. The molecular and cellular events
in B cell maturation underlying these changes in antibody expression are discussed in detail in Chapter 8.
When mature B lymphocytes are activated by antigens
and other stimuli, the cells differentiate into antibodysecreting cells. This process is also accompanied by
changes in the pattern of Ig production. One such
change is the enhanced production of the secreted form
of Ig as opposed to the membrane form. This alteration
occurs at the level of posttranscriptional processing and
will be discussed in Chapter 10. The second change is the
expression of Ig heavy chain isotypes other than IgM and
IgD. This process, called heavy chain isotype (or class)
switching, is described later in this chapter and in more
detail in Chapter 10, when we discuss B cell activation.

ANTIBODY
Features

BINDING

OF ANTIGENS

of Biologic

Antigens

An antigen is any substance that may be specifically
bound by an antibody molecule or T cell receptor. Antibodies can recognize as antigens almost every kind of
biologic molecule, including simple intermediary
metabolites, sugars, lipids, autacoids, and hormones, as
well as macromolecules such as complex carbohydrates,
phospholipids, nucleic acids, and proteins. This is in
contrast to T cells, which mainly recognize peptides (see
Chapter 6).
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FIGURE
4-8 Ig expression during B lymphocyte maturation.
Stages in B lymphocyte
maturation
are shown
with associated
changes
in
the production
of Ig heavy and light chains. IgM heavy chains are shown in red, IgD heavy chains in blue, and light chains in green. The
molecular events accompanying
these changes are discussed in Chapters 8 and 10.

Although

all antigens

are recognized

by specific lym-

phocytes or by antibodies, only some antigens are
capable of activating lymphocytes. Molecules that stimulate immune responses are called immunogens. Only
macromolecules are capable of stimulating B lymphocytes to initiate humoral immune responses, because B
cell activation requires either the bringing together
(cross-linking) of multiple antigen receptors, or requires
protein antigens to elicit T cell help. Small chemicals,
such as dinitrophenol, may bind to antibodies, and are
therefore antigens, but cannot activate B cells on their
own (Le., they are not immunogenic). To generate antibodies specific for such small chemicals, immunologists
commonly attach them to a protein before immunization. In these cases, the small chemical is called a
hapten, and the protein to which it is conjugated is
called a carrier. The hapten-carrier complex, unlike free
hapten, can act as an immunogen (see Chapter 10). A
second approach to make a hapten immunogenic is to
render it multivalent, as discussed below, often by
attaching a number of hapten molecules to a single molecule of a polysaccharide.
Macromolecules, such as proteins, polysaccharides,
and nucleic acids, are usually much bigger than the
antigen-binding region of an antibody molecule (see Fig.
4-5). Therefore, any antibody binds to only a portion of
the macromolecule, which is called a determinant or an
epitope. These two words are synonymous and are used
interchangeably throughout this book. Macromolecules
typically contain multiple determinants, some of which
may be repeated, and each of which, by definition, can
be bound by an antibody. The presence of multiple identical determinants in an antigen is referred to as polyvalency or multivalency. Most globular proteins do not
contain multiple identical epitopes and are not polyvalent, unless they are in aggregates. In the case of polysaccharides and nucleic acids, many identical epitopes
may be regularly spaced, and the molecules are said to
be polyvalent. Cell surfaces, including microbes, often
display polyvalent arrays of protein or carbohydrate
antigenic determinants. Polyvalent antigens can induce

clustering of the B cell receptor and thus initiate the
process of B cell activation.
The spatial arrangement of different epitopes on a
single protein molecule may influence the binding of
antibodies in several ways. When determinants are well
separated, two or more antibody molecules can be
bound to the same protein antigen without influencing
each other; such determinants are said to be nonoverlapping. When two determinants
are close to one
another, the binding of antibody to the first determinant
may cause steric interference with the binding of antibody to the second; such determinants are said to be
overlapping. In rarer cases, binding of one antibody may
cause a conformational change in the structure of the
antigen, positively or negatively influencing the binding
of a second antibody at another site on the protein by
means other than steric hindrance. Such interactions are
called allosteric effects.
Any available shape or surface on a molecule that
may be recognized by an antibody constitutes an antigenic determinant or epitope. Antigenic determinants
may be delineated on any type of compound, including
but not restricted to carbohydrates, proteins, lipids, and
nucleic acids. In the case of proteins, the formation of
some determinants depends only on the primary structure, and the formation of other determinants reflects
tertiary structure (Fig. 4-9). Epitopes formed by several
adjacent amino acid residues are called linear determinants. The antigen-binding
site of an antibody can
usually accommodate a linear determinant made up of
about six amino acids. If linear determinants appear on
the external surface or in a region of extended conformation in the native folded protein, they may be accessible to antibodies. More often, linear determinants may
be inaccessible in the native conformation and appear
only when the protein is denatured. In contrast, conformational determinants
are formed by amino acid
residues that are not in a sequence but become spatially
juxtaposed in the folded protein. Antibodies specific for
certain linear determinants and antibodies specific for
conformational determinants can be used to ascertain
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FIGURE 4-9 The nature of antigenic determinants.
Antigenic determinants
(shown in orange, red, and blue) may depend on protein folding (conformation)
as well as on primary structure.
Some determinants
are accessible in native proteins and are lost on denaturation
(A),
whereas others are exposed only on protein unfolding (B). Neodeterminants
arise from postsynthetic
modifications
such as peptide bond
cleavage (C).

whether
a protein
is denatured
or in its native conformation,
respectively.
Proteins may be subjected
to modifications
such as glycosylation,
phosphorylation,
or
proteolysis.
These modifications,
by altering
the structure of the protein, can produce new epitopes. Such epitopes are called neoantigenic
determinants,
and they
too may be recognized
by specific antibodies.

Structural
and Chemical
Antigen
Binding

Basis

of

The antigen-binding sites of most antibodies are planar
surfaces that can accommodate conformational epitopes of macromolecules, allowing the antibodies to
bind large macromolecules (see Fig. 4-5). Asis discussed
in Chapter 5, this is a key difference between the
antigen-binding
sites of antibody molecules and those
of certain other antigen-binding molecules of the
immune system, namely, MHC molecules, which
contain antigen-binding clefts that bind small peptides
but not native globular proteins (see Table 4-1). In some
instances, such as antibodies specific for small carbohydrates, the antigen is bound in a cleft between VLand VH
domains.
The recognition of antigen by antibody involves noncovalent, reversible binding. Various types of noncova-

lent interactions may contribute to antibody binding of
antigen, including electrostatic forces, hydrogen bonds,
van der Waals forces, and hydrophobic interactions. The
relative importance of each of these depends on the
structures of the binding site of the individual antibody
and of the antigenic determinant. The strength of the
binding between a single combining site of an antibody
and an epitope of an antigen is called the affinity of the
antibody. The affinity is commonly represented by a dissociation constant (KJ), which indicates how easy it is
to separate an antigen-antibody complex into its constituents. A smaller KJ indicates a stronger or higheraffinity interaction because a lower concentration of
antigen and of antibody is required for complex formation. The KJ of antibodies produced in typical humoral
immune responses usually varies from about 10-7M to
1O-11
M. Serum from an immunized individual will
contain a mixture of antibodies with different affinities
for the antigen, depending primarily on the amino acid
sequences of the CDRs.
Because the hinge region of antibodies gives them
flexibility, a single antibody may attach to a single multivalent antigen by more than one binding site. For IgG
or IgE, this attachment can involve, at most, two binding
sites, one on each Fab. For pentameric IgM, however, a
single antibody may bind at up to 10 different sites (Fig.
4-10). Polyvalent antigens will have more than one copy
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place antigen bound to the antibody (zone of antigen
excess) or by increasing antibody so that free antibody
molecules will displace bound antibody from antigen
determinants (zone of antibody excess). If a zone of
equivalence is reached in vivo, large immune complexes
can form in the circulation. Immune complexes that are
trapped or formed in tissues can initiate an inflammatory reaction, resulting in immune complex diseases
(see Chapter 18).

of a particular determinant.

Although
the affinity of any
one antigen-binding
site will be the same for each
epitope
of a polyvalent
antigen,
the strength
of attachment of the antibody
to the antigen
must take into
account
binding
of all the sites to all the available
epitopes. This overall strength
of attachment
is called the
avidity and is much greater than the affinity of anyone
antigen-binding
site. Thus, a low-affinity
IgM molecule
can still bind tightly
to a polyvalent
antigen
because
many low-affinity
interactions
(up to 10 per IgM molecule) can produce
a single high-avidity
interaction.
Polyvalent
antigens are important
from the viewpoint
of B cell activation,
as discussed earlier. Polyvalent
interactions between
antigen
and antibody
are also of biologic significance
because many effector
functions
of
antibodies
are triggered
optimally
when two or more
antibody
molecules
are brought
close together
by
binding
to a polyvalent
antigen.
If a polyvalent
antigen
is mixed with a specific antibody
in a test tube, the two
interact
to form immune
complexes
(Fig. 4-11). At the
correct concentration,
called a zone of equivalence,
antibody
and antigen
form an extensively
cross-linked
network
of attached molecules such that most or all of
the antigen and antibody
molecules are complexed into
large masses. Immune complexes may be dissociated
into smaller aggregates either by increasing the concentration of antigen so that free antigen molecules will dis-

STRUCTURE-FuNCTION
ANTIBODY MOLECULES

Many structural features of antibodies are critical for
their ability to recognize antigens and for their effector
functions. In the following section, we summarize
how the structure of antibodies contributes to their
functions.
Features

¥~.
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Monovalent
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to Antigen

of antigen recognition reflect the properties of antibody
V regions.
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variety of antigens with varying affinities. Allthe features
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FIGURE 4-10 Valency and avidity of
antibody-antigen interactions. Monovalent
antigens, or epitopes spaced far apart on cell
surfaces, will interact with a single binding
site of one antibody molecule. Although the
affinity of this interaction may be high, the
overall avidity may be relatively low. When
repeated determinants on a cell surface are
close enough, both the antigen-binding sites
of a single IgG molecule can bind, leading
to a higher-avidity bivalent interaction. The
hinge region of the IgG molecule accommodates the shape change needed for simultaneous engagement of both binding sites.
IgM molecules have 10 identical antigenbinding sites that can theoretically bind
simultaneously with 10 repeating determinants on a cell surface, resulting in a polyvalent, high-avidity interaction.
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FIGURE 4-11 Antigen-antibody complexes. The
sizes of antigen-antibody
(immune) complexes are a
function of the relative concentrations
of antigen and
antibody. Large complexes
are formed at concentrations of multivalent
antigens and antibodies that
are termed the zone of equivalence;
the complexes
are smaller in relative antigen or antibody excess.

Specificity
Antibodies can be remarkably specific for antigens, distinguishing between small differences in chemical structure. Classic experiments performed by Karl Landsteiner
in the 1930s demonstrated
that antibodies made in
response to an amino benzene hapten with a metasubstituted sulfonate group would bind strongly to
this hapten but weakly or not at all to ortho- or parasubstituted isomers. These antigens are structurally
similar and differ only in the location of the sulfonate
group on the benzene ring.
The fine specificity of antibodies applies to the recognition of all classes of molecules. For example, antibodies can distinguish between two linear protein
determinants differing by only a single conservative
amino acid substitution that has little effect on secondary structure. Because the biochemical constituents of
all living organisms are fundamentally similar, this high
degree of specificity is necessary so that antibodies generated in response to the antigens of one microbe
usually do not react with structurally similar self molecules or with the antigens of other microbes. However,
some antibodies produced against one antigen may
bind to a different but structurally related antigen. This
is referred to as a cross-reaction. Antibodies that are
produced in response to a microbial antigen sometimes
cross-react with self antigens, and this may be the basis
of certain immunologic diseases (see Chapter 18).
Diversity
As we discussed earlier in this chapter, an individual is
capable of making a tremendous number of structurally
distinct antibodies, perhaps up to 109, each with a distinct specificity. The ability of antibodies in any individual to specifically bind a large number of different
antigens is a reflection of antibody diversity, and the
total collection of antibodies with different specificities
represents the antibody repertoire. The genetic mecha-

nisms that generate such a large antibody repertoire
occur exclusively in lymphocytes. They are based on the
random recombination of a limited set of inherited
germline DNA sequences into functional genes that
encode the V regions of heavy and light chains as well as
on the addition of nucleotide sequences during the
recombination
process. These mechanisms are discussed in detail in Chapter 8. The millions of resulting
variations in structure are concentrated in the hypervariable regions of both heavy and light chains and
thereby determine specificity for antigens.
Affinity

Maturation

The ability of antibodies to neutralize toxins and infectious microbes is dependent on tight binding ofthe antibodies. As we have discussed, tight binding is achieved
by high-affinity and high-avidity interactions. A mechanism for the generation of high-affinity antibodies
involves subtle changes in the structure of the V regions
of antibodies duringT cell-dependent humoral immune
responses to protein antigens. These changes come
about by a process of somatic mutation in antigenstimulated B lymphocytes that generates new V domain
structures, some of which bind the antigen with greater
affinity than did the original V domains (Fig. 4-12).
Those B cells producing higher-affinity antibodies
preferentially bind to the antigen and, as a result of
selection, become the dominant B cells with each subsequent exposure to the antigen. This process, called
affinity maturation, results in an increase in the average
binding affinity of antibodies for an antigen as a
humoral immune response evolves. Thus, an antibody
produced during a primary immune response to a
protein antigen often has a Kt in the range of 10-7 to
1O-9M; in secondary responses, the affinity increases,
with a Kt of 10-11M or even less. The mechanisms of
somatic mutation and affinity maturation are discussed
in Chapter 10.
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FIGURE 4-12 Changes in antibody structure during humoral immune responses. The illustration depicts the changes in the structure of
antibodies that may be produced by the progeny of activated B cells (one clone) and the related changes in function. During affinity maturation, mutations in the V region (indicated by red dots) lead to changes in fine specificity without changes in C region-dependent
effector
functions.
Activated
B cells may shift production
from largely membrane-bound
antibodies
containing
transmembrane
and cytoplasmic
regions to secreted antibodies. Secreted antibodies mayor may not show V gene mutations (i.e., secretion of antibodies occurs before and
after affinity maturation).
In isotype switching,
the C regions change (indicated by color change from blue to orange) without changes in the
antigen-binding
V region. Isotype switching is seen in membrane-bound
and secreted antibodies. The molecular basis for these changes is
discussed in Chapter 10.

Features

Related

to Effector

Functions

Many of the effector functions of immunoglobulins are
mediated by the Fc portions of the molecules, and antibody isotypes that differ in these Fc regions perform distinct functions. We have mentioned previously that the
effector functions of antibodies require the binding of
heavy chain C regions, which make up the Fc portions,
to other cells and plasma proteins. For example, IgG
coats microbes and targets them for phagocytosis by
neutrophils and macrophages. This occurs because the
antigen-complexed
IgG molecule is able to bind,
through its Fc region, to y heavy chain-specific Fc receptors (FcRs) that are expressed on neutrophils and
macrophages. In contrast, IgE binds to mast cells and
triggers their degranulation because mast cells express
IgE-specific FcRs. Another Fc-dependent
effector
mechanism of humoral immunity is activation of the
classical pathway of the complement
system. The
system generates inflammatory mediators and pro-

motes microbial phagocytosis and lysis. It is initiated by
the binding of a complement protein called Clq to the
Fc portions of antigen-complexed IgG or IgM. The FcRand complement-binding
sites of antibodies are found
within the heavy chain C domains of the different isotypes (see Fig. 4-1). The structure and functions of FcRs
and complement proteins are discussed in detail in
Chapter 14.
The effector functions of antibodies are initiated only
by antibodies that have bound antigens and not by free
[g. The reason that only antibodies with bound antigens
activate effector mechanisms is that two or more adjacent antibody Fc portions are needed to bind to and
trigger various effector systems, such as complement
proteins and FcRs of phagocytes (see Chapter 14). This
requirement for adjacent antibody molecules ensures
that the effector functions are targeted specifically
toward eliminating antigens that are recognized by the
antibody and that circulating free antibodies do not
wastefully trigger effector responses.
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Changes in the isotypes of antibodies during
humoral immune responses influence how and where
the responses work to eradicate antigen. After stimulation by an antigen, a single clone of B cells may produce
antibodies with different isotypes yet identical V
domains, and therefore identical antigen specificity.
Naive B cells, for example, simultaneously produce IgM
and IgD that function as membrane receptors for antigens. When these B cells are activated by an antigen such
as a microbe, they may undergo a process called isotype
switching in which the type of CHregion, and therefore
the antibody isotype, produced by the B cell changes,
but the V regions and the specificity do not (see Fig.
4-12). As a result of isotype switching, different progeny
of the original IgM- and IgD-expressing B cell may
produce isotypes and subtypes that are best able to eliminate the antigen. For example, the antibody response to
many bacteria and viruses is dominated by IgG antibodies, which promote phagocytosis of the microbes,
and the response to helminths consists mainly of IgE,
which aids in the destruction ofthe parasites. The mechanisms and functional significance of isotype switching
are discussed in Chapter 10.
The heavy chain C regions of antibodies also determine the tissue distribution of antibody molecules. As
we mentioned earlier, after B cells are activated, they
gradually lose expression of the membrane-bound
antibody and express more of it as a secreted protein (see
Fig. 4-12). IgA can be secreted efficiently through
mucosal epithelia and is the major class of antibody in
mucosal secretions and milk. Neonates are protected
from infections by IgG antibodies they acquire from
their mothers during gestation and early after birth. This
transfer of maternal IgG is mediated by a special type of
Fc receptor that is expressed in the placenta (through
which antibodies enter the fetal circulation) and in the
intestine. This receptor also protects IgG molecules from
intracellular degradation and thus contributes to the
long half-life of this antibody isotype.
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AND ANTIGENS

chains and two identical light chains, each linked
to one of the heavy chains. Each chain consists of
two or more independently folded Ig domains of
about 110 amino acids containing conserved
sequences and intra chain disulfide bonds.

. The
N-terminal domains of heavy and light chains
form the V regions of antibody molecules, which
differ among antibodies of different specificities.
The V regions of heavy and light chains each
contain three separate hypervariable regions of
about 10 amino acids that are spatially assembled
to form the antigen-combining site of the antibody
molecule.
. Antibodies are classified into different isotypes and
subtypes on the basis of differences in the heavy
chain C regions, which consist of three or four Ig C
domains, and these classes and subclasses have
different functional properties. The antibody
classes are called IgM, IgD, IgG, IgE, and IgA. Both
light chains of a single Ig molecule are of the same
light chain isotype, either 1(or A.,which differ in
their single C domains.

. Most of the effector functions of antibodies are
mediated by the C regions of the heavy chains, but
these functions are triggered by binding of antigens to the spatially distant combining site in the
V region.

. Antigens are substances specifically bound by
antibodies or T lymphocyte antigen receptors.
Antigens that bind to antibodies are a wide variety
of biologic molecules, including sugars, lipids, carbohydrates, proteins, and nucleic acids. This is in
contrast to T cell antigen receptors, which recognize only peptide antigens.

. Macromolecular antigens contain multiple
SUMMARY
. Antibodies, or immunoglobulins, are a family of
structurally related glycoproteins produced in
membrane-bound or secreted form by B lymphocytes. Membrane-bound antibodies serve as
receptors that mediate the antigen-triggered activation of B cells. Secreted antibodies function as
mediators of specific humoral immunity by engaging various effector mechanisms that serve to
eliminate the bound antigens.
. The antigen-binding regions of antibody molecules are highly variable, and anyone individual
has the potential to produce up to 109 different
antibodies, each with distinct antigen specificity.

. All antibodies have a common symmetric core
structure of two identical covalently linked heavy

epitopes, or determinants, each of which may
be recognized by an antibody. Linear epitopes
of protein antigens consist of a sequence of
adjacent amino acids, and conformational determinants are formed by folding of a polypeptide
chain.

. The affinity of the interaction between the combining site of a single antibody molecule and a
single epitope is generally measured as a K.J.Polyvalent antigens contain multiple identical epitopes
to which identical antibody molecules can bind.
Antibodies can bind to two or, in the case of IgM,
up to 10 identical epitopes simultaneously, leading
to enhanced avidity of the antibody-antigen interaction. The relative concentrations of polyvalent
antigens and antibodies may favor the formation
of immune complexes that may deposit in tissues
and cause damage.
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. Antibody binding to antigen can be highly specific,
distinguishing small differences in chemical structures, but cross-reactions may also occur in which
two or more antigens may be bound by the same
antibody.

. Several changes in the structure of antibodies
made by one clone of B cells may occur in the
course of an immune response. B cells initially
produce only membrane-bound
Ig, but in activated B cells and plasma cells, synthesis is induced
of soluble Ig with the same antigen-binding specificity as the original membrane-bound
Ig receptor.
Changes in the use of C region gene segments
without changes in V regions are the basis of
isotype switching, which leads to changes in effector function without a change in specificity. Point
mutations in the V regions of an antibody specific
for an antigen lead to increased affinity for that
antigen (affinity maturation).
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The principal functions of T lymphocytes are defense
against intracellular microbes and activation of other
cells, such as macrophages and B lymphocytes. All these
functions require that T lymphocytes interact with other
cells, which may be infected host cells, dendritic cells,
macro phages, and B lymphocytes. The antigen receptors
ofT cells can only recognize antigens that are displayed
on other cells. This specificity ofT lymphocytes is in contrast to that of B lymphocytes and their secreted prod-

ucts, antibodies, which can recognize soluble antigens
as well as cell-associated antigens. The lask of displaying cell-associated antigens for recogniti'on by T cells is
performed by specialized proteins that ~re encoded by
genes in a locus called the major histbcompatibility
complex (MHC). The MHC was disJovered as an
extended locus containing highly polyfuorphic genes
that determine the outcome of tissue &-ansplants. We
now know that the physiologic function!of MHC molecules is the presentation of pep tides to If cells. In fact,
MHC molecules are integral components of the Iigands
that most T cells recognize because the lantigen receptors of T cells are actually specific for. complexes of
foreign peptide antigens and self MHC molecules
(schematically illustrated in Fig. 5-1). Ifhere are two
main types of MHC gene products, callJd class I MHC
molecules and class II MHC molecules, which sample
different pools of protein antigens, cytosolic (most commonly endogenously synthesized) antigens, and extracellular antigens endocytosed into vesicles, respectively.
Class I MHC molecules present peptides to CDB+cytotoxic T lymphocytes (CTLs), and class II MHC molecules
to CD4+ helper T cells. Thus, knowledge of the structure
and biosynthesis of MHC molecules and the association
of peptide antigens with MHC molecules is fundamental to understanding how T cells recognize antigens.
We begin our discussion of antigen recognition by T
cells with a description of the structure of MHC molecules, the biochemistry of peptide binding to MHC molecules, and the genetics of the MHC. In Chapter 6, we
will discuss in more detail the presentation of antigens
to T lymphocytes, the roles of class I and class II MHC
molecules in this process, and the physiologic significance of MHC-associated antigen presentation. The
structure of T cell antigen receptors is described in
Chapter 7. The role of MHC molecules in graft rejection is described in Chapter 16. The terminology and
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case of polymorphic

Polymorphic
residue
of MHC
Anchor
residue
of peptide
"Pocket"
of MHC

FIGURE 5-1 T cell recognition of a peptide-MHC complex. This
schematic
illustration
shows an MHC molecule binding and displaying a peptide and a T cell receptor recognizing two polymorphic
residues of the MHC molecule and one residue of the peptide.
Details of the interactions
of peptides, MHC molecules,
and T cell
receptors are described in Chapters 5, 6, and 7.

genetics of the MHC are best understood
from
ical perspective,
and we begin with a description
the MHC was discovered.

DISCOVERY
IMMUNE

Discovery

OF THE MHC

a historof how

AND ITS ROLE IN

RESPONSES

of the Mouse MHC

The MHC was discovered as the genetic locus whose
products are responsible for rapid rejection of tissue
grafts exchanged between inbred strains ofmice. Key to
understanding
this discovery
is the concept
of genetic
polymorphism.
Some genes are represented
by only one
normal
nucleic acid sequence
in all the members
of a
species (except for relatively
rare mutations);
such genes
are said to be nonpolymorphic,
and the normal, or wildtype, gene sequence is usually present on both chromosomes of a pair in every member
of the species. By
contrast,
alternate
forms, or variants,
of other genes are
present at stable frequencies
in different
members
of the
population.
Such genes are said to be polymorphic,
and
each common
variant of a polymorphic
gene is called an
allele. For polymorphic
genes, an individual
can have
the same allele at that genetic locus on both chromosomes of the pair and would be said to be homozygous,
or an individual
can have two different
alleles, one on
each chromosome,
and would be termed heterozygous.
In the I940s, George Snell and his colleagues
used
genetic
techniques
to analyze
the rejection
of transplanted
tumors
and other
tissues
grafted
between
strains of laboratory
mice. To do this, it was necessary to
first produce
inbred mouse strains by repetitive
mating
of siblings. After about 20 generations,
every member of
an inbred strain has identical
nucleic acid sequences
at
all locations
on all chromosomes.
In other words, inbred
mice are homozygous
at every genetic locus, and every
mouse of an inbred strain is genetically
identical
(syngeneic) to every other mouse of the same strain. In the

genes, each inbred strain, because

it is homozygous, expresses a single allele from the original population. Different strains may express different
alleles and are said to be allogeneic to one another.
When a tissue or an organ, such as a patch of skin, is
grafted from one animal to another, two possible outcomes may ensue. In some cases, the grafted skin survives and functions as normal skin. In other cases, the
immune system destroys the graft, a process called
rejection. (We will discuss graft rejection in more detail
in Chapter 16.) Skin grafting experiments showed that
grafts exchanged between animals of one inbred strain
are accepted, whereas grafts exchanged between
animals of different inbred strains (or between outbred
animals) are rejected (Fig. 5-2A). Therefore, the recognition of a graft as self or foreign is an inherited trait. The
genes responsible for causing a grafted tissue to be perceived as similar to or different from one's own tissues
were called histocompatibility genes (genes that determine tissue compatibility between individuals), and the
differences between self and foreign were attributed to
polymorphisms
among different histocompatibility
gene alleles.
The tools of genetics, namely, breeding and analysis
of the offspring, were then applied to identify the relevant genes (Box 5-1). The critical strategy in this effort
was the breeding of congenic mouse strains; in two congenic strains, the mice are identical at all loci except the
one at which they are selected to be different. Analyses
of congenic mice that were selected for their ability to
reject grafts from one another indicated that a single
genetic region is primarily responsible for rapid graft
rejection, and this region was called the major histocompatibility locus. The particular locus that was identified in mice by Snell's group was linked to a gene
on chromosome 17 encoding a blood group antigen
called antigen II, and therefore this region was named
histocompatibility-2, or simply H-2. Initially, this locus
was thought to contain a single gene that controlled
tissue compatibility. However, occasional recombination events occurred within the H-2 locus during interbreeding of different strains, indicating that it actually
contained several different but closely linked genes,
each involved in graft rejection. The genetic region that
controlled graft rejection and contained several linked
genes was named the major histocompatibility complex.
Genes that determine the fate of grafted tissues are
present in all mammalian species, are homologous to
the H-2 genes first identified in mice, and are all called
MHC genes (Fig. 5-3). Other genes that contribute to
graft rejection to a lesser degree are called minor histocompatibility genes; we will return to these in Chapter
16, when we discuss transplantation
immunology.
The nomenclature of mouse MHC genes is described in
Box 5-1.
MHC genes control immune responsiveness to protein
antigens. For almost 20 years after the MHC was discovered, its only documented role was in graft rejection.
This was a puzzle to immunologists because transplantation is not a normal phenomenon, and there was no
obvious reason why a set of genes should be preserved
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FIGURE
5-2 MHC genes control graft rejection and immune responses. The two strains of mice shown are identical except for their MHC
alleles (referred to as a and b). These strains reject skin grafts from each other (A) and respond differently to immunization with a model
protein antigen (usually a simple polypeptide) (B).

through evolution if the only function of the genes was
to control the rejection of foreign tissue grafts. In the
1960s and 1970s, it was discovered that MHC genes are
of fundamental importance for all immune responses to
protein antigens. Baruj Benacerraf, Hugh McDevitt, and
their colleagues found that inbred strains of guinea pigs

Human:
I

and mice differed in their ability to make antibodies
against simple synthetic polypeptides, and responsiveness was inherited as a dominant mendelian trait (Fig.
5-2B). The relevant genes were called immune response
(lr) genes, and they were all found to map to the MHC.
We now know that Ir genes are, in fact, MHC genes that

HLA

I
"Class III"
MHC locus
r-Class II MHC locus ~
DP
DQ
DR I

r

T\

DM
FIGURE 5-3 Schematic maps of human and
mouse MHCloci. The basic organization of the
genes in the MHC locus is similar in humans and
mice. Sizes of genes and intervening
DNA segments are not shown to scale. Class II loci are
shown as single blocks but each locus consists
of several genes. Class III MHC locus refers to
genes that encode molecules other than peptidedisplay molecules;
this term is not used commonly. A more detailed map of the human MHC
is in Figure 5-9.
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Box 5-1

0

IN DEPTH: IDENTIFICATION AND NOMENCLATURE
OF MHC GENES IN_. MICE
--

I

·
I

I
I

I

~

Our knowledge
of the organization
of the MHC locus is
in large part the result of mouse breeding studies. A key
development
in these studies was the creation of congenic mouse strains that differ only in the genes responsible for graft rejection.
Mice of a congenic strain are
identical to the parent strain at every genetic locus except
the one for which they are selected to differ. The strategy for deriving congenic mice is based on breeding and
selection
for a particular trait. In their original experiments, Snell and colleagues used acceptance or rejection
of transplantable
tumors as their assay for histocompatibility, but this is more easily done with skin grafts. For
instance, a cross between inbred strains A and B generates (A x B)F, offspring (F, for first filial generation). The
offspring are repeatedly backcrossed
to parental strain A,
and at each stage the mice that are selected for breeding are those that accept a skin graft from strain B. By
this method, one can generate mice that are genetically
identical to strain A except that they have the MHC locus
of strain B. In other words, mice with the strain B MHC
do not recognize
strain B tissues as foreign and will
accept strain B grafts, even though all other genetic loci
are from strain A. Such mice are said to be congenic to
strain A and to
Such congenic
tion of the MHC
MHC-encoded
In mice, the

have the" B MHC on an A background."
strains have been used to study the funcgenes and to produce
antibodies
against
proteins.
MHC alleles of particular
inbred strains are

designated
by lowercase
letters (e.g., a, b, c). The individual genes within the MHC are named for the MHC
type of mouse strain in which they were first identified.
The two independent
MHC loci known to be most important for graft rejection in mice encode class I MHC molecules and are called H-2K and H-2D. The K gene was
first discovered
in a strain whose MHC had been designated k, and the 0 gene was first discovered
in a strain

whose MHC had been designated
mouse

geneticists,

d. In the parlance of

the allele of the H-2K gene in a strain

_ _ r_

_ ___

encode MHC molecules that differ in their ability to bind
and display pep tides derived from various protein antigens. Responder strains inherit MHC alleles whose
products do bind such pep tides, forming peptide-MHC
complexes that can be recognized by helper T cells.
These T cells then help B cells to produce antibodies.
Nonresponder strains express MHC molecules that are
not capable of binding pep tides derived from the
polypeptide antigen, and therefore these strains cannot
generate helper T cells or antibodies specific for the
antigen.
The first explanation for the role of MHC molecules
in T cell antigen recognition came with the discovery of
the phenomenon ofMHC restriction ofT cells, which we
will describe in Chapter 6 when we consider the characteristics of the ligands that T cells recognize.

--

-

with the k-type MHC is called K!' (pronounced
K of k).
whereas the allele of the H-2K gene in a strain of MHC d
is called J<d(K of d). A third locus similar to K and 0 was
discovered later and called L.
Several other genes were subsequently
mapped to the
region between the K and 0 genes responsible for skin
rejection. For example, 5 genes were found that coded
for polymorphic
serum proteins, now known to be components of the complement
system. Most important, the
polymorphic
Ir genes described in the text were assigned
to a region within the MHC called I (the letter, not the
Roman numeral).
The I region, in turn, was further
subdivided into I-A and I-E subregions
on the basis of recombination
events
during
breeding
between
congenic
strains. The I region was also found to code for certain cell
surface
antigens
against which
antibodies
could be produced by interstrain
immunizations.
These antigens
were
called I region-associated
molecules,
or la molecules,
and
are the murine class II MHC molecules.
The genes of the
I-A and I-E loci, which were discovered
as Ir genes, code
for la antigens,
which
are called I-A and I-E molecules,
respectively.
The I-A molecule
found in the inbred mouse
strain with the Kk and Ok alleles is called I-N (pronounced
I A of k). Similar terminology
is used for I-E molecules.
Analysis
of the mouse class II region revealed
some surI prises that were not anticipated
by classical
genetics.
For
instance,
the I-A subregion,
originally
defined
by recombinations
during interbreeding
of inbred strains,
codes for
the

I

I

a and

~

chains

of the

I-A molecule

as well

as for

,

I

the

highly polymorphic
~ chain of the I-E molecule. The I-E
subregion
identified
from breeding
codes only for the less
polymorphic
a chain of the I-E molecule.
The nomenclature
of the HLA locus takes into account
the enormous
polymorphism
identified
by serologic
and
molecular
methods.
Thus, individual
alleles may be called
HLA-A *0201,
referring
to the 01 subtype
of HLA-A2,
or
HLA-ORB1
*0401, referring
to the 01 subtype
of the HLAORB4 allele, and so on.

_a

_____

Discovery

- -

of the Human MHC

Human MHC molecules are called human leukocyte
antigens (HLA) and are equivalent to the H-2 molecules
of mice. The kinds of experiments used to discover and
define MHC genes in mice, requiring inbreeding, obviously cannot be performed in humans. However, the
development of blood transfusion and especially organ
transplantation as methods oftreatment in clinical medicine provided a strong impetus to detect and define
genes that control rejection reactions in humans. Jean
Dausset, Jan van Rood, and their colleagues first showed
that individuals who reject kidneys or have transfusion
reactions to white blood cells often contain circulating
antibodies reactive with antigens on the white blood
cells of the blood or organ donor. Sera that react against
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the cells of other, allogeneic individuals are called
alloantisera and are said to contain alloantibodies,
whose molecular targets are called alloantigens. lt was
presumed that these alloantigens are the products of
polymorphic genes that distinguish foreign tissues from
self tissues. Panels of alloantisera were collected from
alloantigen-immunized
donors, including multiparous
women (who are immunized by paternal alloantigens
expressed by the fetus during pregnancy), actively
immunized volunteers, and transfusion or transplant
recipients. These sera were compared for their ability to
bind to and lyse lymphocytes from different donors.
Efforts at international workshops, involving exchanges
of reagents among laboratories, led to the identification
of several polymorphic genetic loci, clustered together in
a single locus on chromosome 6, whose products are
recognized by alloantibodies. Because these alloantigens
are expressed on human leukocytes, they were called
human leukocyte antigens (HLAs). Family studies
were then used to construct the map of the HLA locus
(see Fig. 5-3). The first three genes defined by serologic
approaches were called HLA-A, HLA-B, and HLA-C.
The use of antibodies to study alloantigenic differences between donors and recipients was complemented by the mixed leukocyte reaction (MLR), a test for
T cell recognition of allogeneic cells. The MLR is also an
in vitro model for allograft rejection and will be discussed more fully in the context of transplantation (see
Chapter 16). lt was found that T lymphocytes from one
individual would proliferate in response to leukocytes of
another individual. and this assay was used to map the
genes that elicited allogeneic T cell reactions. The first
gene to be identified from these studies of cellular
responses mapped to a region adjacent to the serologically defined HLA locus and was therefore called HLAD. The protein encoded by the HLA-D locus was later
detected by alloantibodies and was called the HLA-Drelated, or HLA-DR, molecule. Two additional genes that
mapped adjacent to HLA-D were found to encode proteins structurally similar to HLA-DR and also were found
to contribute to MLRs; these genes were called HLA-DQ
and HLA-Dp, with Q and P chosen for their proximity in
the alphabet to R.
We now know that differences in HLA alleles between
individuals are important determinants of the rejection
of grafts from one individual to another (see Chapter 16).
Thus, the HLA locus of humans is functionally equivalent to the H-2 locus of mice defined by transplantation
experiments. As we shall see later, MHC molecules in
all mammals have essentially the same structure and
function.
The accepted nomenclature of MHC genes and their
encoded proteins is based on sequence and structural
homologies and is applicable to all vertebrate species
(see Fig. 5-3). The genes identified as determinants of
graft rejection in mice (H-2K. H-2D, and H-2L) are
homologous to the serologically defined human HLA
genes (HLA-A, HLA-B, and HLA-C) , and all of these
are grouped as class I MHC genes. The lr genes of
mice (I-A and J-E) are homologous to the human genes
identified by lymphocyte responses in the MLR (HLA-
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DR, HLA-Dp, and HLA-DQ) and are grouped as class II
MHC genes. There are many other genes contained
within the MHC; we will return to these later in this
chapter.
Properties

of MHC Genes

Several important characteristics of MHC genes and
their products were deduced from classical genetic and
biochemical analyses done in mice and humans.

. class
The two types of polymorphic MHC genes, namely, the
I and class II MHC genes, encode two groups of
structurally distinct but homologous proteins. Class I
MHC molecules present peptides to and are recognized by CD8+ T cells, and class II MHC molecules
present peptides to CD4+T cells.
. MHC genes are the most polymorphic genes present
in the genome. The studies of the mouse MHC were
accomplished with a limited number of inbred and
congenic strains. Although it was appreciated that
mouse MHC genes were polymorphic, only about 20
alleles of each MHC gene were identified in the available inbred strains of mice. The human serologic
studies were conducted on outbred human populations. A remarkable feature to emerge from the
studies of the human MHC genes is the unprecedented and unanticipated extent of their polymorphism. For some HLA loci (HLA-B), as many as 250
alleles have been identified by serologic assays. Molecular sequencing has shown that a single serologically defined HLA allele may actually consist of
multiple variants that differ slightly. Therefore, the
polymorphism is even greater than that predicted
from serologic studies.
. MHC genes are codominantly expressed in each individual. In other words, for a given MHC gene, each
individual expresses the alleles that are inherited
from each of the two parents. For the individual, this
maximizes the number of MHC molecules available
to bind peptides for presentation to T cells.
The set of MHC alleles present on each chromosome
is called an MHC haplotype. In humans, each HLA allele
is given a numerical designation. For instance, an HLA
haplotype of an individual could be HLA-A2, HLA-B5,
HLA-DR3, and so on. All heterozygous individuals, of
course, have two HLA haplotypes. In mice, each H-2
allele is given a letter designation. Inbred mice, being
homozygous, have a single haplotype. Thus, the haplotype of an H-2d mouse is H-2Kd I-Ad I-Ed Dd Ld. In
humans, certain HLA alleles at different loci are inherited together more frequently than would be predicted
by random assortment, a phenomenon called linkage
disequilibrium.
The discoveries of the phenomena of MHC-linked
immune responsiveness
and MHC restriction (see
Chapter 6) led to the conclusion that MHC genes control
not only graft rejection but also immune responses to all
protein antigens. These breakthroughs moved the study
of the MHC to the forefront of immunology research.
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STRUCTURE OF MHC

The elucidation of the biochemistry of MHC molecules
has been one of the most important accomplishments
of modern immunology. The key advance in this field
was the solution of the crystal structures for the extracellular portions of human class I and class II molecules
by Don Wiley, Jack Strominger, and their colleagues. Subsequently. many MHC molecules with bound peptides
have been crystallized and analyzed in detail. On the
basis of this knowledge, we now understand how MHC
molecules function to display pep tides.
In this section of the chapter, we first summarize the
biochemical features that are common to class I and
class II MHC molecules and that are most important for
the function of these molecules. We then describe the
structures of class I and class II proteins, pointing out
their important similarities and differences (Table 5-1).
Properties

amino termini of the MI-IC-encoded proteins and is
composed of paired a-helices resting on a floor made
up of an eight-stranded ~-pleated sheet. The polymorphic residues, which are the amino acids that
vary among different MHC alleles, are located in and
around this cleft. This portion of the MHC molecule
binds peptides for display to T cells, and the antigen
receptors ofT cells interact with the displayed peptide
and with the a-helices ofthe MHC molecules (see Fig.
5-1). Because of amino acid variability in this region,
different MHC molecules bind and display different
peptides and are recognized specifically by the
antigen receptors of different T cells. We will return to
a discussion of peptide binding by MHC molecules
later in this chapter.

MOLECULES

of MHC Molecules

All MI-IC molecules share certain structural characteristics that are critical for their role in peptide display and
antigen recognition by T lymphocytes.

. Each MHC molecule consists of an extracellular
peptide-binding
cleft, or groove, followed
by
immunoglobulin
(lg}-like domains and transmembrane and cytoplasmic domains. As we shall see later,
class I molecules are composed of one polypeptide
chain encoded in the MHC and a second, non-MI-ICencoded chain, whereas class II molecules are made
up of two MI-IC-encoded polypeptide chains. Despite
this difference, the overall three-dimensional
structures of class I and class II molecules are similar.

. cules
The polymorphic amino acid residues of MHC moleare located in and adjacent to the peptide-

binding cleft. This cleft is formed by the folding of the

.

The nonpolymorphic Ig-like domains of MHC molecules contain binding sites for the T cell molecules
CD4 and CD8. CD4 and CD8 are expressed on distinct
subpopulations of mature T lymphocytes and participate, together with antigen receptors, in the recognition of antigen; that is, CD4 and CD8 are T cell
"coreceptors" (see Chapter 7). CD4 binds selectively
to class II MHC molecules. and CD8 binds to class I
molecules. This is why CD4+ T cells recognize only
peptides displayed by class II molecules, and CD8+T
cells recognize pep tides presented by class I molecules. Most CD4+T cells function as helper cells. and
most CD8+ cells are CTLs.

Class

I MHC Molecules

Class I molecules consist of two noncovalently linked
polypeptide chains: an MH C-encoded 44-47 kD a chain
(or heavy chain) and a non-MI-IC-encoded 12 kD subunit called ~2-microgIobuIin (Fig. 5-4). Each a chain
is oriented so that about three quarters of the complete
polypeptide extends into the extracellular milieu, a short

Table 5-1. Features of Class I and Class II MHC Molecules
I

Feature
Polypeptide

I

chains

Class

I MHC

Class

II MHC

I

a (44-47 kD)
~2-Microglobulin

(12 kD)

I

a (32-34 kD)
~ (29-32 kD)

Locations
of
polymorphic
residues

a1 and a2 domains

a1 and ~1 domains

Binding site for
T cell coreceptor

a3 region binds CD8

~2 region binds CD4

Accommodates peptides
of 8-11 residues

Accommodates peptides
of 10-30 residues or more

Size of
peptide-binding

cleft

Nomenclature
..~.~.~.~.~
Mouse

LA-~
..~.l!.'~.t:~..~.l!.'.~~:..H
H-2K, H-2D, H-2L

..~~.~!?.~~.~.~.~!?.~:..~~.~!?.~..
I-A, I-E

Abbreviations: HLA, human leukocyte antigen; MHC, major
histocompatibility complex
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leaflet of the lipid bilayer and anchor the MHC molecule
in the plasma membrane.
The light chain of class I molecules, which is encoded
by a gene outside the MHC, is called pz-microglobulin
for its electrophoretic mobility (pz), size (micro), and
solubility (globulin). pz-microglobulin interacts noncovalently with the a3 domain of the a chain. Like the a3
segment, pz-microglobulin is structurally homologous
to an Ig domain and is invariant among all class I
molecules.
The fully assembled class I molecule is a heterotrimer
consisting of an a chain, f3z-microglobulin, and a bound

I MHC
Peptide-binding

THE MAJOR

bond

I MHC

r

Peptide-binding
cleft
aZ'

D

FIGURE 5-4 Structure of a class I MHCmolecule. The schematic
diagram (left) illustrates the different regions of the MHC molecule
(not drawn to scale), Class I molecules
are composed
of a polymorphic a chain noncovalently
attached to the non polymorphic
~r
microglobulin
(~2m). The a chain is glycosylated;
carbohydrate
residues are not shown. The ribbon diagram (right) shows the structure of the extracellular
portion of the HLA-B27 molecule with a
bound peptide, resolved by x-ray crystallography.
(Courtesy of Dr. P.
Bjorkman, California Institute of Technology,
Pasadena, California.)

hydrophobic segment spans the cell membrane, and the
carboxy-terminal residues are located in the cytoplasm.
The amino-terminal (N-terminal) al and a2 segments of
the a chain, each approximately 90 residues long, interact to form a platform of an eight-stranded, anti parallel
p-pleated sheet supporting two parallel strands of ahelix. This forms the peptide-binding cleft of class I molecules. Its size is large enough (-25A x lOAx l1A) to bind
pep tides of 8 to 11 amino acids in a flexible, extended
conformation. The ends of the class I peptide-binding
cleft are closed so that larger peptides cannot be accommodated. Therefore, native globular proteins have to be
"processed" to generate fragments that are small enough
to bind to MHC molecules and to be recognized by T
cells (see Chapter 6). The polymorphic residues of class
I molecules are confined to the al and a2 domains,
where they contribute to variations among different
class 1 alleles in peptide binding and T cell recognition
(Fig. 5-5). The a3 segment ofthe a chain folds into an Ig
domain whose amino acid sequence is conserved
among all class I molecules. This segment contains the
binding site for CD8. At the carboxy-terminal end of the
a3 segment is a stretch of approximately 25 hydrophobic amino acids that traverses the lipid bilayer of the
plasma membrane.
Immediately following this are
approximately 30 residues located in the cytoplasm,
included in which is a cluster of basic amino acids that
interact with phospholipid head groups of the inner

Top view

c
Class

II MHC

r

Peptide-binding
cleft
pi

Top view

c

C

FIGURE 5-5 Polymorphic residues of MHC molecules. The polymorphic
residues
of class I and class II MHC molecules
(shown
as
red circles) are located in the peptide-binding
clefts and the a-helices
around the clefts.
In the class II molecule
shown
(HLA-DR).
essentially all the polymorphism
is in the ~ chain. However,
other class II
molecules
in humans
and mice show varying
degrees
of polymor-

phism in the a chain and usually much more in the ~ chain. (Courtesy of Dr. J. McCluskey,
University
of Melbourne,
Parkville,
Australia.)
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antigenic peptide, and stable expression of class I molecules on cell surfaces requires the presence of all three
components of the heterotrimer. The reason for this is
that the interaction of the a chain with ~2-microglobulin is stabilized by binding of peptide antigens to the cleft
formed by the al and a2 segments, and conversely, the
binding of peptide is strengthened by the interaction of
~2-microglobulin with the a chain. Because antigenic
peptides are needed to stabilize the MHC molecules,
only useful peptide-loaded
MHC molecules
are
expressed on cell surfaces. The process of assembly of
stable peptide-loaded class I molecules will be detailed
in Chapter 6.
Most individuals are heterozygous for MHC genes
and therefore express six different class I molecules on
every cell, containing a chains encoded by the two
inherited alleles of HLA-A, HLA-B, and HLA-C genes.
Class

II MHC Molecules

Class II MHC molecules are composed of two noncovalently associated polypeptide chains, a 32 to 34 kO a
chain and a 29 to 32 kO

~ chain

(Fig. 5-6). Unlike class 1

molecules, the genes encoding both chains of class II
molecules are polymorphic.
The amino-terminal al and ~l segments of the class
II chains interact to form the peptide-binding
cleft,
which is structurally similar to the cleft of class I molecules. Four strands of the floor of the cleft and one of the
a-helical walls are formed by the al segment, and the

Class

II MHC

Peptide-bindingcleft

r

formed by the

~I segment.

The polymorphic

residues

are

located in the al and ~l segments, in and around the
peptide-binding cleft, as in class I molecules (see Fig.
5-5). In human class II molecules, most of the polymorphism is in the

~ chain.

In class II molecules,

the ends of

the peptide-binding cleft are open, so that pep tides of30
residues or more can fit.
The a2 and ~2 segments of class II molecules, like
class I a3 and ~2-microglobulin, are folded into Ig
domains and are nonpolymorphic among various alleles
of a particular class II gene. The ~2 segment of class II
molecules contains the binding site for C04, similar to
the binding site for COB in the a3 segment of the class
I heavy chain. In general, a chains of one class II MHC
locus (e.g., DR) most often pair with ~chains ofthe same
locus and less commonly with ~chains of other loci (e.g.,
OQ,OP).
The carboxy-terminal ends of the a2 and ~2 segments
continue into short connecting regions followed by
approximately 25-amino acid stretches of hydrophobic
transmembrane
residues. In both chains, the transmembrane regions end with clusters of basic amino acid
residues, followed by short, hydrophilic cytoplasmic
tails.
The fully assembled class II molecule is a heterotrimer consisting of an a chain, a {3chain, and a
bound antigenic peptide, and stable expression of class
II molecules on cell surfaces requires the presence of all
three components of the heterotrimer. As in class I molecules, this ensures that the MHC molecules that end up
on the cell surface are the molecules that are serving
their normal function of peptide display.
Humans inherit, from each parent, one OPBI and one
OPAl gene encoding,

'\
pi

other four strands of the floor and the second wall are

respectively,

the

~ and

a chains of

an HLA-OP molecule; one OQAI and one OQBI gene;
and one ORAl gene, a ORBI gene, and a separate duplicated ORB gene that may encode the alleles ORB3, 4, or
5. Thus, each heterozygous individual inherits six or
eight class II MHC alleles, three or four from each parent
(one set each of OP and OQ, and one or two of DR). Typically, there is not much recombination between genes
of different loci (Le., ORa with OQ~, and so on), and each
haplotype tends to be inherited as a single unit.
However, because some haplotypes contain extra ORB

al

loci that produce

~ chains

that assemble

with ORa, and

some OQa molecules encoded on one chromosome can
associate with OQ~ molecules encoded from the other
chromosome, the total number of expressed class II
Disulfide bond
Ig domain

c

C

D

FIGURE 5-6 Structure of a class IIMHCmolecule. The schematic
diagram (left! illustrates the different regions of the MHC molecule
(not drawn to scale), Class II molecules
are composed
of a polymorphic
a chain noncovalently
attached
to a polymorphic
P chain.
Both chains are glycosylated;
carbohydrate
residues
are not shown.
The ribbon diagram
(right! shows
the structure
of the extracellular
portion
of the HLA-DR1
molecule
with a bound peptide,
resolved
by
x-ray crystallography.
(Courtesy
of Dr. P. Bjorkman,
California
Institute of Technology,
Pasadena,
California.)
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MOLECULES

With the realization that MHC molecules are the peptide
display molecules of the adaptive immune system, considerable effort has been devoted to elucidating the
molecular basis of peptide-MHC interactions and the
characteristics of peptides that allow them to bind to
MHC molecules. These issues are important not only for
understanding the biology of Teen antigen recognition
but also for defining the properties of a protein that
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make it immunogenic. All proteins that are immunogenic in an individual must generate pep tides that can
bind to the MHC molecules of that individual. Information about peptide-MHC interactions may be used to
design vaccines, by inserting MHC-binding amino acid
sequences into antigens used for immunization. In the
section that follows, we summarize the key features of
the interactions between peptides and class I or class II
MHC molecules.
Several analytical methods have been used to study
peptide-MHC interactions:
o The earliest studies relied on functional assays of
helper T cells and CTLs responding to antigenpresenting cells that were incubated with different
peptides. By determining which types of peptides
derived from complex protein antigens could activate
T cells from animals immunized with these antigens,
it was possible to define the features of pep tides that
allowed them to be presented by antigen-presenting
cells.
o After MHC molecules were purified, it was possible to
study their interactions with radioactively or fluorescently labeled pep tides in solution by methods such
as equilibrium dialysis and gel filtration to quantitate
bound and free peptides.
o The nature of MHC-binding peptides generated from
intact proteins has been analyzed by exposing antigenpresenting cells to a protein antigen for various times,
purifying the MHC molecules from these cells by affinity chromatography, and eluting the bound peptides
for amino acid sequencing by mass spectroscopy. The
same approach may be used to define the endogenous
peptides that are displayed by antigen-presenting cells
isolated from animals or humans.

o X-ray crystallographic

analysis of peptide-MHC
complexes has provided valuable information about
how pep tides sit in the clefts of MHC molecules and
about the residues of each that participate in this
binding.

On the basis of such studies, we now understand the
physicochemical characteristics of peptide-MHC interactions in considerable detail. It has also become apparent that the binding of peptides to MHC molecules is
fundamentally different from the binding of antigens to
the antigen receptors of Band T lymphocytes (see
Chapter 4, Table 4-1).
Characteristics
Interactions

of Peptide-MHC

MHC molecules show a broad specificity for peptide
binding, in contrast to the fine specificity of antigen
recognition of the antigen receptors of T lymphocytes.
There are several important features of the interactions
of MHC molecules and antigenic peptides.
.

Each class I or class II MHC molecule has a single
peptide-binding
cleft that binds one peptide at a
time, but each MHC molecule can bind many different pep tides. This ability of any MHC molecule to
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bind many different peptides was established
several lines of experimental evidence.

105

by

o If a T cell specific for one peptide is stimulated by
antigen-presenting cells presenting that peptide, the
response is inhibited by the addition of an excess of
other, structurally similar peptides (Fig. 5-7). In these
experiments, the MHC molecule bound different
pep tides, but the T cell recognized only one of these
peptides presented by the MHC molecule.
o Direct binding studies with purified MHC molecules
in solution definitively established that a single MHC
molecule can bind multiple different peptides (albeit
only one at a time) and that multiple peptides
compete with one another for binding to the single
binding site of each MHC molecule.
o The analyses of pep tides eluted from MHC molecules
purified from antigen-presenting cells showed that
many different peptides can be eluted from anyone
type of MHC molecule.
The solution of the crystal structures of class I and
class II MHC molecules confirmed the presence of a
single peptide-binding cleft in these molecules (see
Figs. 5-4 and 5-6). It is not surprising that a single
MHC molecule can bind multiple peptides because
each individual contains only a few different MHC
molecules (6 class I and as many as 10 to 20 class II
molecules in a heterozygous individual), and these
must be able to present peptides from the enormous
number of protein antigens that one is likely to
encounter.

Antigen
presentation

Yes

-.~
No

FIGURE 5-7 Antigen competition for T cells. A T cell recognizes
a peptide
presented
by one MHC molecule.
An excess
of a different peptide
that binds to the same MHC molecule
competitively
inhibits
presentation
of the peptide
that the T cell recognizes.
APC.
antigen-presenting
cell.
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The peptides that bind to MHC molecules share structural features that promote this interaction.
One of
these features is the size of the peptide-class
I molecules can accommodate peptides that are 8 to 11
residues long, and class II molecules bind pep tides
that may be 10 to 30 residues long or longer, the
optimal length being 12 to 16 residues. In addition,
peptides that bind to a particular allelic form of an
MHC molecule contain amino acid residues that
allow complementary interactions between the peptide and that allelic MHC molecule. The residues of a
peptide that bind to MHC molecules are distinct from
those that are recognized by T cells.
The association
molecules
off-rate.

of antigenic

pep tides

and

MHC

with a very slow
In a cell, several chaperones and enzymes
is a saturable

interaction

facilitate the binding of pep tides to MHC molecules
(see Chapter 6). Once formed, most peptide-MHC
complexes are stable, and kinetic dissociation constants are indicative of long half-lives that range from
hours to many days. This extraordinarily slow off-rate
of peptide dissociation from MHC molecules allows
peptide-MHC complexes to persist long enough on
the surfaces of antigen-presenting
cells that the
antigen can be found by T cells. This feature of
antigen display enables the few T cells that are specific for the antigen to locate the antigen as the cells
circulate through tissues. and thus to generate effective immune responses against the antigen.
.

The MHC molecules of an individual do not discrim-

inate between foreign pep tides (e.g., those derived
from microbial proteins) and pep tides derived from
the proteins of that individual (self antigens). Thus,
MHC molecules display both self peptides and
foreign pep tides. and T cells survey these displayed
peptides for the presence of foreign antigens. This
process is central to the surveillance function of T
cells. However. the inability of MHC molecules to discriminate between self antigens and foreign antigens
raises two questions. First. because MHC molecules
are continuously exposed to, and presumably occupied by. abundant self peptides, how can their
peptide-binding sites ever be available to bind and
display foreign pep tides, which are likely to be relatively rare? Second. if self peptides are constantly
being presented. why do individuals not develop
autoimmune reactions? The answers to these questions lie in the cell biology of MHC biosynthesis and
assembly, in the specificity ofT cells, and in the exquisite sensitivity of these cells to small amounts of
peptide-MHC complexes. We will return to these
questions in more detail in Chapter 6.
Structural
Basis
MHC Molecules

of Peptide

Binding

to

The binding of peptides to MHC molecules is a noncovalent interaction
mediated by residues both in the
peptides and in the clefts of the MHC molecules.
Protein antigens are proteolytically cleaved in antigen-

presenting cells to generate the pep tides that will be
bound and displayed by MHC molecules (see Chapter
6). These peptides bind to the clefts of MHC molecules
in an extended conformation. Once bound. the peptides
and their associated water molecules fill the clefts,
making extensive contacts with the amino acid residues
that form the p-strands of the floor and the a-helices of
the walls of the cleft (Fig. 5-8). In most MHC molecules,
the p-strands in the floor of the cleft contain "pockets."
The amino acid residues of a peptide may contain
side chains that fit into these pockets and bind to complementary amino acids in the MHC molecule, often
through hydrophobic interactions. Such residues of
the peptide are called anchor residues because they
contribute most of the favorable interactions of the
binding (Le., they anchor the peptide in the cleft of
the MHC molecule). The anchor residues of peptides
may be located in the middle or at the ends of the
peptide. Each MHC-binding peptide usually contains
only one or two anchor residues, and this presumably
allows greater variability in the other residues of the
peptide. which are the residues that are recognized by
specific T cells. Not all peptides use anchor residues to
bind to MHC molecules, especially to class II molecules.
Specific interactions of peptides with the a-helical sides
of the MHC cleft also contribute to peptide binding by
forming hydrogen bonds or charge interactions (salt
bridges). Class I-binding peptides usually contain
hydrophobic or basic amino acids at their carboxyl
termini that also contribute to the interaction.
Because many of the residues in and around the
peptide-binding cleft of MHC molecules are polymorphic (Le.. they differ among various MHC alleles),
different alleles favor the binding of different peptides.
This is the structural basis of the function of MH C genes
as "immune response genes"; only animals that express
MHC alleles that can bind a particular peptide and
display it to T cells can respond to that peptide.
The antigen receptors of T cells recognize both the
antigenic peptide and the MHC molecules, with the
peptide being responsible for the fine specificity of
antigen recognition and the MHC residues accounting
for the MHC restriction of the T cells. A portion of the
bound peptide is exposed from the open top of the
cleft of the MHC molecule. and the amino acid side
chains of this portion of the peptide are recognized by the
antigen receptors of specific T cells. The same T cell
receptor also interacts with polymorphic residues of the
a-helices of the MHC molecule itself (see Fig. 5-1). Predictably, variations in either the peptide antigen or the
peptide-binding cleft of the MHC molecule will alter
presentation of that peptide or its recognition by T cells.
In fact, one can enhance the immunogenicity of a
peptide by incorporating into it a residue that strengthens its binding to commonly inherited MHC molecules
in a population.
o By introducing
mutations
in an immunogenic
peptide, it is possible to identify residues involved in
binding to MHC molecules and those that are critical
forT cell recognition. This approach has been applied
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to many peptide antigens, using T cells to measure
responses to these peptides (see Fig. 5-8C).
The realization that the polymorphic residues of
MHC molecules determine the specificity of peptide
binding and T cell antigen recognition has led to the
question of why MHC genes are polymorphic. One possibility is that the presence of multiple MHC alleles in
a population
provides an evolutionary
advantage
because it will ensure that virtually all pep tides derived
from microbial antigens will be recognized by the
immune system of at least some individuals. At the population level, this will increase the range of microbial
peptides that may be presented to T cells and reduce the
likelihood that a single pathogen can evade host
defenses in all the individuals in a given species.

GENOMIC

ORGANIZATION

OF THE

~-----------------------------Peptide

MHC

In humans, the MHC is located on the short arm of chromosome 6, and ~2-microglobulin is encoded by a gene
on chromosome 15. The human MHC occupies a large
segment of DNA, extending about 3500 kilobases (kb).
(For comparison, a large human gene may extend
up to 50 to 100 kb, and the size of the entire genome of
the bacterium Escherichia coli is approximately 4500kb.)
In classical genetic terms, the MHC locus extends about
4 centimorgans, meaning that crossovers within the
MHC occur with a frequency of about 4% at each
meiosis. A molecular map of the human MHC is shown
in Figure 5-9.
Many of the proteins involved in the processing of
protein antigens and the presentation of pep tides to T
cells are encoded by genes located within the MHC. In
other words, this genetic locus contains much of the
information needed for the machinery of antigen presentation. The class I genes, HLA-A, HLA-B, and HLA-C,
are in the most telomeric portion of the HLA locus, and
the class II genes are the most centromeric in the HLA
locus. Within the class II locus are genes that encode
several proteins that play critical roles in antigen processing. One of these proteins, called the transporter
associated with antigen processing (TAP). is a heterodimer that transports pep tides from the cytosol into
the endoplasmic reticulum, where the peptides can
associate with newly synthesized class I molecules. The
two subunits of the TAP dimer are encoded by two genes
within the class II region. Other genes in this cluster
encode subunits of a cytosolic protease complex, called
the proteasome, that degrades cytosolic proteins into
pep tides that are subsequently presented by class I MHC
molecules. Another pair of genes, called HLA-DMA and
HLA-DMB, encodes a nonpolymorphic heterodimeric
class II-like molecule, called HLA-DM (or H-2M in
mice), that is involved in peptide binding to class II molecules. The functions of these proteins in antigen presentation are discussed in Chapter 6.
Between the class I and class II gene clusters are genes
that code for several components of the complement
system; for three structurally related cytokines, tumor
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FIGURE 5-8 Peptide binding to MHC molecules. A. These top
views of the crystal structures of MHC molecules show how pep'
tides lie in the peptide-binding clefts. The class I molecule shown
is HLA.A2, and the class II molecule is HLA.DR1. The cleft of the
class I molecule is closed, whereas that of the class II molecule is
open. As a result, class II molecules accommodate longer peptides
than do class I molecules. (Reprinted with permission of Macmillan
Publishers Ltd. from Bjorkman PJ, MA Saper, B Samraoui, WS
Bennett. JL Strominger, and DC Wiley. Structure of the human class
I histocompatibility antigen HLA-A2. Nature 329:506-512, 1987; and
Brown J et al. Three-dimensional structure of the human class II
histocompatibility antigen HLA-DR1. Nature 364:33-39, 1993.) B.
The side view of a cut-out of a peptide bound to a class II MHC molecule shows how anchor residues of the peptide hold it in the
pockets in the cleft of the MHC molecule. (From Scott CA. PA Peterson, L Teyton, and IA Wilson. Crystal structures of two I-Ad-peptide
complexes reveal that high affinity can be achieved without large
anchor residues. Immunity 8:319-329, 1998. Copyright 1998, with
permission from Elsevier Science.) C. Different residues of a peptide
bind to MHC molecules and are recognized by T cells. The immunodominant epitope of the protein hen egg lysozyme (HEU in H-2'
mice is a peptide composed of residues 52-62. The ribbon diagram
modeled after crystal structures shows the surface of the peptidebinding cleft of the I_A'class II molecule and the bound HEL peptide
with amino acid residues (P1-P9) indicated as spheres. Mutational
analysis of the peptide has shown that the residues involved in
binding to MHC molecules are P1 (Asp52), P4 (lle55), P6 (Gin57),
P7 (lIe 58), and P9 (Ser60); these are the residues that project down
and fit into the peptide-binding cleft. The residues involved in recognition by T cells are P2 (Tyr53), P5 (Leu56), and P8 (Asn59); these
residues project upward and are available to T cells. (From Fremont
DH, D Monnale, CA Nelson, WA Hendrickson, and ER Unanue.
Crystal structure of I-A in complex with a dominant epitope of
lysozyme. Immunity 8:305-317, 1998. Copyright 1998, with permission from Elsevier Science.)
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FIGURE 5-9 Map of the human MHC. This map is simplified to exclude many genes that are of unknown function. HLA-E, HLA-F, and
HLA-G, and the MIC genes are class I-like molecules,
many of whose products are recognized by NK cells; C4, C2, and factor B genes
encode complement
proteins; tapasin, OM, DO, TAP, and proteasome
encode proteins involved in antigen processing;
LTA, B, and TNF
encode cytokines.
Many pseudogenes
and genes whose roles in immune responses are not established
are located in the HLA complex
but are not shown.
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necrosis factor (TNF), lymphotoxin-a (LT-a), and LT-p;
and for some heat shock proteins. The genes within the
MHC that encode these diverse proteins have been
called class III MHC genes. Between HLA-C and HLA-A,
and telomeric to HLA-A, are many genes that are called
class I-like because they resemble class I genes but
exhibit little or no polymorphism. Some of these encode

proteins that are expressed in association with P2microglobulin and are called class IB molecules, to distinguish them from the classical polymorphic class I
molecules. Among the class IB molecules is HLA-G,
which may playa role in antigen recognition by natural
killer (NK) cells, and HLA-H, which appears to be
involved in iron metabolism and has no known function
in the immune system. Many of the class I-like
sequences are pseudogenes. The functions of most of
these class I-like genes and pseudo genes are not known.
One role may be that during evolution, these DNA
sequences serve as repositories of coding sequences that
are used for generating polymorphic sequences in conventional class I and class II MHC molecules by the
process of gene conversion. In this process, a portion of
the sequence of one gene is replaced with a portion of
another gene without a reciprocal recombination event.
Gene conversion is a more efficient mechanism than

3600

I

3800

point mutation for producing genetic variation without
loss of function because several changes can be introduced at once, and amino acids necessary for maintaining protein structure can remain unchanged if identical
amino acids at those positions are encoded by both of
the genes involved in the conversion event. It is clear
from population studies that the extraordinary polymorphism of MHC molecules has been generated by
gene conversion and not by point mutations.
The mouse MHC, located on chromosome 17, occupies about 2000kb of DNA, and the genes are organized
in an order slightly different from the human MHC gene.
One of the mouse class I genes (H-2K) is centromeric to
the class II region, but the other class I genes and the
nonpolymorphic class IB genes are telomeric to the class
II region. As in the human, P2-microglobulin is encoded
not by the MHC but by a gene located on a separate
chromosome (chromosome 2).
There are P2-microglobulin-associated proteins other
than class I MHC molecules that may serve important
functions in the immune system. These include the
neonatal Fe receptor (see Chapter 14), and the COI molecules, which are involved in presenting lipid and other
nonpeptide antigens to unusual populations of T cells.
These proteins are homologous to the class 1 MHC a
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chain but are encoded outside the MHC, on different
chromosomes.

EXPRESSION OF MHC MOLECULES

Production
of IFN-y

Because MHC molecules are required to present antigens to T lymphocytes, the expression of these proteins
in a cell determines whether foreign (e.g., microbial)
antigens in that cell will be recognized by T cells. There
are several important features of the expression of MHC
molecules.

.

.

Class I molecules are constitutively expressed on virtually all nucleated cells, whereas class II molecules
are normally expressed on only dendritic cells, B lymphocytes, macrophages, and a few other cell types.
This pattern of MHC expression is linked to the functions of class I-restricted and class II-restricted T
cells. The effector function of class I-restricted CD8+
T cells is to kill cells infected with intracellular
microbes, such as viruses. Because viruses can infect
virtually any nucleated cell, the Iigands that CD8+ T
cells recognize need to be displayed on all nucleated
cells. The expression of class I MHC molecules on
nucleated cells serves precisely this purpose, providing a display system for viral antigens. In contrast,
class II-restricted CD4+ helper T lymphocytes have a
set of functions that require recognizing antigen presented by a more limited number of cell types. In particular, naive CD4+T cells need to recognize antigens
that are presented by dendritic cells in peripheral
lymphoid organs. Differentiated CD4+ helper T lymphocytes function mainly to activate (or help)
macrophages to eliminate extracellular microbes that
have been phagocytosed and to activate B lymphocytes to make antibodies that also eliminate extracellular microbes. Class II molecules are expressed
mainly on these cell types and provide a system for
displaying
pep tides derived from extracellular
microbes and proteins.
The expression of MHC molecules is increased by
cytokines produced during both innate and adaptive
immune responses (Fig. 5-10). On most cell types, the
interferons IFN-a, IFN-~, and IFN-yincrease the level
of expression of class I molecules, and TNF and LTcan
have the same effect. (The properties and biologic
activities of cytokines are discussed in Chapter 12.)
The interferons are produced during the early innate
immune response to many viruses (see Chapter 2),
and TNF and LT are produced in response to many
microbial infections. Thus, innate immune responses
to microbes increase the expression ofthe MHC molecules that display microbial antigens to microbespecific T cells. This is one of the mechanisms by
which innate immunity stimulates adaptive immune
responses.
The expression of class II molecules is also regulated by cytokines and other signals in different cells.
IFN-y is the principal cytokine involved in stimulating expression of class II molecules in antigen-pre-

Cytokinemediated class II
expression
on APCs
Enhanced
antigen
presentation

Activated
APC (high
MHC expression)

Enhanced
T cell response
FIGURE 5-10 Enhancement of class II MHC expression
by
IFN-y. IFN-y, produced
by NK cells and other cell types during
innate immune reactions to microbes, or by T cells during adaptive
immune reactions, stimulates class II MHC expression on antigenpresenting cells (APCs) and thus enhances the activation of CD4'
T cells. IFN-y has a similar effect on the expression of class I MHC
molecules and the activation of CD8+ T cells.

senting cells such as dendritic cells and macro phages
(see Fig. 5-10). The IFN-y may be produced by NK
cells during innate immune reactions, and by
antigen-activated T cells during adaptive immune
reactions. The ability of IFN-y to increase class II
expression on antigen-presenting cells is an amplification mechanism in adaptive immunity. In dendritic
cells, the expression of class II molecules also
increases in response to signals from Toll-like receptors responding to microbial components, thus promoting the display of microbial antigens (Chapter 6).
B lymphocytes constitutively express class II molecules and can increase expression in response to
antigen recognition and cytokines produced by
helperT cells, thus enhancing antigen presentation to
helper cells (Chapter 10). Vascular endothelial cells,
like macrophages, increase class II expression in
response to IFN-y; the significance of this phenomenon is unclear. Most nonimmune cell types express
few, if any, class II MHC molecules unless exposed to
high levels ofIFN-y. These cells are unlikely to present
antigens to CD4+ T cells except in unusual circum-
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stances. Some cells, such as neurons, never appear to
express class II molecules. Human, but not mouse, T
cells express class II molecules after activation;
however, no cytokine has been identified in this
response, and its functional significance is unknown.
The rate of transcription is the major determinant of
the level of MHC molecule synthesis and expression
on the cell surface. Cytokines enhance MHC expression by stimulating the rate of transcription of class I
and class II genes in a wide variety of cell types. These
effects are mediated by the binding of cytokineactivated transcription factors to regulatory DNA
sequences in the promoter regions of MHC genes.
Several transcription factors may be assembled and
bind a protein called the class II transcription activator (CIITA), and the entire complex binds to the class
II promoter and promotes efficient transcription. By
keeping the complex of transcription factors together,
CIITA functions as a master regulator of class II gene
expression. CIITA is synthesized in response to IFN-y,
explaining how this cytokine can increase expression
of class II MHC molecules. Mutations in several of
these transcription factors have been identified as the
cause of human immunodeficiency diseases associated with defective expression of MHC molecules.
The best studied of these disorders is the bare lymphocyte syndrome (see Chapter 20). Knockout mice
lacking CIITA also show an absence of class II expression on dendritic cells and B lymphocytes and an
inability of IFN-y to induce class II on macro phages.

The expression of many of the proteins involved in
antigen processing and presentation is coordinately regulated. For instance, IFN-y increases the transcription
not only of class I and class II genes but also of P2microglobulin, of the genes that encode two of the subunits of the proteasome, and of the genes encoding the
subunits of the TAP heterodimer.

SUMMARY

.

The MHC is a large genetic region coding for class
I and class II MHC molecules as well as for other
proteins. MHC genes are highly polymorphic, with
more than 250 alleles for some of these genes in the
population.

. The function of MHC-encoded class I and class II
molecules is to bind peptide antigens and display
them for recognition by antigen-specific T lymphocytes. Peptide antigens associated with class I
molecules are recognized by CD8+ CTLs, whereas
class II-associated peptide antigens are recognized
by CD4+ (mostly helper) T cells. MHC molecules
were originally recognized for their role in triggering T cell responses that caused the rejection of
transplanted tissue.

. Class I MHC molecules are composed of an a (or
heavy) chain in a noncovalent complex with a non-

polymorphic polypeptide called P2-microglobulin.
The class II molecules contain two MHC-encoded
polymorphic
chains, an a chain and a P chain.
Both classes of MHC molecules are structurally
similar and consist of an extracellular peptidebinding cleft, a nonpolymorphic Ig-like region, a
transmembrane region, and a cytoplasmic region.
The peptide-binding cleft of MHC molecules has
a-helical sides and an eight-stranded antiparallel
p-pleated sheet floor. The peptide-binding cleft of
class I molecules is formed by the 0.1 and 0.2 segments of the a chain, and that of class II molecules
by the 0.1 and pI segments of the two chains. The
Ig-like domains of class I and class II molecules
contain the binding sites for the T cell coreceptors
CD8 and CD4, respectively.

. MHCmoleculesbind only one peptide at a time,
and all the peptides that bind to a particular MHC
molecule share common structural motifs. Peptide
binding is saturable, and the off-rate is very slow,
so that complexes, once formed, persist for a sufficiently long time to be recognized by T cells.
Every MHC molecule has a broad specificity for
pep tides and can bind multiple peptides that have
common structural features, such as anchor
residues.

. The
peptide-binding cleft of class I molecules can
accommodate peptides that are 8 to 11 amino acid
residues long, whereas the cleft of class II molecules allows larger peptides (up to 30 amino acid
residues in length or more) to bind. The polymorphic residues of MHC molecules are localized to
the peptide-binding domain. Some polymorphic
MHC residues determine the binding specificities
for pep tides by forming structures, called pockets,
that interact with complementary residues of the
bound peptide, called anchor residues. Other
polymorphic MHC residues and some residues of
the peptide are not involved in binding to MHC
molecules but instead form the structure recognized by T cells.

. Ingenes,
addition to the polymorphic class I and class II
the MHC contains genes encoding complement proteins, cytokines, nonpolymorphic class
I-like molecules, and several proteins involved in
antigen processing.

. Class I molecules are expressed on all nucleated
cells, whereas class II molecules are expressed
mainly on specialized antigen-presenting
cells,
such as dendritic cells, macrophages, and B lymphocytes, and a few other cell types, including
wendothelial cells and thymic epithelial cells. The
expression of MHC gene products is enhanced by
inflammatory and immune stimuli, particularly
cytokines like IFN-y, which stimulate the transcription of MHC genes.
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T lymphocytes play central roles in all ad ptive immune
responses against protein antigens. Inl cell-mediated
immunity, CD4+T cells activate macropnages to destroy
phagocytosed microbes, and CD8+ T Icells kill cells
infected with intracellular microbes. In Humoral immunity, CD4+helperT cells interact with B Iylnphocytes and
stimulate the proliferation and differenti~tion of these B
cells. Both the induction phase and the effector phase of
T cell responses are triggered by the specific recognition
of antigen. In Chapter 5, we introduced the concept that
T cells recognize peptide fragments th1at are derived
from protein antigens and are bound to c~ll surface molecules encoded by genes of the major histocompatibility complex (MHC) (see Fig. 5-1). The c~lls that display
MHC-associated peptides are called antigen-presenting
cells (APCs). Certain APCs present antigens to naive T
cells during the recognition phase of immune responses
to initiate these responses, and some APCs present antigens to differentiated T cells during the effector phase to
trigger the mechanisms that eliminate the antigens. In
Chapter 5, we focused on the structures and functions of
MHC molecules. In this chapter, we continue the discussion of the ligands that T cells recognize by focusing
on the generation of peptide-MHC complexes on APCs.
Specifically, we describe the characteristics of the APCs
that form and display these peptide-MHC complexes
and how protein antigens are converted by APCs to
peptides that associate with MHC molecules. We
then discuss the importance of MHC-restricted antigen
presentation in adaptive immunity. Finally, we briefly
describe how lipid antigens are presented to rare populations ofT lymphocytes.
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PROPERTIES OF ANTIGENS

.

RECOGNIZED BY

T LYMPHOCYTES

Our current understanding ofT cell antigen recognition
is the culmination of a vast amount of research that
began with studies of the nature of antigens that stimulate cell-mediated immunity. The early studies showed
that the physicochemical forms of antigens that are recognized byT cells are different from those recognized by
B lymphocytes and antibodies, and this knowledge led
to the discovery of the role of the MHC in T cell antigen
recognition. Several features of antigen recognition are
unique to T lymphocytes (Table 6-1).
.

T cells recognize and respond to foreign peptide antigens only when the antigens are attached to the surfaces of APCs, whereas B cells and secreted antibodies
bind soluble antigens in body fluids as well as exposed
cell surface antigens. This is because T cells can recognize only peptides bound to and displayed by MHC
molecules, and MHC molecules are integral membrane proteins expressed on APCs. The properties and
functions of APCs are discussed later in this chapter.

. T cellsfrom

anyone individual recognize foreign
peptide antigens only when these pep tides are bound
to and displayed by the MHC molecules of that individual. This feature of antigen recognition by T cells,
called self MHC restriction, can be demonstrated in
experimental situations in which T lymphocytes from
one individual are mixed with APCs from another
individual.

Most T lymphocytes recognize only pep tides, whereas
B cells can recognize peptides, proteins, nucleic
acids, polysaccharides, lipids, and small chemicals.
As a result, T cell-mediated immune responses are
usually induced by protein antigens (the natural
source of foreign peptidesJ, whereas humoral
immune responses are seen with protein and nonprotein antigens. Some T cells are specific for small
chemical hap tens such as dinitrophenol, urushiol of
poison

ivy, and

P lactams

of penicillin

antibiotics.

o The first demonstration of MHC restriction came
from the studies of Rolf Zinkernagel and Peter
Doherty, who examined the recognition of virusinfected cells by virus-specific cytotoxic T lymphocytes (CTLs) in inbred mice. If a mouse is infected
with a virus, CD8+CTLs specific for the virus develop
in the animal. These CTLs recognize and kill virusinfected cells only if the infected cells express alleles
ofMHC molecules that are expressed in the animal in
which the CTLs were generated (Fig. 6-1). By use of
MHC congenic strains of mice, it was shown that the
CTLsand the infected target cell must be derived from
mice that share a class I MHC allele. Thus, the recognition of antigens by CD8+CTLs is restricted by self
class I MHC alleles. Essentially similar experiments
demonstrated that responses of CD4+ helper T lymphocytes to antigens are self class II MHC restricted.

In

these situations, it is likely that the haptens bind to
self proteins and that hapten-conjugated pep tides are
recognized by T cells.

.

T cells are specific for amino

acid sequences

of pep-

tides. In contrast, B cells recognize conformational
determinants
of antigens, even proteins, in their
native tertiary (folded) configuration. The antigen
receptors of T cells recognize very few residues even
within a single peptide, and different T cells can distinguish peptides that differ even at single amino acid
residues. We will return to the structural basis of this
remarkable fine specificity ofT cells in Chapter 7.

The self MHC restriction of T cells is a consequence
of selection processes during T cell maturation in

Table 6-1. Features of T Cell Antigen Recognition

Features of antigens
recognized by T cells

Explanation

Most T cells recognize
peptides and no
other molecules

Only

T cells recognize cell-associated
and not soluble antigens

MHC molecules
are membrane
proteins
that display
stably bound peptides
on cell surfaces

CD4+ and CD8+ T cells
preferentially
recognize
antigens
sampled
from the vesicular
and
cytosolic
pools, respectively

Pathways
of assembly
of MHC molecules
ensure that class II molecules
display
peptides
that are derived
from extracellular
proteins
and taken up into vesicles
in APCs,
and class I molecules
present
peptides from
cytosolic
proteins;
CD4 and CD8 bind to
nonpolymorphic
regions
of class II and
class I MHC molecules,
respectively

Abbreviations:

APC,

antigen-presenting

cell;

MHC,

peptides

major

bind

to MHC

histocompatibility

molecules

complex

I
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Infect strain A mouse with
lymphocytic
choriomeningitis
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I
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I
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Cytotoxicity
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'
,
'

Coculture

assay

CTL and target
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,

cells

and measure lysis of target cells
ISpecific

,
"

", ,
killingl,

Yes
FIGURE

MHC restriction of
Virusspecific
cytotoxic
T lymphocytes
(CTLs)
generated
from
virusinfected strain A mice kill only syngeneic
(strain
A) target
cells
infected with that virus. The CTLs
do not kill uninfected
strain A
targets (which express
self peptides but not viral peptides)
or
infected
strain B targets
(which
express different MHC alleles than
does strain A). By use of congenic
mouse strains that differ only at
class I MHC loci, it has been proved
that recognition
of antigen by CD8+
CTLs is self class I MHC restricted.

CTL recognizes
foreign peptide
+ self MHC

6-1

cytotoxic T lymphocytes.

Failure to
recognize
self
peptide +
self MHC

~

_

~

the thymus. During this process of maturation,
the
T cells that express antigen receptors specific for
peptides bound to self MHC are selected to survive,
and the cells that do not "see" self MHC are allowed
to die (see Chapter 8). This process ensures that the
T cells that attain maturity are the useful ones because
they will be able to recognize antigens displayed
by the individual's MHC molecules. The discovery
of self MHC restriction provided the definitive evidence that T cells see not only protein antigens but
also polymorphic residues of MHC molecules, which
are the residues that distinguish self from foreign
MHC. Thus, MHC molecules display peptides for
recognition by T lymphocytes and are also integral
components of the ligands that T cells recognize.
Although T cells are self MHC restricted, they recog-

trainB
LCMV
~nfected

Failure to
recognize
foreign peptide +
allogeneic
MHC

nize foreign MHC molecules present in tissue grafts
and reject these grafts. The basis of this cross-reaction
against foreign MHC molecules will be described in
Chapter 16.
.

CD4" helper T cells recognize pep tides bound to class
II MHC molecules, whereas CDB+ T cells recognize
pep tides bound to class I MHC molecules. Stated differently, CD4+T cells are class II MHC restricted, and
CD8+T cells are class I MHC restricted. The reason for
this segregation is that CD4 binds directly to class II
MHC molecules and CD8 to class I molecules (see
Chapter 5). We will return to the role of CD4 and CD8
in determining the class I or class II MHC restriction
patterns ofT cells in Chapter 7.
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CD4+ class /I-restricted T cells recognize pep tides
derived mainly from extracellular proteins that
are internalized into the vesicles of APCs, whereas
CD8+ T cells recognize pep tides derived from cytosolie, usually endogenously synthesized, proteins. The
reason for this is that vesicular proteins enter the class
II peptide loading and presentation pathway, and
cytosolic proteins enter the class I pathway. The
mechanisms and physiologic significance of this segregation are major themes of this chapter.

.

presenting cells (APCs), which capture and display the
antigens to T cells. This conclusion is based on several
lines of experimental evidence.
o T cells present in the blood, spleen, or lymph nodes of
individuals immunized with a protein antigen can be
activated by exposure to that antigen in tissue culture.
If contaminating dendritic cells, macrophages, and B
cells are removed from the cultures. the purified T
lymphocytes do not respond to the antigen, and
responsiveness can be restored by adding back dendritic cells. macro phages. or B lymphocytes (Fig. 6-2).
Such experimental approaches are commonly used to
determine which cell types are able to function as
APCs for the activation ofT lymphocytes.

In addition to MHC-associated presentation of peptides, there is another antigen presentation system
that is specialized to present lipid antigens. The class
I-like nonpolymorphic molecule CD 1 is expressed on
a variety of APCs and epithelia, and it presents lipid
antigens to unusual populations ofT cells that are not
MHC-restricted. Studies with culture-derived cloned
lines ofT cells indicate that a variety of cells can recognize lipid antigens presented by CD 1; these include
CD4+, CD8+, and CD4-CD8- T cells expressing the a~
T cell receptor (TCR) as well as yo T cells. There has
been much interest in a small subset of T cells that
express markers of NK cells. These are called NK-T
cells, and they recognize CD I-associated lipids and
glycolipids, including some produced by bacteria. In
this chapter, we discuss mainly the presentation of
peptide antigens by class I and class II MHC molecules to CD8+ and CD4+T lymphocytes.

ANTIGEN-PRESENTING

on their intera great deal of
cell-associated
In this section
are involved in
these APCs in

Discovery
of Antigen-Presenting
Cells
and Their Role in Immune Responses
The responses of antigen-specific
T lymphocytes to
protein antigens require the participation of antigen-

recognition

I

CD4+

a response is 1000 times less than the amount of the
same antigen required when administered by itself in
a cell-free form. In other words. cell-associated proteins are much more immunogenic than are soluble
proteins on a molar basis. The explanation for this
finding is that the immunogenic form of the antigen
is the APC-associated form. and only a small fraction
of injected free antigen ends up associated with APCs
in vivo. This concept is now being exploited to immunize patients with cancer against their tumors by
growing APCs (specifically, dendritic cells) from these
patients. incubating the APCs with tumor antigens,
and injecting them back into the patients as a cellular vaccine.

CELLS

All the functions ofT lymphocytes depend
actions with other cells. For this reason,
effort has been devoted to defining how
antigens are displayed to T lymphocytes.
of the chapter, we describe the APCs that
activating T cells, and the functions of
immune responses to protein antigens.

Antigen

o If an antigen is taken up by dendritic cells or
macrophages in vitro and then injected into mice. the
amount of cell-associated antigen required to induce

APCs serve two important functions in the activation
of T cells. First, APCs convert protein antigens to peptides, and they display peptide-MHC complexes for
recognition by the T cells. The conversion of native proteins to MHC-associated peptide fragments by APCs is
called antigen processing and is discussed later in this
chapter. Second, some APCs provide stimuli to the T cell
beyond those initiated by recognition of peptide-MHC
complexes by the T cell antigen receptor. These stimuli,
referred to as costimulators, are required for the full
responses of the T cells, especially naive CD4+ cells. The
nature and mode of action of costimulators are discussed further in Chapter 9.

T cell response

I

I

I

Anl.'Qen

~ +~

)

..

~NO

.

~+~+lrt~~~
presenting
cell (APC)

Peptide epltope of
antigen presented
by APC

Yes

FIGURE
6-2 Antigen-presenting
cells are required for T cell activation.
Purified CD4+ T cells do not respond
to a protein antigen by itself but do
respond to the antigen in the presence
of antigen-presenting
cells (APCs). The
function of the APCs is to display peptides derived from the antigen to T
cells. APCs also express costimulators
that are important for T cell activation;
these are not shown.
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The antigen-presentingfunction
of APCs is enhanced
by exposure to microbial products. Dendritic cells and
macro phages express Toll-like receptors (Chapter 2) that
respond to microbes by increasing expression of MHC
molecules and co stimulators, by improving the efficiency of antigen presentation, and by activating the
APCs to produce cytokines, which stimulate T cell
responses. In addition, dendritic cells and macrophages
that are activated by microbes express chemokine receptors that stimulate their migration to sites of infection,
further amplifying antigen presentation and T cell activation. To induce a T cell response to a protein antigen
in a vaccine or experimentally, the antigen must be
administered with substances called adjuvants. Adjuvants are either products of microbes, such as killed
mycobacteria (used experimentally), or they mimic
microbes and stimulate T cell responses by the same
mechanisms as do microbial products. It is not possible
to use most microbial adjuvants in humans because of
the pathologic inflammation that microbial products
elicit. Some adjuvants that are used in humans, such as
alum, are especially good at stimulating antibody
responses but are less potent T cell stimulators. Attempts
are ongoing to develop effective adjuvants for clinical
use, mainly
to maximize
the immunogenicity
of vaccines. Protein antigens administered in aqueous
form, without adjuvants, either fail to induce T cell
responses or induce a state of unresponsiveness, called
tolerance (see Chapter 11).
Different cell types function as APCs to activate naive
and previously differentiated
effector T cells (Fig. 6-3
and Table 6-2). Dendritic cells are the most effective

Antigen
uptake

ANTIGEN

PROCESSING ANO PRESENTATION TO T LYMPHOCYTES

APCs for activating naive CD4+ and CD8+ T cells, and
therefore for initiating T cell responses. Macrophages
present antigens to differentiated (effector) CD4+T cells
in the effector phase of cell-mediated immunity, and B
lymphocytes present antigens to helper T cells during
humoral immune responses. Dendritic cells, macrophages, and B lymphocytes express class II MHC molecules and costimulators, and are, therefore, capable of
activating CD4+ T lymphocytes. For this reason, these
three cell types have been called professional APCs;
however, this term is sometimes used to refer only to
dendritic cells because this is the only cell type whose
principal function is to capture and present antigens,
and the only APC capable of initiating T cell responses.
Antigen
Presentation
to Naive
Lymphocytes:
Role of Dendritic
Initiating
T Cell Responses

Cells

in

Dendritic cells are present in lymphoid organs, in the
epithelia of the skin and gastrointestinal and respiratory
tracts, and in the interstitium of most parenchymal
organs. These cells are identified morphologically by
their membranous or spinelike projections (Fig. 6-4).
There are subsets of dendritic cells that may be distinguished by the expression of various cell surface markers
and may play different roles in immune responses (Box
6-1). All dendritic cells are thought to arise from bone
marrow precursors, and most, called myeloid dendritic
cells, are related in lineage to mononuclear phagocytes.
The prototypes of epithelial dendritic cells are the
Langerhans cells of the epidermis. Because of their long

Antigen
presentation

Response
I

Dendritic

T

I

cell
Naive T cell activation:
clonal expansion
and differentiation
into effector T cells

~..
,

Dendritic

:et-

cell

Macrophage

~EffectorT cell

)
microbe

Macrophage

B cell

~

*

&.. ...
r )-

FIGURE

6-3

Functions

of different

)

CI).ic
't'
Antibody

antigen-presenting

cells.

activation: activation
of macrophages
(cell-mediated
immunity)
Effector T cell
activation: B cell
activation and
antibody
(humoral

The three major types of antigen-presenting

production
immunity)

cells for CD4+ T cells function

to display antigens at different stages and in different types of immune responses. Note that effector T cells activate macrophages and B
lymphocytes by production of cytokines and by expressing surface molecules; these will be described in later chapters.
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Table 6-2. Properties and Functions of Antigen-Presenting

Cell type

Expression of

I

Cells

Principal function

I

Class IIMHC

Costimulators

Constitutive;increases
withmaturation;
increased by IFN-y

Constitutive;increase with
Initiationof T cell responses
maturation;inducibleby IFN-y, to protein antigens (priming)
CD40-CD40Linteractions

Macrophages

Lowor negative;
inducibleby IFN-y

Inducibleby LPS, IFN-y,
CD40-CD40Linteractions

Effector phase of
cell-mediated
immune

B lymphocytes

Constitutive;
increased by IL-4

Induced
by T cells
(CD40-CD40L
interactions),
antigen
receptor
cross-linking

Antigen
presentation
to CD4+
helper T cells in humoral
immune
responses
(cognate
T cell-S cell
interactions)

Inducible by IFN-y,
constitutive
in humans

Constitutive
(inducible in mice)

May promote
activation
of antigenspecific
T cells at site of
antigen
exposure

Inducible

Probably

No known

I

.I

Dendritic

Vascular
endothelial

cells

cells

Various
epithelial and
mesenchymal
cells
Abbreviations:

IFN-y, interferon-y;

Dendritic
cell (Langerhans
in epidermis:
phenotypically

,

...

-

by IFN-y

IL-4, interleukin-4;

cell)
immature

Follicle

.'

I {

..

I

none

physiologic

responses

function

LPS, lipopolysaccharide

Dendritic
cell
in lymph node:
phenotypically

mature

FIGURE
6-4 Dendritic
cells.
A. Light
micrograph of cultured dendritic cells derived
from bone marrow precursors.
(Courtesy of
Dr. Y-J Liu, M. D. Anderson Cancer Center,
Houston, TIC) B. A scanning electron micrograph of a dendritic cell, showing the extensive membrane projections.
(Courtesy of Dr.
Y-J Liu, M. D. Anderson
Cancer Center,
Houston, TX.) C, D. Dendritic cells in the
skin, illustrated
schematically
(C) and in a
section of the skin stained with an antibody
specific for Langerhans cells (which appear
blue in this immunoenzyme
stain) (D). (The
micrograph of the skin is courtesy of Dr. Y-J
Liu, M. D. Anderson
Cancer
Center,
Houston, TX.) E, F. Dendritic cells in a lymph
node, illustrated
schematically
(E) and in a
section of a mouse lymph node stained with
fluorescently
labeled antibodies
against B
cells in follicles (green) and dendritic cells in
the T cell zone (red) (F). (The micrograph
is
courtesy of Drs. Kathryn Pape and Jennifer
Walter, University
of Minnesota
School of
Medicine, Minneapolis.)
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Subpopulations
of dendritic
cells (DCs) have been
described in humans and mice, based on distinct phenotypic characteristics
and functional
response
patterns.
The interest in defining these subsets is that they may
serve distinct functions
in innate immunity and in regulating T cell responses to foreign and self antigens. Most
studies in mice are based on the isolation of DCs from
lymphoid organs, whereas most of the studies on human
DCs rely on culturing these cells from precursors in the
blood. It is, therefore, often difficult to establish clear parallels across the species. The problem of defining the
subsets is compounded
by the plasticity of DC phenotypes and functions
(i.e., the realization that the characteristics
of the same DC population
may change in
different anatomic locations or in response to different
external stimuli).
Despite these caveats, it is generally accepted that
there are two main subsets of DCs, called myeloid DCs
and plasmacytoid
DCs. Myeloid DCs are the "classical"
or "conventional"
DCs that were first identified by their
ability to stimulate strong T cell responses. They can be
cultured from bone marrow or blood cells, including blood
monocytes,
and are the most numerous
DC subset in
lymphoid organs. It is believed that myeloid DCs enter
the circulation from the bone marrow, and are capable of
slow constitutive
migration
into tissues that serves to
maintain the resident tissue population of DCs. Upon activation by encounter
with microbes or cytokines,
these
tissue DCs mature and migrate
into draining lymph
nodes, where they initiate T cell responses.
1issuederived conventional
DCs are also sometimes
classified
into the Langerhans cell type, representing
DCs in epithelia and in skin-draining
lymph nodes, and the interstitial/dermal type, representing
cells in most other tissues.

Feature
Surface

markers

ANTIGEN

Although these subpopulations
of myeloid DCs can be
distinguished
by the expression
of various
surface
markers, it may be that they are not distinct lineages but
activation stages of a single lineage whose phenotype
changes in response
to different
local environmental
signals. Plasmacytoid
DCs resemble plasma cells morphologically,
and acquire the dendritic morphology
only
after activation. They are found in the blood as precursors, and in small numbers in lymphoid organs. A subset
of myeloid
DCs that expresses
the T cell marker CDB has
been described
in mice (but not found in humans)
and
called "lymphoid
DCs" because
of the suggestion
that
they
develop
from
common
lymphoid
progenitors.
However,
CDB+ DCs are now known
to develop from
myeloid precursors,
and the term lymphoid
DC is not generally used.

The major DC subsets have a number of distinguish-

T cell

the

1

skin can be elicited even in the absence of Langerhans
cells, suggesting
that dermal DCs may serve the same
function and compensate
for the absence of Langerhans
cells.
DCs have also been divided into immature and mature
populations.
We have mentioned
in the text that DCs
located in epithelia are considered
immature,
and their

I
I
.

major

responses

function

to antigens

is to capture

DCs

administered

antigens,

through

whereas

Plasmacytoid

CD11 c-high,

CD11 c-Iow,
CD11 b-negative,
B220-high

CD8a.+ ,
CD11 c-Iow/high,
CD11 b-negative

t
II

"
I

DCs that

Myeloid
DCs
CDS positive

GM-CSF,
Flt3-ligand

Flt3-ligand

Flt3-ligand?

Expression
Toll-like
receptors

TLR-4, 5, 8 high

TLR-7, 9 high

TLR-3 high
I
I
~
I

(TLRs)

Major cytokines
produced

TNF, IL-6

Type I interferons

IL-12

Ability to
cross-present

+/-

+/-

++

Postulated
functions

~

I
I
I
I
I

Growth factors for
in vitro derivation
of

~

ing features that are summarized
in the Table. It should,
however,
be pointed
out that the heterogeneity
of
DCs may be substantially
greater than what is described
in the Table. It has also been widely believed
that
the function of epithelial DCs, such as Langerhans cells,
is to capture the antigens of microbes that try to enter
through epithelia and to transport these antigens to Iymphoid organs. However, recent studies have shown that

Myeloid
DCs
CDS negative
CD11 b-high
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Innate immunity
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against viruses
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have encountered microbes undergo maturation and
function to present the antigens to T cells and to activate
the T cells, particularly in lymphoid organs. It is worth
noting that many DCs present in lymphoid organs and in
nonlymphoid tissues appear to be in an immature functional state, i.e., able to capture antigens but unable to
initiate T cell immunity. These DCs may be important for
presenting self antigens to self-reactive T cells and thus
for maintaining self-tolerance. Because the immature DC

cytoplasmic processes, Langerhans cells occupy as
much as 25% of the surface area of the epidermis, even
though they constitute less than 1% of the cell population. Normally, epithelial and tissue dendritic cells are
in a resting or "immature" state. These dendritic cells
capture microbial protein antigens and transport the
antigens to draining lymph nodes. In response to
encounter with microbial components, the dendritic
cells mature while they are migrating to lymph nodes
and become extremely efficient at presenting antigens
and stimulating naive T cells. Mature dendritic cells
reside in the T cell zones of the lymph nodes. and in this
location they display antigens to the T cells. These lymph
node dendritic cells are called interdigitating dendritic
cells or, simply, dendritic cells.
The responses of CD4+ T cells are initiated
in the
peripheral
lymphoid organs, to which protein antigens
are transported after being collected from their portal of
entry (Fig. 6-5). The common routes through which
foreign antigens, such as microbes, enter a host are the
skin and the epithelia of the gastrointestinal and respiratory systems. In addition, microbial antigens may be
produced in any tissue that has been infected. The skin,
mucosal epithelia, and parenchymal organs contain
numerous lymphatic capillaries that drain lymph from
these sites and into the regional lymph nodes. The
lymph contains a sampling of all the soluble and cellassociated antigens present in these tissues. Lymph
nodes that are interposed along lymphatic vessels act as
filters that sample the lymph at numerous points before
it reaches the blood (see Fig. 3-8, Chapter 3). Antigens
that enter the blood stream may be similarly sampled by
the spleen.
Dendritic cells that are resident in epithelia and
tissues capture protein antigens and transport the antigens to draining lymph nodes (Fig. 6-6). Resting (immature) dendritic cells express membrane receptors that
bind microbes, such as mannose receptors (see Chapter
2). Dendritic cells use these receptors to capture and
endocytose microbial antigens, and begin to process the
proteins into peptides capable of binding to MHC molecules. Dendritic cells also express Toll-like receptors
that recognize microbial molecules and activate the
cells to secrete cytokines and start their process of
maturation.
Dendritic cells that are activated by
microbes and by locally produced cytokines, such as

phenotype may be transient, and the cells rapidly mature
upon isolation, it has proved difficult to use purified
DCs to define the key features that mark the immature
state, or that correlate with the tolerogenic potential
of DCs. Instead, approaches have been developed
to study the function of DCs in situ, by selectively targeting antigens to the cells either in the steady state or
following administration of a maturation stimulus (see
Chapter 11).

Skin

I

Respiratory tract

Gastrointestinal

;] CI

.
Antigen that
enters blood

stream
Connective tissue
To circulation
and spleen
Spleen

Lymph node
captures antigen
from epithelium
and connective tissue

Blood-borne
antigens are
captured by antigen
presenting cells
in the spleen

FIGURE 6-5 Routes of antigen entry. Microbial antigens commonly enter through the skin and gastrointestinal and respiratory
tracts, where they are captured by dendritic cells and transported
to regional lymph nodes. Antigens that enter the blood stream are
captured by antigen-presenting cells in the spleen.
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FIGURE 6-6 Role of dendritic cells in antigen capture and presentation. Immature dendritic cells in the skin (Langerhans cells) or dermis
(dermal DCs) capture antigens that enter through the epidermis and transport the antigens to regional lymph nodes. During this migration,
the dendritic cells mature and become efficient antigen-presenting cells. The table summarizes some of the changes during dendritic cell
maturation that are important in the functions of these cells.

tumor necrosis factor, lose their adhesiveness for epithelia and begin to express a chemokine receptor called
CCR7 that is specific for chemokines produced in the T
cell zones of lymph nodes. The chemokines attract the
dendritic cells bearing microbial antigens into the T cell
zones of the regional lymph nodes. (Recall that in
Chapter 3 we mentioned that naive T cells also express
CCR7, and this is why naive T cells migrate to the same
regions oflymph nodes where antigen-bearing dendritic
cells are concentrated.) Maturation also converts the
dendritic cells from cells whose function is to capture
antigen into cells that are able to display antigens to
naive T cells and activate the lymphocytes. Mature dendritic cells express high levels of class II MHC molecules
with bound pep tides as well as costimulators required
for T cell activation. This process of maturation can be
reproduced in vitro by culturing bone marrow-derived
immature dendritic cells with cytokines (such as tumor
necrosis factor and granulocyte-macrophage
colonystimulating factor) and microbial products (such as
endotoxin). Thus, by the time these cells become resident in lymph nodes, they have developed into potent
APCs with the ability to activate T lymphocytes. Naive T
cells that recirculate through lymph nodes encounter
these APCs. T cells that are specific for the displayed

peptide-MHC complexes are activated, and an immune
response is initiated.
Several properties of dendritic cells make them the
most effective APCs for initiating primary T cell
responses. First, dendritic cells are strategically located
at the common sites of entry of microbes and foreign
antigens and in tissues that may be colonized by
microbes. Second, dendritic cells express receptors that
enable them to capture microbes and respond to
microbes. Third, these cells migrate preferentially to the
T cell zones of lymph nodes, through which naive T
lymphocytes circulate, searching for foreign antigens.
Fourth, mature dendritic cells express high levels of
co stimulators, which are needed to activate naive T
lymphocytes.
Antigens may also be transported to lymph nodes in
soluble form. When lymph enters a lymph node through
an afferent lymphatic vessel, it percolates through the
node. Here, the lymph-borne soluble antigens can be
extracted from the fluid by resident dendritic cells and
macrophages. B cells in the node may also recognize
and internalize
soluble antigens. Dendritic cells,
macro phages, and B cells that have taken up protein
antigens can then process and present these antigens to
naive T cells and to effector T cells that have been gen-
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erated by previous antigen stimulation. Thus, APC populations in lymph nodes accumulate and concentrate
antigens and display them in a form that can be recognized by antigen-specific CD4+T lymphocytes.
The collection and concentration of foreign antigens
in lymph nodes are supplemented
by two other
anatomic adaptations that serve similar functions. First,
the mucosal surfaces of the gastrointestinal and respiratory systems, in addition to being drained by lymphatic
capillaries, contain specialized collections of secondary
lymphoid tissue that can directly sample the luminal
contents of these organs for the presence of antigenic
material. The best characterized of these mucosallymphoid organs are Peyer's patches of the ileum and the
pharyngeal tonsils. Second, the blood stream is monitored by APCs in the spleen for any antigens that reach
the circulation. Such antigens may reach the blood
either directly from the tissues or by way of the lymph
from the thoracic duct.
Dendritic cells can ingest infected or tumor cells and
present antigens from these cells to CDW T lymphocytes.
Dendritic cells are the best APCs for inducing the
primary responses of CD8+ T cells, but this poses a
special problem because the antigens these lymphocytes recognize may be produced in any cell type, such
as a virus-infected or tumor cell. Dendritic cells have the
special ability to ingest virus-infected or tumor cells and
present antigens from these cells on class I MHC molecules. This pathway of antigen presentation is contrary
to the usual rule that antigens ingested into vesicles are
displayed on class II MHC molecules, whereas class I
MHC-associated peptides are derived from cytosolic
proteins (discussed later). This process is called crosspresentation, or cross-priming, to indicate that one cell
type (the dendritic cell) can present antigens from
another cell (the virus-infected or tumor cell) and prime,
or activate, T cells specific for these antigens. We will
discuss the role of cross-presentation in the induction of
CTL responses in Chapter 9.
B lymphocytes recognize soluble antigens as well as
antigens displayed by dendritic cells. A specialized cell
type called follicular dendritic cells, which are quite distinct from the dendritic cells mentioned earlier, present
antigens to previously activated B lymphocytes in germinal centers (see Chapter 10).

Antigen
Effector

Presentation
to Differentiated
T Lymphocytes

In cell-mediated
immune
respollSes, macrophages
present the antigellS of phagocytosed microbes to effector T cells, which activate the macrophages to kill the
microbes. This process is the central reaction of cellmediated immunity and delayed type hypersensitivity
(see Chapter 13). Circulating monocytes are able to
migrate to any site of infection and inflammation, where
they differentiate into macro phages and phagocytose
and destroy microbes. CD4+ T cells enhance the microbicidal activities of these macrophages. Most macrophages express low levels of class II MHC molecules and

costimulators, and higher levels are induced by the
cytokine interferon-y (lFN-y). This is a mechanism by
which IFN-y enhances antigen presentation and T cell
activation (see Chapter 5, Fig. 5-10).
In humoral immune
respollSes, B lymphocytes
internalize soluble protein antigens and present
processed pep tides derived from these proteillS to helper
T cells. The antigen-presenting
function of B cells is
essential for helper T cell-dependent antibody production, a process that occurs mainly in lymphoid organs
(see Chapter 10).
All nucleated cells can present class I MHCassociated peptides, derived from cytosolic protein
antigellS, to CDW cytotoxic T lymphocytes because all
nucleated cells express class I MHC molecules. Most
foreign protein antigens that are present in the cytosol
are endogenously synthesized, such as viral proteins in
virus-infected cells and mutated proteins in tumor cells.
All nucleated cells are susceptible to viral infections and
cancer-causing mutations. Therefore, it is important
that the immune system be able to recognize cytosolic
antigens harbored in any cell type. Differentiated CD8+
CTLs are able to recognize class I-associated peptides
and to kill any antigen-expressing cell. The ubiquitous
expression of class I molecules allows class I-restricted
CTLs to recognize and eliminate any type of virusinfected or tumor cell. Phagocytosed microbes may also
be recognized by CD8+ CTLs because some of these
microbes or their antigens may escape from phagocytic
vesicles into the cytosol.
Vascular endothelial cells in humans express class II
MHC molecules and may present antigens to blood T
cells that have become adherent to the vessel wall. This
may contribute to the recruitment and activation of T
cells in cell-mediated immune reactions (see Chapter
13). Endothelial cells in grafts are also targets of T cells
reacting against graft antigens (see Chapter 16). Various
epithelial and mesenchymal cells may express class II
MHC molecules in response to IFN-y. The physiologic
significance of antigen presentation by these cell populations is unclear. Because they generally do not express
co stimulators, it is unlikely that they play an important
role in mostT cell responses. Thymic epithelial cells constitutively express class II MHC molecules and playa
critical role in presenting peptide-MHC complexes to
maturing T cells in the thymus as part of the selection
processes that shape the repertoire ofT cell specificities
(see Chapter 8).

CELL

BIOLOGY

OF ANTIGEN

PROCESSING

The pathways of antigen processing convert protein
antigellS derived from the extracellular space or the
cytosol into peptides and load these pep tides onto MHC
molecules for display to T lymphocytes (Fig. 6-7). Our
understanding of the cell biology of antigen processing
has increased greatly since the 1980s with the discovery
and characterization of the molecules and organelles
that generate peptides from intact proteins and promote
the assembly and peptide loading of MHC molecules.
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The pathways
of antigen
processing
and presentation
use subcellular
organelles
and enzymes
that have generalized
protein
degradation
and recycling
functions
that are not exclusively
used for antigen display to the
immune
system. In other words, both class I and class II
MHC antigen
presentation
pathways
have evolved
as
adaptations
of basic cellular
functions.
The cellular
mechanisms
of antigen processing
are designed to generate peptides
that have the structural
characteristics
required
for associating
with MHC molecules
and to
place these peptides
in the same cellular location
as the
appropriate
MHC molecules
with available
peptidebinding
clefts.
Peptide
binding
to MHC
molecules
occurs before cell surface expression
and is an integral
component
of the biosynthesis
and assembly
of MHC
molecules.
In fact, peptide association
is required for the
stable assembly
and surface expression
of both class I
and class II MHC molecules.
Protein antigens present in acidic vesicular compartments of APCs generate class /I-associated
pep tides,
whereas antigens present in the cytosol generate class
I-associated pep tides. The different fates of vesicular
and cytosolic
antigens
are due to the segregated
pathways of biosynthesis
and assembly of class I and class II
MHC molecules
(see Fig. 6-7 and Table 6-3).

o This fundamental

Peptide-MHC
association

of

tation.

In the class
II MHC
pathway (top panel), extracellular
protein antigens are endocytosed
into vesicles, where the antigens
are processed
and the peptides
bind to class II MHC molecules. In
the class I MHC pathway (bottom
panel), protein antigens
in the
cytosol are processed
by proteasomes, and peptides
are transported into the ER, where they
bind to class I MHC molecules.
Details of these processing
pathways are in Figures 6-9 and 6-13.

PROCESSING AND PRESENTATION TO T LYMPHOCYTES

difference between vesicular and
cytosolic antigens has been demonstrated
experimentally by analyzing the presentation
of the same
antigen introduced into APCs in different ways (Fig.
6-8). If a globular protein is added in soluble form to
APCs and endocytosed into the vesicles of the APCs,
it is subsequently
presented as class II-associated
peptides and is recognized by antigen-specific
CD4+
T cells. In contrast, if the same protein antigen is pro-

in

Class I
MHC

~Class I
MHC pathway

duced in the cytoplasm of APCs as the product of a
transfected gene (modified so it cannot enter the
secretory pathway), or introduced directly into the
cytoplasm of the APCs by osmotic shock, it is presented in the form of class I-associated peptides that
are recognized by CD8+T cells.
The major comparative features of the class I and
class II MHC pathways of antigen presentation are summarized in Table 6-3. In the following sections, we
describe these pathways individually in more detail.
Processing
of Endocytosed
Antigens
Class II MHC-Associated
Presentation

for

The generation of class II MHC-associated peptides
from endocytosed antigens involves the proteolytic
degradation of internalized proteins in endocytic vesicles and the binding of pep tides to class II MHC molecules in these vesicles. This sequence of events is
illustrated in Figure 6-9, and the individual steps are
described here.
1. UPTAKE OF EXTRACELLULAR PROTEINS INTO
VESICULAR COMPARTMENTS OF APCs
Most class /I-associated peptides are derived from
protein antigens that are captured and internalized
into endosomes by specialized APCs. The initial steps in
the presentation of an extracellular protein antigen are
the binding of the native antigen to an APC and the
internalization of the antigen. Different APCs can bind
protein antigens in several ways and with varying efficiencies
and specificities.
Dendritic
cells and
macrophages express a variety of surface receptors that
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Table 6-3. Comparative

Features

of Class II and Class I MHC Pathways
and Presentation

Feature

Class

II MHC

Composition
of
stable peptide-MHC
complex

Polymorphic

Class

Pathway

exand

I MHC

Processing

pathway

Polymorphic
ex chain,
~2-microglobulin,
peptide

~chains,

peptide

- ---1

[ePtide,

--]

[ePtid~

of Antigen

~1\,-mi~c09'?bUIi~

Types

of APCs

Responsive

Source

T cells

of protein

antigens
Enzymes

responsible

for peptide

generation

Site of peptide

loading
Molecules
transport

of MHC
involved
in
of peptides

and loading
molecules

of MHC

Dendritic cells, mononuclear
phagocytes,
B lymphocytes;
endothelial cells, thymic
epithelium

All nucleated

cells

CD4+ T cells

CD8+ T cells

Endosomal/lysosomal
proteins (mostly internalized
from extracellular
environment)

Cytosolic proteins (mostly
synthesized
in the cell; may
enter cytosol from phagosomes)

Endosomal and lysosomal
proteases (e.g., cathepsins)

Cytosolic

Specialized vesicular
compartment

Endoplasmic

reticulum

Chaperones in ER; invariant

Chaperones,

TAP in ER

proteasome

chain in ER, Golgi and
MIIC/CIIV; OM

Abbreviations:
APC, antigen-presenting
cell; CIIV, class \I vesicle; ER, endoplasmic
reticulum; MHC, major histocompatibility
complex; MIIG, MHC class \I compartment;
transporter
associated
with antigen processing

recognize structures shared by many microbes (see
Chapter 2). Thus, these APCs bind and internalize
microbes efficiently. Macrophages also express receptors for the Fe portions of antibodies and receptors for
the complement protein C3b, which bind antigens with
attached antibodies or complement
proteins and
enhance their internalization. Another example of specific receptors on APCs is the surface immunoglobulin
on B cells, which, because of its high affinity for antigens,
can effectively mediate the internalization of proteins
present at very low concentrations in the extracellular
fluid (see Chapter 10).
After their internalization, protein antigens become
localized in intracellular membrane-bound
vesicles
called endosomes. Endosomes are vesicles with acidic
pH that contain proteolytic enzymes. The endosomal
pathway of intracellular protein traffic communicates
with Iysosomes, which are more dense membranebound enzyme-containing vesicles. A subset of class II
MHC-rich late endosomes plays a special role in antigen
processing and presentation by the class II pathway;
this is described below. Particulate microbes are internalized into vesicles called phagosomes, which may fuse
with Iysosomes, producing vesicles called phagolyso-

TAP,

somes or secondary lysosomes. Some microbes, such
as mycobacteria and Leishmania, may survive and
even replicate within phagosomes
or endosomes,
providing a persistent source of antigens in vesicular
compartments.
2. PROCESSING OF INTERNALIZED PROTEINS IN
ENDOSOMAL AND LYSOSOMALVESICLES
Internalized proteins are degraded enzymatically in
late endosomes and lysosomes to generate pep tides that
are able to bind to the peptide-binding clefts of class II
MHC molecules. The degradation of protein antigens in
vesicles is an active process mediated by pro teases that
have acidic pH optima.
o The processing of soluble proteins by macrophages
(and other APCs) is inhibited by rendering the APCs
metabolicaIly inert by chemical fixation or by increasing the pH of intracellular acid vesicles with agents
such as chloroquine (Fig. 6-10B).

o Several types of pro teases are present in endosomes
and lysosomes, and specific inhibitors of these
enzymes block the presentation of protein antigens
by APCs.

Chapter 6 -

PROCESSING AND PRESENTATION TO T LYMPHOCYTES

ANTIGEN

Antigen

@

Antigen
uptake
Endocytosis of
extracellular foreign
protein antigen

~

Class I MHC

+

Antigen
processing
Processed
peptide bound
class II MHC

to:

Class 11restricted
CD4+ helper
Tcells

Class 1restricted
CD8+ cytolytic
T cells

Yes

No

to

,

Ovalbumin

presentation

,

Class II MHC

@- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Endogenous

::~
~

synthesis

of

::Q:::::s::::~;n
@ _ _ ~:n:

Processed

Yes

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _,_ _ _ _ _ _ _ _ _

Artificial introduction

of foreign

protein antigen into cytoplasm

tj

No

Osmotic

.

Ovalbumin

Processed

peptide

bound

class I MHC

to
"-

'iI'-

No

shock

Yes

)
Antigen uptake
and release into

cytosol

FIGURE 6-8 Presentation of extracellular and cytosolic antigens. When a model protein ovalbumin is added as an extracellular antigen
to an antigen-presenting
cell that expresses both class I and class II MHC molecules, ovalbumin-derived
peptides are presented only in association with class II molecules (A). When ovalbumin is synthesized
intracellularly
as a result of transfection
of its gene modified to lack the
N-terminal signal sequences
(8), or when it is introduced
into the cytoplasm through membranes
made leaky by osmotic shock (C), ovalbumin-derived
peptides are presented
in association with class I MHC molecules. The measured response of class II-restricted
helper T
cells is cytokine secretion, and the measured response of class I-restricted
CTLs is killing of the antigen-presenting
cells.

o

The processed

forms

of most

protein

antigens

that T

cells recognize can be artificially generated by proteolysis in the test tube. APCs that are chemically fixed
or treated with chloroquine before they have
processed a protein antigen can effectively present
predigested peptide fragments of that antigen. but
not the intact protein. to specific T cells (Fig. 6-lOC).
Many different enzymes may participate in the degradation of protein antigens in the endosomes. The most
abundant pro teases of endosomes are cathepsins, which
are thiol and aspartyl pro teases with broad substrate
specificities. Cathepsins may play an important role in
generating pep tides for the class II pathway. Partially
degraded or cleaved proteins bind to the open-ended
clefts of class II MHC molecules and are then trimmed
enzymatically to their final size.
Most class II MHC-binding pep tides are derived from
proteins internalized from the extracellular milieu and
proteins from the secretory compartment that are normally degraded in Iysosomes. Less often, cytoplasmic
and membrane proteins may also enter the class II
pathway. In some cases, this may result from the enzymatic digestion of cytoplasmic contents, referred to as
autophagy. In this pathway, cytoplasmic proteins are
trapped within endoplasmic reticulum (ER)-derived

vesicles called autophagosomes; these vesicles fuse with
Iysosomes, and the cytoplasmic proteins are proteolytically degraded. The peptides generated by this route may
be delivered to the same class II-bearing vesicular compartment as are peptides derived from extracellular and
ingested antigens. Some pep tides that associate with
class II molecules are derived from membrane proteins.
which may be recycled into the same endocytic pathway
as extracellular proteins. Thus, even viruses, which replicate in the cytoplasm of infected cells. may produce
cytoplasmic and membrane proteins that are degraded
into peptides that enter the class II MHC pathway of
antigen presentation. This may be a mechanism for the
activation of viral antigen-specific CD4+ helper T cells.
3. BIOSYNTHESIS AND TRANSPORT OF CLASS II
MHC MOLECULES TO ENDOSOMES
Class II MHC molecules are synthesized in the ER and
transported to endosomes with an associated protein
called the invariant chain (IJ, which occupies the
peptide-binding clefts of the newly synthesized class II
molecules. The a and p chains of class II MHC molecules
are coordinately synthesized and associate with each
other in the ER. Nascent class II dimers are structurally
unstable, and their folding and assembly are aided by
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FIGURE 6-9 The class IIMHCpathway of antigen presentation. The numbered
to the stages described in the text. APC, antigen-presenting
cell.

ER-resident chaperones, such as calnexin. The nonpolymorphic Ii also associates with the class II MHC a~ heterodimers in the ER. The Ii is a trimer composed of three
30-kD subunits, each of which binds one newly synthesized class II a~ heterodimer in a way that interferes with
peptide

loading of the cleft formed by the a and

~chains

(Fig. 6-11). As a result, class II MHC molecules cannot
bind and present pep tides they encounter in the ER,
leaving such peptides to associate with class I molecules.
The Ii also promotes folding and assembly of class II
molecules and directs newly formed class II molecules
to the late endosomes and Iysosomes where internalized
proteins have been proteolytically degraded into peptides. Unlike vesicles containing proteins destined for
secretion or for the cell surface, vesicles containing class
II MHC molecules emerge from the Golgi complex and
are targeted to late endosomes and Iysosomes. During
their passage toward the cell surface, the exocytic vesicles transporting class II molecules out of the ER meet
and fuse with the endocytic vesicles containing internalized and processed antigens. The net result of this
sequence of events is that class II molecules enter the
vesicles that also contain peptides generated by proteolysis of endocytosed proteins.
Immunoelectron
microscopy and subcellular fractionation studies have defined a class II-rich subset of
late endosomes that plays an important role in antigen

presentation (Fig. 6-12). In macrophages and human B
cells, it is called the MHC class II compartment, or MIle.
(In some mouse B cells, a similar organelle containing

stages

in processing

of extracellular

antigens

correspond

class II molecules has been identified and named the
class II vesicle.) The MIIC has a characteristic multilamellar appearance by electron microscopy. Importantly, it contains all the components required for
peptide-class II association, including the enzymes that
degrade protein antigens, the class II molecules, the Ii (or
invariant chain-derived
peptides), and a molecule
called human leukocyte antigen OM (HLA-DM), whose
function is described below.
APCs from knockout mice lacking the Ii show defective presentation of some protein antigens but are still
able to present class II-associated peptides derived from
a wide variety of proteins. This result suggests that the
importance of the Ii may vary according to the antigen
being presented.
4. ASSOCIATION OF PROCESSED PEPTIDES WITH
CLASSII MHC MOLECULES IN VESICLES
Within the MIlC, the Ii dissociates from class II MHC
molecules by the combined action ofproteolytic enzymes
and the HLA-DM molecule, and antigenic pep tides are
then able to bind to the available peptide-binding clefts
of the class II molecules (see Fig. 6-11). Because the Ii
blocks access to the peptide-binding cleft of a class II
MHC molecule, it must be removed before complexes of
peptide and class II molecules can form. The same proteolytic enzymes, such as cathepsin S, that generate peptides from internalized proteins also act on the Ii,
degrading it and leaving only a 24-amino acid remnant
called class II-associated invariant chain peptide (CLIP).
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FIGURE
6-10
Antigen processing
requires time and cellular metabolism
and can be mimicked
by in vitro proteolysis.
If an antigenpresenting
cell (A PC) is allowed
to process
antigen
and is then chemically
fixed (rendered
metabolically
inert) 3 hours or more after antigen
internalization,
it is capable
of presenting
antigen
to T cells (A). Antigen
is not presented
if APCs are fixed less than 3 hours after antigen
uptake,
implying
that for this antigen
and APC population,
the minimum
time needed
for processing
of the antigen
is 3 hours (8). Fixed
APCs bind and present
proteolytic
fragments
of antigens
to specific
T cells (C). The artificial
proteolysis
therefore
mimics
physiologic
antigen
processing
by APCs. Effective
antigen
presentation
is assayed
by measuring
a T cell response,
such as cytokine
secreti0r1.
(Note that this
type of experiment
is done with populations
of antigen-specific
T cells, such as T cell hybridomas,
which respond
to processed
antigens
on
fixed APCs, but that normal T cells require
costimulators
that may be destroyed
by fixation.
Also, the time required
for antigen I processing

is 3 hours in this experiment,

but it may be different

with other antigens

X-ray crystallographic
analysis has shown that CLIPsits
in the peptide-binding cleft in the same way that other
peptides bind to class II MHC molecules. Therefore,
removal of CLIP is required before the cleft becomes
accessible to pep tides produced from extracellular proteins. This is accomplished by the action of a molecule

Synthesis of
class II MHC
in ER

Transport of
class II + Ii
to vesicle

and APCs.)

called HLA-DM (or H-2M in the mouse), which is
encoded within the MHC, has a structure similar to that
of class II MHC molecules, and co localizes with class II
molecules in the MIIC compartment. HLA-DM molecules differ from class II MHC molecules in several
respects: they are not polymorphic, they do not associ-

Binding of
processed peptides
to class II

Transport of class II Expression
peptide complex
on cell
to cell surface
surface

FIGURE 6-11 The functions
of class II MHC-associated
invariant chains and HLA-OM. Class II molecules with bound invariant chain, or
CLIP, are transported
into vesicles, where the CLIP is removed by the action of OM. Antigenic peptides generated in the vesicles are then
able to bind to the class II molecules.
Another class II-like protein, called HLA-OO, may regulate the OM-catalyzed
removal of CLIP. CIIV.
class II vesicle.
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whole proteins may bind and are then "trimmed" by proteolytic enzymes to the appropriate size for T cell recognition. As a result, the size of pep tides eluted from cell
surface class II MHC molecules is usually restricted to 10
to 30 amino acids. The peptides that are displayed by
class II MHC molecules are mostly generated by this
trimming step.
B lymphocytes, and perhaps other APCs, express
another nonpolymorphic
class II-like heterodimer
called HLA-OO. Much of the DO in the cell is found in
association with OM, suggesting that the DO molecule
may regulate the efficiency of antigen presentation or
the types of peptides that are generated in B cells.
However, DO is not required for antigen processing, and
its function remains poorly defined.
5. EXPRESSION OF PEPTIDE-CLASS II COMPLEXES
ON THE APC SURFACE

'
I

I

InMIlC
FIGURE 6-12 Morphology of class II MHC-rich endosomal vesicles. A, Immunoelectron micrograph of a B lymphocyte that has
internalized bovine serum albumin into early endosomes (labeled
with 5-nm gold particles, arrow! and contains class II MHC molecules (labeled with 1Q-nm gold particles) in MllCs (arrowheads), The
internalized albumin will reach the MIiCs ultimately, (From Kleijmeer
MJ, S Markowski, JM Griffith, AY Rudensky, and HJ Geuze, Major
histocompatibility complex class II compartments
in human and
mouse B Iymphoblasts represent conventional endocytic compartments, Reproduced from The Journal of Cell Biology 139:639-649,
1997, by copyright permission of The Rockefeller University Press.)
B, Immunoelectron micrograph of a B cell showing location of class
II MHC molecules and OM in MllCs (stars) and invariant chain concentrated in the Golgi (G) complex. In this example, there is virtually no invariant chain detected in the MIIC, presumably because it
has been cleaved to generate CLIP, (Courtesy of Drs. H, J, Geuze
and M, Kleijmeer, Department of Cell Biology, Utrecht University,
The Netherlands.)

ate with the I;, and they are not expressed on the cell
surface. HLA-OM acts as a peptide exchanger, facilitating the removal of CLIP and the addition of other peptides to class II MHC molecules.
o The critical role of HLA-OM is demonstrated by the
finding that mutant cell lines that lack OM, and
knockout mice that lack the homologous mouse
protein H-2M, are defective in presenting peptides
derived from extracellular proteins. When class II
MHC molecules are isolated from these OM-mutant
cell lines or from APCs from H-2M knockout mice,
they are found to have CLIP almost exclusively occupying their peptide-binding clefts, consistent with a
role for OM in removing CLIP.Transfection ofthe gene
encoding OM into these mutant cell lines restores
normal class II-associated antigen presentation.
Once CLIP is removed, peptides generated by proteolysis of internalized protein antigens are able to bind to
class II MHC molecules. The HLA-OM molecule may
accelerate the rate of peptide binding to class II molecules. Because the ends of the class II MHC peptidebinding cleft are open, large peptides or even unfolded

Class II MHC molecules are stabilized by the bound
pep tides, and the stable peptide-class II complexes are
delivered to the surface of the APC, where they are displayed for recognition by CDif' T cells. The requirement
for bound peptide to stabilize class II MHC molecules
ensures that only properly loaded peptide-MHC complexes will survive long enough to get displayed on the
cell surface. A similar phenomenon occurs in class I
MHC assembly. Once expressed on the APC surface, the
peptide-class II complexes are recognized by specific
C04+ T cells, with the C04 co receptor playing an essential role by binding to nonpolymorphic regions of the
class II molecule. The slow off-rate and therefore long
half-life ofpeptide-MHC complexes increase the chance
that a T cell specific for such a complex will make
contact, bind, and be activated by that complex. Interestingly, while peptide-loaded class II molecules traffic
from the late endosomes and lysosomes to the cell
surface, other molecules involved in antigen presentation, such as OM, stay in the vesicles and are not
expressed as membrane proteins. The mechanism of
this selective traffic is unknown.
Very small numbers of peptide-MHC complexes are
capable of activating specific T lymphocytes. Because
APCs continuously present peptides derived from all the
proteins they encounter, only a very small fraction of cell
surface peptide-MHC complexes will contain the same
peptide. Furthermore, most of the bound pep tides will
be derived from normal self proteins because there is no
mechanism to distinguish self proteins from foreign proteins in the process that generates the peptide-MHC
complexes. This is borne out by studies in which class II
MHC molecules are purified from APCs from normal
individuals and the bound peptides are eluted and
sequenced; it is seen that most of these peptides are
derived from self proteins.
The finding that MHC molecules are constantly displaying self pep tides raises two important questions that
were introduced in Chapter 5. First, how can a T cell recognize and be activated by any foreign antigen if normally all APCs are displaying mainly self peptide-MHC
complexes? The answer is that T cells are remarkably
sensitive and need to specifically recognize very few
peptide-MHC complexes to be activated. It has been
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estimated that as few as 100 complexes of a particular
peptide with a class II MHC molecule on the surface of
an APC can initiate a specific T cell response. This represents less than 0.1% of the total number of class II molecules likely to be present on the surface of the APC.
Thus, a newly introduced antigen may be processed into
peptides that load enough MHC molecules of APCs to
activate T cells specific for that antigen, even though
most of the MHC molecules are occupied with self peptides. In fact, the ability of APCs to internalize, process,
and present the heterogeneous mix of self proteins and
foreign proteins ensures that the immune system will
not miss transient or quantitatively small exposures to
foreign antigens. Antigen recognition by a T cell may also
trigger redistribution of MHC molecules on the APC
toward the T cell, thus setting up a positive feedback
loop that promotes recognition of the antigen.
Second, if individuals process their own proteins and
present them in association with their own class II MHC
molecules, why do we normally not develop immune
responses against self proteins? The answer is that self
peptide-MHC complexes are formed but do not induce
autoimmunity because T cells specific for such complexes are killed or inactivated. Therefore, T cells cannot
normally respond to self antigens (see Chapter 11).
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1. SOURCES OF CYfOSOLIC ANTIGENS
The pep tides that are presented bound to class I MHC
molecules are derived from cytosolic proteins, most of
which are endogenously synthesized in nucleated cells.
Foreign antigens in the cytosol may be the products of
viruses or other intracellular microbes that infect such
cells. In tumor cells, various mutated or overexpressed
genes may produce protein antigens that are recognized
by class I-restricted CTLs (see Chapter 17). Peptides that
are presented in association with class I molecules may
also be derived from microbes and other particulate
antigens that are internalized into phagosomes. Some
microbes are able to damage phagosome membranes
and create pores through which the microbes and their
antigens enter the cytosol. For instance, pathogenic
strains of Listeria monocytogenes produce a protein,
called listeriolysin, which enables bacteria to escape
from vesicles into the cytosol. (This escape is a mechanism that the bacteria have evolved to resist killing by
the microbicidal mechanisms of phagocytes, most of
which are limited to phagolysosomes.) Once the antigens of the phagocytosed microbes are in the cytosol,
they are processed like other cytosolic antigens.

The major mechanism for the generation of pep tides
from cytosolic protein antigens is proteolysis by the proteasome. The proteasome is a large multiprotein enzyme
complex with a broad range of proteolytic activity that is
found in the cytoplasm of most cells. A 700-kD form of
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sequence of events is illustrated in Figure 6-13, and the
individual steps are described next.
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2. PROTEOLYfIC DEGRADATION OF CYfOSOLIC
PROTEINS

Antigens
for
Presentation

Class I MHC-associated peptides are produced by the
proteolytic degradation of cytosolic proteins, the transport of the generated peptides into the ER, and their
binding to newly synthesized class I molecules. This
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proteasome appears as a cylinder composed of a stacked
array of two inner and two outer rings, each ring being
composed of seven subunits. Three of the seven subunits
are the catalytic sites for proteolysis. A larger, 1500-kD
proteasome is likely to be most important for generating
class I-binding peptides and is composed of the 700-kD
structure plus several additional subunits that regulate
proteolytic activity. Two catalytic subunits present in
many 1500-kD proteasomes, called LMP-2 and LMP-7,
are encoded by genes in the MHC, and are particularly
important for generating class I-binding peptides.
The proteasome performs a basic housekeeping
function in cells by degrading many damaged or
improperly folded proteins. These proteins are targeted
for proteasomal degradation by covalent linkage of
several copies of a small polypeptide called ubiquitin.
Ubiquitinated proteins are recognized by the proteasomal cap, and are then unfolded, the ubiquitin is
removed, and the proteins are "threaded" through proteasomes. The proteasome has broad substrate specificity and can generate a wide variety of peptides from
cytosolic proteins (but usually does not degrade proteins
completely into single amino acids). Interestingly, in
cells treated with the cytokine IFN-y, there is increased
transcription and synthesis of LMP-2 and LMP-7, and
these proteins replace two of the subunits of the proteasome. This results in a change in the substrate specificity
of the proteasome so that the pep tides produced are
6 to 30 residues long and usually contain carboxyterminal basic or hydrophobic amino acids. Both features are typical of peptides that are transported into
the class I pathway and that bind to class I molecules
(often after further trimming). This is one mechanism by
which IFN-y enhances antigen presentation, another
mechanism being increased expression of MHC molecules (see Fig. 5-10, Chapter 5). Thus, proteasomes are
excellent examples of organelles whose basic cellular
function has been adapted for a specialized role in
antigen presentation.
Many lines of evidence have conclusively established
that proteasomal degradation of cytosolic proteins is
required for entry into the class I antigen-processing
pathway.
o Specific inhibitors of proteasomal function block
presentation of a cytoplasmic protein to class 1MHCrestricted T cells specific for a peptide epitope of that
protein. However, if the peptide that is recognized by
the CTLs is synthesized directly in the cytoplasm of a
cell as the product of a transfected minigene, the
peptide is presented and the cell can be killed by the
CTLs. In this situation, presentation of the peptide is
not blocked by inhibitors of proteasomal enzymes,
indicating that once antigens are converted to cytosolic peptides, they no longer need proteasomal
degradation.
o In some cell lines, inhibition of ubiquitination also
inhibits the presentation of cytoplasmic proteins to
class I MHC-restricted T cells specific for a peptide
epitope of that protein. Conversely. modification of
proteins by attachment of an N-terminal sequence

that is recognized by ubiquitin-conjugating enzymes
leads to enhanced ubiquitination and more rapid
class I MHC-associated presentation of peptides
derived from those proteins.

o

Mice in which the genes encoding selected subunits
of proteasomes (LMP-2 or LMP-7) are deleted show
defects in the generation of CTLs against some
viruses, presumably because of defective class I-associated presentation of viral antigens.

Thus, the proteolytic mechanisms that generate antigenic pep tides that bind to class I MHC molecules are
different from the mechanisms described earlier for
peptide-class II MHC molecule associations. This is also
evident from the observation that agents that raise
endosomal and lysosomal pH, or directly inhibit endosomal proteases, block class II-restricted but not class
I-restricted antigen presentation, whereas inhibitors of
ubiquitination or proteasomes selectively block class
I-restricted antigen presentation.
Some protein antigens apparently do not require
ubiquitination
or proteasomes
to be presented
by the class I MHC pathway. This may be because other,
less well-defined mechanisms of cytoplasmic proteolysis exist. Some newly synthesized proteins are degraded
in the ER. For example, the signal sequences of membrane and secreted proteins are usually cleaved by signal
peptidase and degraded proteolytic ally soon after synthesis and translocation into the ER. This ER processing
generates class I-binding peptides without a need for
proteolysis in the cytosol.
3. TRANSPORT OF PEPTIDES FROM THE CYTOSOL
TO THE ER
Peptides generated in the cytosol are translocated by
a specialized transporter into the ER, where newly synthesized class I MHC molecules are available to bind the
pep tides. Because antigenic peptides for the class I
pathway are generated in the cytosol, but class I MHC
molecules are synthesized in the ER, a mechanism must
exist for delivery of cytosolic pep tides into the ER. The
initial insights into this mechanism came from studies
of cell lines that are defective in assembling and displaying peptide-class I MHC complexes on their surfaces. The mutations responsible for this defect turned
out to involve two genes located within the MHC that are
homologous to the ABC transporter family of genes,
which encode proteins that mediate adenosine triphosphate (ATP)-dependent transport of low molecular
weight compounds across cellular membranes. The
genes in the MHC that belong to this family encode the
two chains of a heterodimer called the transporter associated with antigen processing (TAP). (Interestingly, the
TAP1 and TAP2 genes are next to the genes encoding
LMP-2 and LMP-7 in the MHC, and the synthesis of the
TAP protein is also stimulated by IFN -y.)The TAP protein
is located in the ER membrane. where it mediates the
active, ATP-dependent transport of peptides from the
cytosol into the ER lumen (Fig. 6-14). Although the TAP
heterodimer has a broad range of specificities. it optimally transports peptides ranging from 6 to 30 amino
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FIGURE 6-14 Role of TAP in class
I MHC-associated antigen presentation. In a cell line lacking functional
TAP, class I molecules are not efficiently loaded with peptides and are
degraded, mostly in the ER. When a
functional TAP gene is transfected
into the cell line, normal assembly and
expression
of peptide-associated
class I MHC molecules are restored.
Note that the TAP dimer may be
attached to class I molecules by a
linker protein called tapasin, which is
not shown in this and other
illustrations.
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acids long and containing carboxyl termini that are basic
(in humans) or hydrophobic (in humans and mice). As
mentioned before, these are the properties of peptides
that are generated in the proteasome and are able to
bind to MHC molecules.
o TAP-deficient cell lines, and mice in which the TAP1
gene is deleted, show defects in class I MHC surface
expression and cannot effectively present class
I-associated antigens to T cells. The class I MHC molecules that do get expressed on the surface of TAPdeficient cells have bound peptides that are mostly
derived from signal sequences of proteins destined
for secretion or membrane expression. As mentioned
before, these signal sequences may be degraded to
peptides within the ER, without a requirement for
TAP.
o Rare examples of human TAP1 and TAP2 gene mutations have been identified, and the patients carrying
these mutant genes also show defective class I MHCassociated antigen presentation and increased susceptibility to infections with some bacteria.
On the luminal side of the ER membrane, the TAP
protein is noncovalently attached to newly synthesized
class I MHC molecules by a linker protein called tapasin.
Thus, the class I molecule is strategically located at the
site where it can receive peptides.
4. ASSEMBLY OF PEPTIDE-CLASS I MHC COMPLEXES IN THE ER
Pep tides translocated into the ER bind to class I MHC
molecules that are attached to the TAP dimer. The synthesis and assembly of class I molecules involve a multistep process in which peptide binding plays a key role.
Class I a chains and Prmicroglobulin are synthesized in
the ER. Appropriate folding of the nascent a chains is
assisted by various ER chaperone proteins, such as calnexin and calreticulin. Within the ER, the newly formed

TAP-expressing
cell:
normal antigen
presentation
and
class I MHC expression

Transfection
of TAP
genes

"empty" class I dimers remain attached to the TAP
complex by tapasin. After a peptide enters the ER via TAp,
it is often trimmed to the appropriate size for MHC
binding by the ER-resident aminopeptidase, ERAP.The
peptide is then able to bind to the cleft of the adjacent
class I molecule, after which the peptide-class I complex
is released from tapasin, and it is able to exit the ER and
be transported to the cell surface. In the absence of
bound peptide, many of the newly formed a chain-pzmicroglobulin dimers are unstable, cannot be transported out of the ER efficiently, and are presumably
degraded in the ER (see Fig. 6-14).
Peptides transported into the ER preferentially
bind to class I, but not class II, MHC molecules, for
two reasons. First, newly synthesized class I molecules
are attached to the luminal aspect of the TAP complex,
ready to receive peptides. Second, as mentioned
previously, in the ER the peptide-binding clefts of newly
synthesized class II molecules are blocked by the
associated

Ii'

5. SURFACE EXPRESSION OF PEPTIDE-CLASS I
MHC COMPLEXES
Class I MHC molecules with bound peptides are
structurally stable and are expressed on the cell surface.
Stable peptide-class I MHC complexes that were produced in the ER move through the Golgi complex and
are transported to the cell surface by exocytic vesicles.
Once expressed on the cell surface, the peptide-class I
complexes may be recognized by peptide antigen-specific CD8+ T cells, with the CD8 coreceptor playing an
essential role by binding to nonpolymorphic regions of
the class I molecule. In later chapters, we will return to
a discussion of the role of class I-restricted CTLs in protective immunity. Several viruses have evolved mechanisms that interfere with class I assembly and peptide
loading, emphasizing the importance of this pathway for
antiviral immunity (see Chapter 15).
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So far, we have discussed the specificity of CD4+ and
CD~+T lymphocytes for MHC-associated foreign protein
antl~ens and the mechanisms by which complexes of
peptldes and MHC molecules are produced. In this
section, we consider the importance of MHC-associated
antigen presentation in the role that T cells play in protective immunity, the nature of T cell responses to different antigens, and the types of antigens that T cells
recognize.
T Cell Surveillance

for Foreign

Antigens

The class I and class II pathways of antigen presentation
sample available proteins for display to T cells. Most of
these proteins are self proteins. Foreign proteins are
relatively rare; these may be derived from infectious
microbes, other foreign antigens that are introduced
into ~he body, and tumors. T cells survey all the displayed
peptldes for the presence of these rare foreign peptides
a.nd respond t~ the foreign antigens (Fig. 6-15). Self peptIdes do not stImulate T cell responses, either because T
cells with receptors for these peptides were deleted
during their maturation in the thymus or the cells have
been rendered inactive by recognition of the self antigens (see Chapter 11). MHC molecules sample both the
extracellular space and the cytosol of nucleated cells,
and this is important because microbes may reside in
both locations. Even though peptides derived from
foreign (e.g., microbial) antigens may not be abundant,
these foreign antigens are recognized by the immune
system because of the exquisite sensitivity ofT cells. In
addition, infectious microbes stimulate the expression
of costimulators on APCs that enhance T cell responses,
thus ensuring that T cells will be activated when
microbes are present.

Nature

FIGURE 6-15 T cells survey
antigen-presenting cells (APCs) for
foreign peptides. APCs present self
peptides and foreign peptides associated with MHC molecules, and T
cells respond to the foreign peptides. In response to infections,
APCs also express costimulators
(not shown) that activate T cells specific for the microbial antigens. The
figure shows that T cells specific for
self antigens are not present; some
self-reactive T cells may be present,
but these are incapable of responding to the self antigens (see Chapter
11).

of T Cell Responses

The expression and functions of MHC molecules determine how T cells respond to different types of antigens
and mediate their effector functions.
.

The presentation of vesicular versus cytosolic proteins by the class II or class I MHC pathways, respectively, determines which subsets ofT cells will respond
to antigens found in these two pools of proteins (Fig.
6-16). Extracellular antigens usually end up in endosomal vesicles and activate class II-restricted CD4+T
cells because vesicular proteins are processed into
class II-binding peptides. CD4+ T cells function as
helpers to stimulate effector mechanisms, such as
antibodies and phagocytes, which serve to eliminate
extr~cellular. antigens. Conversely, endogenously synthesIzed antIgens are present in the cytoplasmic pool
of proteins. where they are inaccessible to antibodies
and phagocytes. These cytosolic antigens enter the
pathway for loading class I molecules and activate
class I-restricted CD8+ CTLs, which kill the cells producing the intracellular antigens. The expression of
class I molecules in all nucleated cells ensures that
pept~des from virtually any intracellular protein may
be dIsplayed for recognition by CD8+ T cells. Thus,
antigens from microbes that reside in different cellular locations selectively stimulate the T cell responses
that are most effective at eliminating that type of
microbe. This is especially important because the
antigen receptors of helper T cells and CTLs cannot
distinguish between extracellular and intracellular
microbes. By segregating peptides derived from these
types of microbes, the MHC molecules guide these
subsets ofT cells to respond to the microbes that each
subset can best combat.

. The unique specificityofT

cells for cell-bound antige~ is essential for the functions of T lymphocytes,
which are largely mediated by interactions requiring
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FIGURE 6-16 Presentation of
extracellular and cytosolic antigens to different subsets of T
cells. A. Extracellular antigens are
presented by macrophages or B
lymphocytes to CD4' helper T
lymphocytes. which activate the
macrophages or B cells and eliminate the extracellular antigens.
B. Cytosolic antigens are presented by nucleated cells to CDB'
CTLs. which
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direct cell-cell contact and by cytokines that act at
lymphocytes but also are the targets ofT cell effector
functions (see Fig. 6-16). For instance, macro phages
with phagocytosed microbes present microbial antigens to C04' T cells, and the T cells respond by activating the macrophages to destroy the microbes. B
lymphocytes that have specifically bound and endocytosed a protein antigen present peptides derived
from that antigen to helper T cells, and the T cells then
stimulate the B lymphocytes to produce antibodies
against the protein. B lymphocytes and macrophages
are two of the principal cell types that express class II
MHC genes, function as APCs for C04+ helper T cells,
and focus helper T cell effects to their immediate
vicinity. Similarly, the presentation of class I-associated pep tides allows COB' CTLs to detect and respond
to antigens produced in any nucleated cell and to
destroy these cells. We will return to a fuller discussion of these interactions of T cells with APCs when
we discuss the effector functions of T cells in later
chapters.

of Protein

..'

cystolic antigen to cytotoxic T lymphocytes

short distances. APCs not only present antigens to T

Immunogenicity

~~~

-

.

Antlg,e:n- ,l
specific ~Ext!acellular
B cell
antigen

Antigens

MHC molecules determine the immunogenicity of
protein antigens in two related ways.
. The epitopes of complex proteins that elicit the
strongest T cell responses are the pep tides that are

)

~~
--

I

COB' cytotoxic
T lymphocyte

0

o -..".
~

~

..

0

Killing of
antigen-expressing
target cell

generated by proteolysis in APCs and bind most
avidly to MHC molecules. If an individual is immunized with a multideterminant
protein antigen, in
many instances the majority of the responding T cells
are specific for one or a few linear amino acid
sequences of the antigen. These are called the
immunodominant
epitopes or determinants. The
proteases involved in antigen processing produce a
variety of peptides from natural proteins, and only
some of these peptides possess the characteristics
that enable them to bind to the MHC molecules
present in each individual (Fig. 6-17).
o In H-2k mice immunized with the antigen hen egg
lysozyme (HEL), a large proportion of the HEL-specific T cells are specific for one epitope formed by
residues 52 to 62 of HEL in association with the I-Ak
class II molecule. This is because the HEL(52-62)
peptide binds to I-Ak better than do other HEL peptides. In vitro, if I-Ak-expressing APCs are incubated
with HEL, up to 20% of the I-Ak molecules may get
loaded with this one peptide. Thus, the HEL(52-62)
peptide is the immunodominant
epitope of HEL in H-

mice. This approach has been used to identify
immunodominant epitopes of many other protein
antigens. In inbred mice infected with a virus, such as
the lymphocytic choriomeningitis virus, the virusspecific T cells that are activated may be specific for
as few as two or three viral peptides recognized in
association with one of the inherited class I alleles.
2k
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FIGURE 6-17 Immunodominance of peptides. Protein antigens are processed to generate multiple peptides; immunodominant
peptides
are the ones that bind best to the available class I and class II MHC molecules. The illustration shows an extracellular
antigen generating a
class II-binding peptide, but this also applies to peptides of cytosolic antigens that are presented by class I MHC molecules. APC, antigenpresenting cell.

Similarly, in humans infected with the human
immunodeficiency virus, individual patients contain
T cells that recognize a small number of viral epitopes. This phenomenon has been seen with many
viruses and intracellular bacteria. These results imply
that even complex microbes produce very few peptides capable of binding to anyone allelic MHC molecule.
It is important to define the structural basis of
immunodominance because this may permit the efficient manipulation of the immune system with synthetic
peptides. An application of such knowledge is the design
of vaccines. For example, a viral protein could be analyzed for the presence of amino acid sequences that
would form typical immunodominant epitopes capable
of binding to MHC molecules with high affinity. Synthetic pep tides containing these epitopes may be effective vaccines for eliciting T cell responses against the
viral peptide expressed on an infected cell. Conversely,
some individuals do not respond to vaccines (such as
hepatitis B virus surface antigen vaccine) presumably
because their HLA molecules cannot bind and display
the major peptides of the antigen.
. The expression of particular class II MHC alleles in an
individual determines the ability of that individual to
respond to particular antigens. The phenomenon of
genetically controlled immune responsiveness was
introduced in Chapter 5. We now know that the
immune response (lr) genes that control antibody
responses are the class II MHC structural genes. They
influence immune responsiveness because various
allelic class II MHC molecules differ in their ability to
bind different antigenic peptides and therefore to
stimulate specific helper T cells.
o H-2k mice are responders to HEL(52-62), but H_2d
mice are nonresponders to this epitope. Equilibrium
dialysis experiments have shown that HEL(52-62)
binds to I-Akbut not to I-Admolecules. X-ray crystallographic analysis of peptide-MHC complexes shows

that the HEL(52-62) peptide binds tightly to the
peptide-binding cleft of the I-Ak molecule (see
Chapter 5, Fig. 5-8C). Modeling studies indicate that
the HEL(52-62) peptide cannot bind tightly to the
cleft of the I-Admolecule (which has different amino
acids in the binding cleft than does I-Ak). This
explains why the H-2d mouse is a nonresponder to
this peptide. Similar results have been obtained with
numerous other pep tides.
These concepts of immunodominance
and genetically controlled immune responsiveness
are based
largely on studies with simple peptide antigens and
inbred homozygous strains of mice because in these
cases, limited numbers of epitopes are presented by few
MHC molecules, making the analyses simple. However,
the same principles are also relevant to the understanding of responses to complex multideterminant
protein
antigens in outbred species. It is likely that most individuals will express at least one MHC molecule capable
of binding at least one determinant
of a complex
protein, so that all individuals will be responders to such
complex antigens. As we mentioned in Chapter 5, the
need for every species to produce MHC molecules
capable of binding many different peptides may be
the evolutionary
pressure for maintaining
MHC
polymorphism.

PRESENTATION OF LIPID ANTIGENS

CD1

BY

MOLECULES

An exception to the rule that T cells can see only
peptides is the recognition of lipid and glycolipid antigens by a numerically rare population of T cells called
NK-T cells. These lymphocytes have many unusual
properties, including the expression of markers that are
characteristic of both T cells and NK cells, and the
limited diversity of their antigen receptors (see Chapter
8). NK-T cells recognize lipids and glycolipids displayed
by the class I-like "non-classical" MHC molecule called
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CD I. There are several CD 1 proteins expressed in
humans and mice. Although their intracellular traffic
pathways differ in subtle ways, all the CDI molecules
bind and display lipids by a unique pathway. Newly synthesized CD 1 molecules pick up cellular lipids and carry
these to the cell surface. From here, the CD I-lipid complexes are endocytosed into endosomes or lysosomes,
where lipids that have been ingested from the external
environment are captured and the new CD I-lipid complexes are returned to the cell surface. Thus, CD 1 molecules acquired endocytosed
lipid antigens during
recycling and present these antigens without apparent
processing. The NK-T cells that recognize the lipid
antigens may playa role in defense against microbes,
especially mycobacteria
(which are rich in lipid
components).

. Ttidescellsdisplayed
recognize antigens only in the form of pepby the products of self MHC genes
on the surface of APCs. CD4+helper T lymphocytes
recognize antigens in association with class II
MHC gene products (class II MHC-restricted
recognition), and CD8+ CTLs recognize antigens
in association with class I gene products (class I
MHC-restricted recognition).

. Specialized APCs, such

as dendritic

cells,

macrophages, and B lymphocytes, capture extracellular protein antigens, internalize and process
them, and display class II-associated pep tides to
CD4+ T cells. Dendritic cells are the most efficient
APCs for initiating primary responses by activating
naive T cells, and macrophages and B lymphocytes
present antigens to differentiated helper T cells in
the effector phase of cell-mediated immunity and
in humoral immune responses, respectively. All
nucleated cells can present class I-associated peptides, derived from cytosolic proteins such as viral
and tumor antigens, to CD8+T cells.
. Antigen processing is the conversion of native proteins into MHC-associated peptides. This process
consists of the introduction of exogenous protein
antigens into vesicles of APCs or the synthesis of
antigens in the cytosol, the proteolytic degradation
of these proteins into peptides, the binding of peptides to MHC molecules, and the display of the
peptide-MHC complexes on the APC surface for
recognition byT cells. Thus, both extracellular and
intracellular
proteins are sampled by these
antigen-processing
pathways,
and peptides
derived from both normal self proteins and foreign
proteins are displayed by MHC molecules for surveillance by T lymphocytes.

. For class II-associated antigen presentation,
extracellular

proteins are internalized

into endo-

,

somes, where these proteins are proteolytically
cleaved by enzymes that function at acidic pH.
Newly synthesized
class II MHC molecules
associated with the Ii are transported from the
ER to the endosomal vesicles. Here the Ii is proteolytically cleaved, and a small peptide remnant
of the Iii called CLIp, is removed from the
peptide-binding
cleft of the MHC molecule by
the DM molecules. The peptides that were generated from extracellular proteins then bind to the
available cleft of the class II MHC molecule, and
the trimeric complex (class II MHC exand p chains
and peptide) moves to and is displayed on the
surface of the cell.
.

SUMMARY

PROCESSING ANO PRESENTATION TO T LYMPHOCYTES

For class I-associated antigen presentation, cytosolie proteins are proteolytically degraded in the
proteasome, generating peptides with features
that enable them to bind to class I molecules.
These peptides are delivered from the cytoplasm to
the ER by an ATP-dependent transporter called
TAP.Newly synthesized class I MHC-pz-microglobulin dimers in the ER are attached to the
TAP complex and receive peptides transported
into the ER. Stable complexes of class I MHC
molecules with bound peptides move out of
the ER, through the Golgi complex, to the cell
surface.

. These pathways of MHC-restricted antigen presentation ensure that most of the body's cells are
screened for the possible presence of foreign antigens. The pathways also ensure that proteins from
extracellular microbes preferentially generate peptides bound to class II MHC molecules for recognition by CD4+ helper T cells, which activate
effector mechanisms that eliminate extracellular
antigens. Conversely, proteins synthesized by
intracellular (cytosolic) microbes generate peptides bound to class I MHC molecules for recognition by CD8+ CTLs, which function to eliminate
cells harboring intracellular infections. The immunogenicity of foreign protein antigens depends on
the ability of antigen-processing pathways to generate peptides from these proteins that bind to self
MHC molecules.
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Molecules

on

of

T lymphocytes respond to peptide fragments of protein
antigens that are displayed by antigen-qresenting cells
(APCs). The initiation of these responses requires specific antigen recognition by the T cells, Jtable adhesion
of the T cells to the APCs, and the transd~bion of signals
from the cell surface to the nucleus of T cells. Each of
these events is mediated by distinct sets df molecules on
the T cell surface (Fig. 7-1). In this chapth we describe
the cell surface molecules involved in T cell antigen
recognition and signaling. The molecules involved in the
I
adhesion of T cells to APCs have been described in
Chapter 3.
T lymphocytes have a dual specificity: they recognize
I
polymorphic residues of self major histocompatibility
complex (MHC) molecules, which accqunts for their
MHC restriction, and they also recognize residues of
peptide antigens displayed by these MHC molecules,
which is responsible for their specificity. As we discussed
in Chapters 5 and 6, MHC molecules and pep tides form
complexes on the surface of APCs. The receptor that recognizes these peptide-MHC complexes is called the T
cell receptor (TCR). The TCR is a clonally distributed
receptor, meaning that clones of T cells with different
specificities express different TCRs. The biochemical
signals that are triggered in T cells by antigen recognition are transduced not by the TCR itself but by invariant proteins called CD3 and S, which are noncovalently
linked to the antigen receptor to form the TCR complex.
Thus, in T cells, and, as we shall see in Chapter 10, in B
cells as well, antigen recognition and signaling are segregated among two sets of molecules-a
highly variable
antigen receptor (the TCR in T cells and membrane
immunoglobulin [Ig] in B cells) and invariant signaling
proteins (CD3 and S chains in T cells and Iga and Ig~ in
B cells) (Fig. 7-2). The T cell receptor not only plays a role
in activating mature T cells that encounter antigens, but
this receptor and a related receptor called the pre-T
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the migration ofT cells to the sites where they locate and
respond to antigens, as discussed in Chapter 3. In addition to mediating firm attachment, most adhesion
molecules initiate signaling and participate in the
formation of "immunological synapses" between T cells
and APCs (Chapter 9).
With this background, we proceed to describe the T
cell membrane molecules that are required for antigen
recognition and the initiation of functional responses.
The maturation ofT cells is discussed in Chapter 8, and
the biology and biochemistry of T cell responses to
antigen are discussed in Chapter 9.

TCR

CD3
Signal
transduction

a~ TCR

FOR MHC-AsSOCIATED
PEPTIDE ANTIGEN

~Adhesion
FIGURE 7-1 T cell receptors and accessory molecules. The principal T cell membrane proteins involved in antigen recognition and
in responses to antigens are shown. The functions of these proteins
fall into three groups: antigen recognition, signal transduction, and
adhesion.

receptor (see Chapter 8) play important roles during the
development ofT cells.
T cells also express other membrane receptors that do
not recognize antigen but participate in responses to
antigens; these are collectively called accessory molecules. The physiologic role of some accessory molecules
is to facilitate signaling by the TCR complex, while others
provide "second signals" to fully activate T cells. Yet other
accessory molecules function as adhesion molecules to
stabilize the binding ofT cells to APCs, thus allowing the
TCR to be engaged by antigen long enough to transduce
the necessary signals. Adhesion molecules also regulate

T cell receptor
I

(TCR)

I IAntibody

The TCR was discovered in the early 1980s, around
the same time that the structure of MHC-peptide complexes was being defined. A number of separate
approaches were used to molecularly identify the TCR
(Box 7-1). One approach depended on the identification
of genes that were expressed only in T cells and that also
could be shown to have undergone recombination
specifically in these cells. The first gene thus identified
was homologous to immunoglobulin genes. In another
approach, clonal populations of T cells were generated
and monoclonal antibodies that recognized specific
clones were identified. These clonotype-specific antibodies identified the TCR. These early studies have culminated in the x-ray crystallographic analysis of TCRs
and, most informatively, of trimolecular complexes of
MHC molecules, bound peptides. and specific TCRs. As
we shall see in the following section, on the basis of these
analyses, we now understand the structural features of
antigen recognition by the TCR precisely. The components of the TCR complex, in addition to the TCR itself,
have been identified by biochemical studies and molecular cloning.

(Immunoglobulin)
I

Signal
transduction

FIGURE 7-2 Antigen recognition
and signaling
functions of lymphocyte
antigen
receptors.
The antigen
recognition
and signaling functions of antigen receptors
are mediated by distinct proteins of the antigen receptor
complex. When TCR or Ig molecules recognize antigens,
signals are delivered to the lymphocytes
by proteins associated with the antigen receptors. The antigen receptors
and attached signaling proteins form the T and B cell
receptor complexes.
Note that single antigen receptors
are shown recognizing antigens, but signaling requires the
cross-linking
of two or more receptors by binding to adjacent antigen molecules.
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Box 7-1

J

IN DEPTH: IDENTIFICATION OF THE TCR
~-

To identify TCRs for MHC-associated peptide antigens, it
was necessary to develop monoclonal T cell populations
in which all the cells express the same TCR. The first
such populations to be used for studying TCR proteins
were tumors derived from T lymphocytes. Subsequently,
methods were developed for propagating monoclonal T
cell populations in vitro, including T-T hybridomas and
antigen-specific T cell clones. The earliest techniques for
purifying TCR molecules for biochemical studies relied on
producing antibodies specific for unique (idiotypic)determinants of the antigen receptors of a clonal T cell population. Antigen receptors were isolated by use of such
antibodies, and limited amino acid sequencing of these
receptor proteins suggested that the TCRs were structurally homologous to Ig molecules and contained highly
variable regions that differed from one clone to another.
However, the protein sequencing studies did not reveal
the structure of the complete TCR.
The breakthrough came from attempts to clone the
genes encoding TCRs, and this was accomplished before
the structure of the proteins was fully defined. The strategy for the identification of TCR genes was based on the
knowledge of Ig genes. Three criteria were chosen that
needed to be fulfilled for genes to be considered TCR
genes: (1) these genes would be uniquely expressed in
T cells, (2) they would undergo somatic recombination
during T cell development (as Ig genes do during B cell
development; see Chapter 8). and (3) they would be
homologous to Ig genes. One method that was used to
identify TCR genes was subtractive hybridization, aimed
at identifying T cell-specific genes. In this method, complementary DNA (cDNA)was prepared from T cell messenger RNA (mRNA) and hybridized to B cell mRNA. All
the cDNAs that were common to T and B cells hybridized

Structure

of the a.~ TCR

--

---

-

-

-

-

J

'

to the mRNA and were separated from non-hybridized
cDNAs. The cDNAs that were left behind were unique to
T cells. Some of the genes contained in this library of T
cell-specific cDNAs were found to be homologous in
sequence to Ig genes, and Southern blot hybridization
showed that these genes had a different structure in
non- T cells than in T cells. This difference in structure in
lymphocytes compared to non-lymphocytes was a known
characteristic of Ig genes (see Chapter 8) and suggested
that the T cell genes that had been found encoded clonally distributed antigen receptors of T cells that underwent somatic rearrangement only in cells of the T
lymphocyte lineage. Furthermore, the predicted amino
acid sequences of the proteins encoded by these genes
agreed with the partial sequences obtained from putative
TCR proteins purified with TCR-specific anti-idiotypic antibodies. Other investigators discovered TCRgenes among
a libraryof T cell genes (without subtractive hybridization)
based solely on the criteria mentioned before.
The molecular cloning of the TCR was a landmark
achievement that came soon after the detailed structural
analysis of MHC molecules and provided the structural
basis for understanding how T cells recognize peptideMHCcomplexes. The abilityto express TCRs in ways that
allowed them to be cleaved from cell membranes and solubilized was key to the crystallization of TCRs bound to
peptide-MHC complexes. These advances have revolutionized our understanding of T cell antigen recognition
and paved the way for many important techniques,
including the expression of single TCRs of known specificities in transgenic animals. We will refer to such
approaches for analyzing immune responses in later
chapters.

(CDRs). Three CDRs in the ex chain are juxtaposed to
three similar regions in the chain to form the part of
the TCR that specifically recognizes peptide-MHC complexes (described in the following section). The 13chain
V domain contains a fourth hypervariable region, which
does not appear to participate in antigen recognition but
is the binding site for microbial products called superantigens (see Chapter 15, Box 15-2). Each TCR chain, like
Ig heavy and light chains, is encoded by multiple gene
segments that undergo somatic rearrangements during
the maturation of the T lymphocytes (see Chapter 8). In
the exand 13chains of the TCR, the third hypervariable
regions are composed of sequences encoded by V and J
(joining) gene segments (in the exchain) or V. 0 (diversity), and J segments (in the 13chain). These CDR3
regions also contain junctional sequences that are
encoded by added nucleotides, so-called N regions and
13

The antigen receptor of MHC-restricted CD4" helper T
cells and CD£1>cytotoxic T lymphocytes (CTLs) is a heterodimer consisting of two transmembrane polypeptide
chains, designated exand 13,covalently linked to each
other by a disulfide bridge (Fig. 7-3). (Another less
common type ofTCR, found on a small subset ofT cells,
is composed of y and 8 chains and is discussed later.)
Each ex chain and 13chain consists of one Ig-like Nterminal variable (V) domain, one Ig-like constant (C)
domain, a hydrophobic transmembrane region, and a
short cytoplasmic region. Thus, the extracellular portion of the exl3 heterodimer
is structurally similar
to the antigen-binding fragment (Fab) of an Ig molecule,
which is made up of the V and C regions of a light chain
and the V region and one C region of a heavy chain (see
Chapter 4).
The V regions of the TCR exand 13chains contain short
stretches of amino acids where the variability between
different TCRs is concentrated,
and these form the
hypervariable or complementarity-determining
regions

P nucleotides (see Chapter 8). Therefore, most of the
sequence variability in TCRs is concentrated in the
CDR3 regions.
The C regions of both exand chains continue into
short hinge regions, which contain cysteine residues
13
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p chain

N

N

a chain

- mm

FIGURE 7-3 Structure of the T cell receptor.

Trarsmembrane
region

Disulfide

C

C

bond

D
.....

Ig domain

Carbohydrate
group

that contribute to a disulfide bond linking the two
chains. The hinge is followed by hydrophobic transmembrane portions, an unusual feature of which is the
presence of positively charged amino acid residues,
including a lysine residue (in the a chain) or a lysine and
an arginine

residue

(in the

p chain).

These residues

Both a and

p

chains have carboxy-terminal cytoplasmic tails that are
5 to 12 amino acids long. Like membrane Ig on B cells,
these cytoplasmic regions are too small to transduce
signals, and specific molecules physically associated
with the TCR serve the signal-transducing functions of
this antigen receptor complex.
TCRs and Ig molecules are structurally similar, but
there are also several significant differences between
these two types of antigen receptors (Table 7-1). The
TCR is not produced in a secreted form, and it does not
perform effector functions on its own. Instead, on
binding peptide-MHC complexes, the TCR complex initiates signals that activate the effector functions of
T cells. Also, unlike antibodies, the TCR chains do
not undergo changes in C region expression (Le.,
isotype switching) or affinity maturation during T cell
differentiation.

Role of the a~ TCR in the Recognition
MHC-Associated Peptide Antigen

TCR. Several types of experiments have definitively
established that both the a and p chains form a single
heterodimeric receptor that is responsible for both the
antigen (peptide) specificity and the MHC restriction of
a T cell.

inter-

act with negatively charged residues present in the
transmembrane
portions of other polypeptides (CD3
and 1;;)that are part of the TCR complex.

The
schematic
diagram of the a~ TCR (left) shows the
domains of a typical TCR specific for a peptide-MHC
complex.
The antigen-binding
portion of the TCR is
formed by the Va and V~ domains. The ribbon diagram
(right! shows the structure of the extracellular
portion of
a TCR as revealed by x-ray crystallography.
The hypervariable segment
loops that form the peptide-MHC
binding site are at the top. (Adapted from Bjorkman PJ.
MHC restriction
in three dimensions:
a view of T cell
receptor/ligand
interactions.
Cell 89: 167-170, 1997. Copyright Cell Press.)

of

The recognition ofpeptide-MHC complexes is mediated
by the CDRsformed by both the a and f3chains of the

o Cloned lines of T cells with different peptide specificities and MHC restrictions differ in the sequences
of the V regions of both a and
o TCR a and

p genes

p chains.

can be isolated from a T cell clone

of defined peptide and MHC specificity. When both
these genes are expressed in other T cells by transfection, they confer on the recipient cell both the peptide
specificity and the MHC restriction of the original
clone from which they were isolated. Neither TCR
chain alone is adequate for providing specific recognition of peptide-MHC complexes.

o To create transgenic mice expressing a TCR of a particular antigen specificity and MHC restriction, it is
necessary to express both the a and P chains of the
TCR as transgenes.
The antigen-binding
six CDRs of the a and

site of the TCR is formed by the

p

chains

that

are splayed

out

to form a surface for MHC-peptide recognition (Fig.
7-4). This interface resembles the antigen-binding
surfaces of antibody molecules, which are formed by
the V regions of the heavy and light chains (see Chapter
4, Fig. 4-5). In the TCR structures that have been
analyzed in detail, the TCR contacts the peptide-MHC
complex in a diagonal orientation, fitting between the
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Table 7-1. Properties

of Lymphocyte Antigen

ANTIGEN

Receptors:

T cell receptor
Components

a and

of Ig domains

Number

(TCR)

OFT LYMPHOCYTES

RECEPTORS AND ACCESSORY MOLECULES

T Cell Receptors

\1

Immunoglobulin
Heavy

~chains

One V domain and one C domain
in each chain

and Immunoglobulins

(Ig)

and light chains

Heavy chain; one V domain,
or four C domains
Light chain; one V domain
one C domain

Number

Associated
Affinity

Three in each chain for antigen
binding; fourth hypervariable
region
in ~chain (of unknown function)

of CDRs

signaling molecules

for antigen

Changes

Production

S

Iga and

and

in each chain

Ig~

10-L10-11 M (secreted Ig)

10-5-10-7 M

(Kd)

after cellular

C03 and

Three

three

activation

of secreted

form

Isotype switching

No
-- --------No
...................

Somatic

No

.....n.....................................................................
............................................................................

...........-

-----.--.--........................................

----------.-............................................

mutations

Yes
Yes
.................................................................................

-----------------....... ...........
.------------.--.--.--.......

Yes

Abbreviations: C, constant; COR, complementarity-determining region; Kd,dissociation constant; V, variable.

high points of the MHC a-helices. In general, the COR 1
loops

of the TCR a and

~ chains

are positioned

over

the ends of the bound peptide, the COR2 loops
are over the helices of the MHC molecule, and the
COR3 loop is positioned over the center of the MHCassociated peptide. One surprising result of these struc-

FIGURE 7-4

Binding of a TCR to a peptideof a TCR are
shown interacting with a human class I MHC
molecule, HLA-A2, presenting
a viral peptide
(in yellow). A is a front view and B is a side
view of the x-ray crystal structure of the trimolecular MHC-peptide-TCR
complex. (From
Bjorkman PJ. MHC restriction in three dimensions: a view of T cell receptor/ligand
interactions_ Cell 89: 167-170, 1997. Copyright Cell
Press.)

MHC complex. The V domains

tural analyses is that the side chains of only one or two
amino acid residues of the MHC-bound peptide make
contact with the TCR. This is structural proof for the
remarkable ability of T cells to distinguish among
diverse antigens on the basis of very few amino acid differences. Recall that mutational analyses of peptides
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described in Chapter 5 also showed that very few
residues of the peptide are responsible for the specificity
ofT cell antigen recognition (see Fig. 5-8C).
The affinity of the TCR for peptide- MHC complexes is
low, much lower than that of most antibodies (see
Chapter 4, Table 4-1). In the few T cells that have been

the TCR complex are illustrated in Figure 7-5 and listed
in Table 7-1. The CD3 molecule actually consists of three
proteins that are designated CD3 y, 0, and E. The CD3
proteins and the ~chain are identical in all T cells regardless of specificity, which is consistent with their role in
signaling and not in antigen recognition.

analyzed in detail, the dissociation constant (Kt) ofTCR
interactions with peptide-MHC complexes varies from
_10-5 to -10-7 M. This low affinity of specific antigen
binding is the likely reason that adhesion molecules are
needed to stabilize the binding of T cells to APCs, thus
allowing biologic responses to be initiated. Signaling
by the TCR complex appears to require prolonged or
repeated engagement
of peptide-MHC
complexes,
which is also promoted by stable adhesion between T
cells and APCs. The TCR and accessory molecules in the
T cell plasma membrane move coordinately with their
ligands in the APC membrane to form a transient
supramolecular
structure that has been called the
immunological synapse. The formation of this synapse
regulates TCR-mediated signal transduction. We will
return to a discussion of signal transduction by the TCR
complex and the role of the synapse in Chapter 9.

CD3 AND l; PROTEINS OF THE TCR COMPLEX
The

CD3

and

~ proteins

are noncovalently

associated

with the TCR ap heterodimer, and when the TCR recognizes antigen, these associated proteins transduce the
signals that lead to T cell activation. The components of

Structure
and

and Association

of CD3

~ Proteins

The CD3 proteins were identified before the ap heterodimer by the use of monoclonal antibodies raised
against T cells, and the ~chain was identified later by coimmunoprecipitation
with ap and CD3 proteins. The
physical association of the ap heterodimer, CD3, and ~
chains has been demonstrated in two ways.
o Antibodies against the TCR ap heterodimer or any of
the CD3 proteins coprecipitate the heterodimer and
all the associated proteins from solubilized plasma
membranes ofT cells.
o When intact T cells are treated with either anti-CD3
or anti- TCR ap antibodies, the entire TCR complex is
endocytosed and disappears from the cell surface
(Le., all the proteins are comodulated).
The CD3 y, 0, and E proteins are homologous to
each other. The N-terminal extracellular regions of y,
0, and E chains each contains a single Ig-like domain,
and therefore these three proteins are members of the
Ig superfamily. The transmembrane
segments of all

TCR
a

p

Extracellular
space

Plasma
membrane

Cytoplasm
I

FIGURE 7-5 Components of the
TCRcomplex. The TCR complex of

I

Immunoreceptor
tyrosine-based
activation motif
(ITAM)
Disulfide bond

_

MHC-restricted
T cells consists of
the a~ TCR noncovalently
linked to
the

CD3

and

~ proteins.

The

asso-

ciation of these proteins with one
another is mediated
by charged
residues
in their transmembrane
regions, which are not shown.
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three CD3 chains contain a negatively charged aspartic
acid residue, which binds to positively charged residues
in the transmembrane
domains of the TCR a and
p chains. Each TCR complex contains one ap dimer
associated with one CD3 YEheterodimer, one CD3 e
heterodimer,
and one disulfide-linked
covalent l;l;
homodimer.
The cytoplasmic domains of the CD3 y, 8, and e proteins range from 44 to 81 amino acid residues long, and
each of these domains contains one copy of a conserved
sequence motif important for signaling that is called the
immunoreceptor
tyrosine-based
activation
motif
(ITAM). An ITAM contains two copies of the sequence
tyrosine-X-X-Ieucine/isoleucine
(in which X is an
unspecified amino acid), separated by six to eight amino
acid residues (Le., YXXL/I(X)&-8YXXL/I). ITAMs playa
central role in signaling by the TCR complex. They are
also found in the cytoplasmic tails of several other lymphocyte membrane proteins that are involved in signal
transduction, including the l; chain of the TCR complex,
Iga and Igp proteins associated with membrane Ig molecules of B cells (see Chapter 10, Fig. 10-3), and components of several Fc receptors (see Chapter 14, Box 14-1),
and of the NKG2D activating receptor on natural killer
(NK) cells.
The l; chain has a short extracellular region of nine
amino acids, a transmembrane region containing a negatively charged aspartic acid residue (similar to the CD3
chains), and a long cytoplasmic region (113 amino acids)
that contains three ITAMs. It is normally expressed as a
homodimer. The l; chain is also associated with signaling receptors on lymphocytes other than T cells, such as
the Fey receptor (FeyRIII) of NK cells.
The expression of the TCR complex requires synthesis
of all its components. The need for all components of the
complex to be present for expression was first established

Degradation of incomplete
TCR complexes;
no surface expression

ANTIGEN
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in cell lines (Fig. 7-6). During the maturation ofT cells in
the thymus, CD3 and l; proteins are synthesized before
the TCR a and

p genes

are expressed

(see Chapter

8), but

these proteins do not make their way to the plasma
membrane, and are proteolytically degraded. Chaperones, such as calnexin, may retain individual members
of the TCR complex in the endoplasmic reticulum (ER)
before the complex is fully assembled. In mature T cells
the entire TCR complex is assembled in the ER and transported to the cell surface. This sequence of events is
essentially similar to the events that lead to expression of
the B cell antigen receptor complex in B lymphocytes.
Functions

of CD3 and

~ Proteins

The CD3 and l; chains link antigen recognition by the
TCR to the biochemical events that lead to the functional activation of T cells. Several lines of evidence
support the critical role of these components of the TCR
complex in signal transduction in T cells.
o Antibodies against CD3 proteins often stimulate T cell
functional responses that are identical to antigeninduced responses. Unlike antigens, which stimulate
only specific T cells, anti-CD3 antibodies bind to and
stimulate all T cells, regardless of antigen specificity.
Thus, anti-CD3 antibodies are polyclonal activators
ofT cells.
o The cytoplasmic tail of either the CD3E or the 1;
protein is sufficient to transduce the signals necessary for T cell activation in the absence of the other
components of the TCR complex. This was shown by
expressing, in certain T cell lines, genetically engineered chimeric molecules containing the cytoplasmic portion of CD3e or the 1; chain fused to the
extracellular and transmembrane domains of other

Synthesis of all
components of
TCR complex

Surface
expression of TCR;
CD3/~ complex

)
,...............

,,..

.

0

T cell lacking
CD3y because
of gene mutation

I

CD3y

ransfecl
functional
IT
CD3y chain gene

FIGURE 7-6 Assembly and surface expression of the TCRcomplex. In the absence of anyone component (in this case, the CD3y protein),
the TCR complex is not assembled and all its proteins are degraded, presumably in proteasomes following retro-translocation from the endoplasmic reticulum. Introduction of the missing component by gene transfection allows the complex to be assembled and transported to the
cell surface.
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cell surface receptors for soluble ligands, such as the
interleukin-2 (lL-2) receptor. Binding of the ligand
(e.g., IL-2) to the chimeric receptors results in activation responses identical to those induced by stimulation through the normal TCR complex on the same T
cells.
The earliest intracellular event that occurs in T cells
after antigen recognition is the phosphorylation of tyrosine residues within the ITAMs in the cytoplasmic tails
of the C03 and S proteins by Src family kinases such as
Lck or Fyn. Lck associates with the cytoplasmic tail of
C04 and C08, and Fyn is physically linked to C03. The
phosphotyrosines in the ITAMs become docking sites for
a tyrosine kinase with tandem Src homology 2 (SH2)
domains. This kinase, called ZAP-70 (70-kO s-associated
protein),

is recruited

to the

S chain

and triggers

signal

transduction pathways that ultimately lead to changes
in gene expression in the T cells (discussed in Chapter
9).

ANTIGEN

RECEPTORS

OF 'YO T CELLS

The y'6TCR is a second type of diverse, disulfide-linked
heterodimer that is expressed on a small subset of a~negative T cells. This category of antigen receptor is also
associated with C03 and S proteins. (The y'6TCR should
not be confused with the y and '6components of the C03
complex.) The TCR y and '6 chains consist of extracellular Ig-like V and C regions, short connecting or hinge
regions, hydrophobic transmembrane
segments, and
short

cytoplasmic

tails,

similar

to the TCR a and

~

chains. The hinge regions contain cysteine residues
involved in interchain disulfide linkages. The y'6 heterodimer

associates

with the C03 and

S proteins

in the

same way as TCR a~ heterodimers do. The transmembrane regions of the TCR y and '6 chains, in a manner
similar to the a and ~ chains, contain positively charged
amino acid residues that interact with the negatively
charged residues in the transmembrane regions of the
C03 polypeptides and ofthe Schain. Furthermore, TCRinduced signaling events typical of a~-expressing T cells
are also observed in y'6T cells. The majority of yo T cells
do not express C04 or C08. A number of biologic activities have been ascribed to yOT cells that are also characteristic of a~ T cells, including secretion of cytokines
and lysis of target cells.
T cells expressing the yo TCR represent a lineage distinct from the more numerous a~-expressing, MHCrestricted T lymphocytes. The percentages of yo T cells
vary widely in different tissues and species, but overall,
less than 5% of all T cells express this form ofTCR. Different subsets of yo T cells may develop at distinct times
during ontogeny, contain different V regions, and populate different tissues. For example, in mice, many skin yo
T cells develop in neonatal life and express one particular TCR with essentially no variability in the V region,
whereas many of the yo T cells in the vagina, uterus, and
tongue appear later and express another TCR with a different V region. It is not known whether these subsets

perform different functions, but the distinct V regions
suggest that the subsets may be specific for different
ligands. One intriguing feature of yoT cells is their abundance in epithelial tissues of certain species. For
example, more than 50% of lymphocytes in the small
bowel mucosa of mice and chickens, called intraepitheliallymphocytes,
are yo T cells. In mouse skin, most of
the intraepidermal T cells express the yo receptor. Equivalent cell populations are not as abundant in humans;
only about 10% of human intestinal intraepithelial T
cells express the yo TCR.
yoT cells, along with NK-T cells (described below). BI B cells, and MZ B cells (see Chapters 8 and 10), may
represent an important bridge between innate and
adaptive immunity, functioning as lymphocytes that
enhance the first line of defense against a range of
pathogens. yo T cells do not recognize MHC-associated
peptide antigens and are not MHC restricted. Some yo T
cell clones recognize small phosphorylated molecules,
alkyl amines, or lipids that are commonly found in
mycobacteria and other microbes, and that may be presented by "nonclassical" class I MHC-like molecules.
Other yoT cells recognize protein or nonprotein antigens
that do not require processing or any particular type of
APCs for their presentation. Many yoT cells are triggered
by microbial heat shock proteins. The limited diversity
of the yo TCRs in many tissues suggests that the ligands
for these receptors may be invariant and conserved. A
working hypothesis for the specificity of yo T cells is that
they may recognize antigens that are frequently encountered at epithelial boundaries between the host and the
external environment. Thus, they may initiate immune
responses to a small number of common microbes at
these sites, before the recruitment of antigen-specific a~
T cells. However, mice lacking yo T cells, created by targeted disruption of the y or 0 TCR gene, have little or no
immunodeficiency and only a modest increase in susceptibility to infections by some intracellular bacteria.
ANTIGEN

RECEPTORS OF NK-T

CELLS

A small population ofT cells also expresses markers that
are found on NK cells; these are called NK-T cells. The
TCR a chains expressed by a subset of NK-T cells have
limited diversity, and in humans these cells are characterized by a unique Va24-]aI8 rearrangement. These
invariant NK-T (iNK-T) cells also represent lymphocytes
that bridge innate and adaptive immunity. Other NK-T
cells exist that have quite diverse antigen receptors. All
NK-T cell TCRs recognize lipids that are bound to class I
MHC-like molecules called COI molecules. However,
other cloned lines of a~ T cells that do not express NKT markers but recognize CD I-associated lipid antigens
have also been described and these cells may be C04+,
C08+, or C04-C08- a~ T cells. NK-T cells and other lipid
antigen-specific T cells are capable of rapidly producing
cytokines such as IL-4 and interferon (lFN)-y after being
triggered in a lipid- and CDl-dependent fashion. NK-T
cells and other CD I-restricted T cells may mediate
protective innate immune responses against some
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pathogens, and invariant NK- T cells may regulate adaptive immune responses primarily by secreting cytokines.
The precise functions of these cells are still being
elucidated.
CORECEPTORS AND COSTIMULATORY RECEPTORS

ANTIGEN

RECEPTORS ANO ACCESSORY MOLECULES OF T LYMPHOCYTES

is in signal transduction at the time of antigen recognition; they may also strengthen the binding of T cells to
APCs. Because CD4 and CD8 participate together with
the TCR in recognition of MHC molecules and in T cell
activation, they are called coreceptors. About 65% of
mature a~-positive T cells in the blood and lymphoid
tissues express CD4. and 35% express CD8.

IN T CELLS

Other than the T cell receptor complex, many categories
of molecules on the T-cell surface contribute in a major
way to the activation and differentiation of T lympho-

cytes (Fig. 7-7).

Coreceptors represent a category of

membrane proteins that enhance TCR signaling; their
name refers to the fact that they bind to MHC molecules,
and thus recognize a part of the same ligands (peptideMHC complexes) as do the antigen receptors. A group of
proteins known as costimulatory receptors also deliver
activating signals to T cells, but these proteins, in contrast to coreceptors, recognize molecules on APCs that
are not part of the peptide-MHC complexes. Chemokine
receptors and cytokine receptors are also of importance
in T cell responses, and these molecules are discussed in
Chapter 12.

CD4 AND CDB: CORECEPTORS INVOLVED
MHC-RESTRICTED

IN

T CELL ACTIVATION

CD4 and CDB are T cell proteins that bind to nonpolymorphic regions of MHC molecules and facilitate signaling by the TCR complex during T cell activation.
Mature a~ T cells express either CD4 or CD8, but not
both. CD4 and CD8 interact with class II and class 1MHC
molecules, respectively, when the antigen receptors ofT
cells specifically recognize peptide-MHC complexes on
APCs (see Fig. 7-7). The major function ofCD4 and CD8

Structure

of CD4

and CDS

CD4 and CD8 are transmembrane
glycoprotein
members of the Ig superfamily, which mediate similar
functions. CD4 is expressed as a monomer on the
surface of peripheral T cells and thymocytes and is also
present on mononuclear
phagocytes and some dendritic cells. CD4 has four extracellular Ig-like domains, a
hydrophobic transmembrane region, and a highly basic
cytoplasmic tail 38 amino acids long (Fig. 7-8). The two
N-terminal Ig-like domains of the CD4 protein bind to
the nonpolymorphic
~2 domain of the class II MHC
molecule.
Most CD8 molecules exist as disulfide-linked
heterodimers composed of two related chains called CD8a
and CD8~ (see Fig. 7-8). Both the a chain and the

~chain

have a single extracellular Ig domain, a hydrophobic
transmembrane region, and a highly basic cytoplasmic
tail about 25 amino acids long. The Ig domain of CD8
binds to the nonpolymorphic
a3 domain of class I MHC
molecules. Some T cells express CD8 aa homodimers,
but this different form appears to function like the more
common CD8 a~ heterodimers.

Functions

of CD4 and CDS

The selective binding of CD4 to class II MHC molecules
and ofCDB to class I MHC molecules ensures that CD4+
T cells respond to class /I-associated peptide antigens

FIGURE 7-7 Accessory molecules of T lymphocytes. The interaction of a C04+ helper T cell with
an APC (A). or of a C08+ CTL with
a target cell (S). involves multiple
T cell membrane
proteins that
recognize
different
ligands on
the APC or target cell. Only
selected accessory molecules and
their ligands are illustrated. C04
and C08 are coreceptors.
C028
is the prototypical costimulatory
receptor, and the LFA-l integrin
is an adhesion molecule that may
also have signaling functions.
APC. antigen-presenting
cell.

ICAM-1

Class II MHCexpressing APC

87-1/
87-2

ICAM-1

Class I MHCexpressing target cell

87-1/
87-2
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o Formal proof of the obligatory function of these molecules came from gene transfection experiments. For

CD4
N

example, if the TCR a and

CD8
N
N

~ genes

are isolated from a

C04+ T cell clone and transfected into another T cell
line that does not express C04, the TCR-expressing
transfected line will not respond to APCs bearing the
relevant class II MHC-associated antigen. Responsiveness is restored if the CD4 gene is cotransfected
along with the TCR genes. The same type of experiment has established the importance of CD8 in the
responses of class I-restricted T cells.
o An APC lacking MHC molecules cannot present
antigen to or activate T cells. The ability to activate T
cells is restored by transfecting into the APC normal
MHC molecules but not by transfecting MHC molecules in which the CD4-binding or CD8-binding nonpolymorphic domain is mutated.

c
C
FIGURE
7-8 A schematic
view of the structure
of the CD4 and
COB coreceptors.
The CD4 protein
is an integral membrane
monomer consisting of four extracellular
Ig domains. a transmembrane domain, and a cytoplasmic
tail. The COB protein is either a
disulfide-linked
a~ integral membrane
heterodimer
or a disulfide
linked aa homodimer
(not shown). Each chain has a single extracellular Ig domain. The cytoplasmic
portions of both CD4 and COB
can associate with Lck (not shown).

and CD8' T cells respond to class [-associated pep tides.
In Chapter 6, we described the processes by which class
I and class II MHC molecules present peptides derived
from intracellular (cytosolic) and extracellular (endocytosed) protein antigens, respectively. The segregation of
C04+ and C08+ T cell responses to these different pools
of antigens occurs because of the specificities of C04
and C08 for different classes of MHC molecules. C04
binds to class II MHC molecules and is expressed on T
cells whose TCRs recognize complexes of peptide and
class II MHC molecules. Most C04+ class II-restricted T
cells are cytokine-producing helper cells and function in
host defense against extracellular microbes that are
ingested by macro phages or need to be recognized by
antibodies in order to be cleared. C08 binds to class I
MHC molecules and is expressed on T cells whose TCRs
recognize complexes of peptide and class I MHC molecules. Most C08+ class I-restricted T cells are CTLs,
which serve to eradicate infections by intracellular
microbes that reside in the cytoplasm of infected cells.
Some C04+ T cells, especially in humans, function as
CTLs, but even these are class II restricted. The physiologic importance of this segregation was discussed in
Chapter 6 (see Fig. 6-17).
The essential roles of C04 and C08 in the functional
responses of T cells have been demonstrated by many
types of experiments.
o Antibodies specific for CD4 selectively block the stimulation of class II MHC-restricted T cells by antigen
and APCs, and antibodies to CD8 selectively block
killing of target cells by class I MHC-restricted CTLs.

o Knockout mice lacking CD4 or CD8 do not contain
mature class II-restricted or class I-restricted T cells,
respectively, because these coreceptors play essential
roles in the maturation of T cells in the thymus (see
Chapter 8).
CD4 and CDB participate

in the early signal trans-

duction events that occur after T cell recognition of
peptide-MHC
complexes on APCs. These signaltransducing functions are mediated by a T cell-specific
Src family tyrosine kinase called Lck that is noncovalently but tightly associated with the cytoplasmic tails of
both C04 and C08. C04/C08-associated
Lck is required
for the maturation and activation ofT cells, as demonstrated by studies with knockout mice and mutant cell
lines.
o Disruption of the lck gene in mice leads to a block in
T cell maturation, like the maturational arrest caused
by deletion of C04 and C08 (see Chapter 8).
o In T cell lines or in knockout mice lacking C04,
normal T cell responses or maturation can be restored
by reintroducing and expressing a wild-type C04
gene but not by expressing a mutant form of CD4 that
does not bind Lck.
When aT cell recognizes peptide-MHC complexes via
its antigen receptor, simultaneous interaction of C04 or
C08 with the MHC molecule brings the coreceptor and
its associated Lck close to the TCR complex. Lck then
phosphorylates tyrosine residues in the ITAMs of C03
and 1;chains, thus initiating the T cell activation cascade
(see Chapter 9). In addition to its physiologic roles, C04
is a receptor for the human immunodeficiency virus (see
Chapter 20).

COSTIMULATORY
RECEPTORS

AND

OF THE

INHIBITORY

C028

FAMILY

CD2B is a membrane protein that transduces signals
that function together with signals delivered by the TCR

complex to activate naive T cells. A general property of
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naive T and B lymphocytes is that they need two distinct
extracellular signals to initiate their proliferation and
differentiation
into effector cells. This two-signal
concept was introduced in Chapter 1. The first signal is
provided by antigen binding to the antigen receptor and
is responsible for ensuring the specificity of the subsequent immune response. In the case of T cells, binding
of peptide-MHC complexes to the TCR (and to the C04
or C08 coreceptor) provides signal 1. The second signal
forT cell activation is provided by molecules that are collectively called costimulators (Fig. 7-9).
The best defined costimulators for T lymphocytes
are a pair of related proteins, called B7-1 (CD80) and
B7-2 (CD86), that are expressed on dendritic cells,
macrophages, and B lymphocytes. These B7 costimulators on APCs are recognized by specific receptors on T
cells. The first of these receptors for B7 to be discovered
was the CD28 molecule, which is expressed on more
than 90% of C04+ T cells and on 50% of C08+ T cells in
humans (and on all naive T cells in mice). C028 is a
disulfide-linked homodimer, each subunit of which has
a single extracellular Ig domain. Binding ofB7 molecules
on APCs to C028 delivers signals to the T cells that

Dendritic cell

SLAM
ITSM

ANTIGEN
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induce the expression of anti-apoptotic proteins, stimulate production of growth factors and other cytokines,
and promote T cell proliferation and differentiation.
Thus, CD28 is the principal costimulatory receptor for
delivering second signals for T cell activation. A second
receptor for B7 molecules was discovered later and
called CTLA-4 (CDI52). CTLA-4 is structurally homologous to C028, but CTLA-4 is expressed on recently activated C04+ and C08+T cells, and its function is to inhibit
T cell activation by counteracting signals delivered by
the TCR complex and C028. Thus, CTLA-4 is involved in
terminating T cell responses. How two receptors regulate
responses in opposite ways even though they recognize
the same B7 molecules on APCs is an intriguing question
and an issue of active research.
Several other T cell surface molecules have recently
been discovered that are homologous to C028 and bind
to ligands that are homologous to B7 molecules (see
Chapter 9, Box 9-2). Some members of the C028 family,
such as C028 itself and ICOS (inducible costimulator),
provide activating signals, while others, such as CTLA-4
and PO-I, inhibit T cell responses. These costimulatory
and inhibitory signals may serve different roles in
various types of immune responses. We will discuss
other members of the B7 family of ligands and the C028
family of receptors, and the mechanisms and biologic
significance of costimulation and inhibitory signals, in
more detail in Chapter 9, when we describe the activation ofT lymphocytes.

CD58
CD2

AND THE SLAM

COSTIMULATORY

CD2

~ I Tyrosine-containing

motifs

FIGURE 7-9 Selected costimulatory receptors of the C028 and
C02 families and their ligands. The C028 costimulatory receptor is
a disulfide-linked homodimer on the T cell surface that binds to B71 on APCs or to B7-2 (not shown). The cytoplasmic tail of C028 contains a tyrosine-based motif. C02 and SLAM contain two
extracellular Ig-likedomains and their cytoplasmic tails also contain
tyrosine-containing motifs. The tyrosine-based motif in the tail
regions of SLAM and SLAMfamily members is called an ITSM.and
binds to SAP or SAP-like proteins (not shown).

FAMILY

OF

RECEPTORS

Although the best studied and most prominent family of
costimulatory receptors on T cells is the C028 family,
other proteins also contribute to optimal T cell activation and differentiation. One important family of proteins that plays a role in the activation ofT cells and NK
cells is a group of proteins structurally related to a receptor called CD2. C02 is a glycoprotein present on more
than 90% of mature T cells, on 50% to 70% of thymocytes, and on NK cells. The molecule contains two extracellular Ig domains, a hydrophobic transmembrane
region, and a long (116 amino acid residues) cytoplasmic tail. The principal ligand for C02 in humans is a
molecule called leukocyte function-associated antigen3 (LFA-3, or C058), also a member of the C02 family.
LFA-3 is expressed on a wide variety of hematopoietic
and nonhematopoietic cells, either as an integral membrane protein or as a phosphatidyl inositol-anchored
membrane molecule. In mice, the principal ligand for
C02 is C048, which is also a member of the C02 family
and is distinct from but structurally similar to LFA-3.
C02 is an example of an accessory molecule that
functions both as an intercellular adhesion molecule
and as a signal transducer.
o Some anti-C02 antibodies increase cytokine secretion by and proliferation of human T cells cultured
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with anti-TCR/C03
signals can enhance

o

Some

anti-C02

antibodies,
indicating
that C02
TCR-triggered
T cell responses.

antibodies

block

conjugate

formation

between T cells and other LFA-3-expressing
cells,
indicating
that C02 binding to LFA-3 also promotes
cell-cell adhesion. Such antibodies
inhibit both CTL
activity
and
antigen-dependent
helper
T cell
responses.

o Knockout mice lacking both C028 and C02 have
more profound defects in T cell responses than do
mice lacking either molecule alone. This indicates
that C028 and C02 may compensate for each other,
an example

of the redundancy

of accessory

molecules

ofT cells.
On the basis of such findings, anti-CD2 antibodies are
currently used in the therapy of psoriasis.
A distinct subgroup of the C02 family of proteins is
known as the SLAM (signaling lymphocytic
activation
molecule) family. SLAM, like all members of the CD2
family, is an integral membrane protein that contains
two extracellular
Ig domains and a relatively long cytoplasmic tail. The cytoplasmic
tail of SLAM, but not of
CD2, contains a specific tyrosine-based
motif known as
an immunoreceptor
tyrosine-based
switch motif (lTSM)
that is distinct from the ITAM motif found on signaling
proteins that are components of antigen receptor complexes, but is more like the ITIM (immune receptor
tyrosine-based
inhibitory
motif) found in other
inhibitory receptors. The Ig domains on SLAM are
involved in homophilic interactions. SLAM on a T cell
can interact with SLAM on a dendritic cell, and as a
result the cytoplasmic tail of SLAMmay deliver signals
to T cells. The ITSM motif binds to an adapter called SAP
(SLAM-associated
protein) that contains an SH2
domain, and forms a bridge between SLAM and Fyn (a
Src family kinase that is also linked to CD3). SLAM and
other members of the SLAM family function as costimulatory receptors in T cells, NK cells, and some 8 cells.
As we shall see in Chapter 20, mutations in SAP are the
cause of a disease called the X-linked lymphoproliferative syndrome (XLP).
An important member of the SLAM family in NK cells,
C08 T cells, and yo T cells is called 284. Unlike SLAM,
284 does not bind to other 284 molecules, but recognizes a known ligand for CD2 called CD48. Like SLAM,
the cytoplasmic tail of 284 contains an ITSM motif,
binds to the SAP adapter protein, and signals by recruiting Fyn. Defective 284 signaling may contribute in a
major way to the immune deficit in XLP patients.

OTHER

ACCESSORY

MOLECULES

ON T CELLS

T lymphocytes express many other molecules that
are involved in their activation, their migration, their
effector functions, and their regulation. Not all fit into
the categories of co receptors, costimulators, and adhesion molecules. We consider a few other accessory
proteins ofT cells in this section.

I

CD44 is an acidic sulfated membrane glycoprotein
expressed in several alternatively spliced and variably
glycosylated forms on a variety of cell types, including
mature T cells, thymocytes, 8 cells, granulocytes,
macrophages, erythrocytes, and fibroblasts. Recently
activated and memory T cells express higher levels of
CD44than do naive T cells. CD44binds hyaluronate, and
this property is responsible for the retention ofT cells in
extravascular tissues at sites of infection and for the
binding of activated and memory T cells to endothelium
at sites of inflammation and in mucosal tissues (see
Chapter 13).
Activated CD4+ T cells express a trimeric surface
protein of the TNF family called CD40 ligand (CD40L
or CD154), which binds to CD40 on 8 lymphocytes,
macro phages, dendritic cells, and endothelial cells and
activates these cells. Thus, CD40L is an important mediator of many of the effector functions of helper T cells,
such as the stimulation of 8 cells to produce antibodies,
the activation of dendritic cells during the initiation
of cell-mediated immunity, and the activation of
macrophages to destroy phagocytosed microbes. The
role of CD40:CD40Linteractions in humoral immune
responses is discussed in Chapter 10 and in cellmediated immunity in Chapter 13.
Activated T cells also express a trimeric ligand for the
death receptor Fas (C095). Engagement of Fas by Fas
ligand on T cells results in apoptosis and is important for
eliminating T cells that are repeatedly stimulated by
antigens (see Chapter 11, 80x 11-2). Fas ligand also provides one of the mechanisms by which CTLs kill their
targets (see Chapter 13).
Activated T cells secrete cytokines, which function as
growth and differentiation factors for the T cells and act
on many other cell populations. Activated T cells also
express receptors for many of these cytokines. We will
discuss these effector molecules in later sections of the
book when we describe the biologic responses and effector functions ofT lymphocytes.

SUMMARY

. The
functional responses of T cells are initiated
by the recognition of peptide-MHC complexes
on the surfaces of APCs. These responses require
specific antigen recognition, stable adhesion
between the T cells and APCs, and delivery of activating signals to the T cells. The various components ofT cell responses to antigens are mediated
by distinct sets of molecules expressed on the T
cells.

. MHC-restrictedT cells use clonally distributed
TCRs to recognize peptide-MHC

complexes

on

APCs.These TCRs are composed of two disulfidelinked polypeptide chains, called TCR a and p, that
are homologous to the heavy and light chains of Ig
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molecules. Each chain of the a~ TCR consists of a
V region and a C region.

. The
V segment
hypervariable

of each TCR chain contains three
(complementarity-determining)
regions, which form the portions of the receptor
that recognize complexes of processed peptide
antigens and MHC molecules. During T cell
antigen recognition, the TCR makes contact with
amino acid residues of the peptide as well as with
polymorphic residues of the presenting self MHC
molecules, accounting for the dual recognition of
peptide and self MHC molecules.

.

The yo TCR is another cion ally distributed heterodimer that is expressed on a small subset of a~negative T cells. These yo T cells are not MHC
restricted, and they recognize different forms of
antigen than a~ T cells do, including lipids and
some small molecules presented by nonpolymorphic MHC-like molecules.

. The
a~ (and yo) heterodimers are noncovalently
associated with four invariant membrane proteins,
three of which are components of CD3; the fourth
is the ~chain. The oligomeric assembly of the TCR,
CD3, and ~ chain makes up the TCR complex.
When the a~ TCR binds peptide-MHC complexes,
the CD3 and ~ proteins transduce signals that initiate the process ofT cell activation.
.

In addition to expressing the TCR complex, T cells
express several accessory molecules that are
important in antigen-induced activation. Some of
these molecules bind ligands on APCs or target
cells and thereby provide stabilizing adhesive
forces, and others transduce activating signals to
the T cells.

. CD4 and CD8 are coreceptors expressed on mutually exclusive subsets of mature T cells that bind
nonpolymorphic
regions of class II and class I
MHC molecules, respectively. CD4 is expressed
on class II-restricted helper T cells, and CD8 is
expressed on class I-restricted CTLs. When T cells
recognize peptide-MHC complexes, CD4 and CD8
deliver signals that are critical for initiating T cell
responses.

ANTIGEN
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. CD28 is a receptor on T cells that binds to 87 costimulatory molecules expressed on professional
APCs. CD28 delivers signals, often called signal 2,
that are required in addition to TCR complexgenerated signals (signall) for full T cell activation.
A second receptor for 87, called CTLA-4, is induced
after T cell activation and functions to inhibit
responses.

. The C02 family of receptors includes proteins
such as C02 and SLAM that provide additional
activating signals to T cells.
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Maturation,
Activation,
and Regulation of
Lymphocytes
I,

T

he activation of lymphocytes by foreign antigens is the central event in
adaptive immune responses. Much of the science of immunology is
devoted to studying the biology of Band T lymphocytes. In this section of the
book, we focus on the generation of mature lymphocytes and the responses
of these lymphocytes to antigen recognition.
Chapter 8 describes the development of B and T lymphocytes from
uncommitted progenitors, with an emphasis on the molecular basis of the
expression of antigen receptors and the generation of diverse lymphocyte
repertoires. In Chapter 9, we discuss the biology and biochemistry ofT lymphocyte activation. Chapter 10 deals with the activation of B lymphocytes
and the mechanisms that lead to the production of antibodies against
different types of antigens. In Chapter 11, we discuss the phenomenon of
immunological tolerance and the mechanisms that control immune
responses and maintain homeostasis in the immune system.

LYMPHOCYTE
DEVELOPMENT
AND THE
REARRANGEMENT
AND
EXPRESSION
OF ANTIGEN
RECEPTOR GENES

Overview of Lymphocyte
Development,
154
Commitment to the 8 and T cell Lineages, 154
Antigen Receptor Gene Rearrangement and
Expression, 155
Selection Processes That Shape the 8 and T
Lymphocyte Repertoires, 155
The Generation of Lymphocyte Subsets, 157

Selection Processes in the Maturation
MHC-Restricted ap T Cells, 180
yo T Lymphocytes, 185
NK-T Cells, 185

of
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...

Summary,
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Rearrangement
of Antigen Receptor
Genes in Band T Lymphocytes,
158
Germline Organization of Ig and TCR
Genes, 159
V(D)J Recombination, 160
Generation of Diversity in 8 and
T Cells, 167
Transcriptional Regulation of Early T and 8
Cell Development, 169

-- ----

B Lymphocyte
Development,
169
Stages of 8 Lymphocyte Development, 169
Selection of the Mature 8 Cell Repertoire, 175
8-1 and Marginal Zone Subsets of
8 Lymphocytes, 175
Maturation of T Lymphocytes,
175
Role of the Thymus in T Cell, 176
Stages of T Cell Maturation, 177

Lymphocytes express highly diverse antigen receptors
capable of recognizing a wide variety of foreign substances. This diversity is generated during the development of mature Band T lymphocytes from precursor
cells that do not express antigen receptors and cannot
recognize and respond to antigens. The process by
which lymphocyte progenitors in central lymphoid
organs such as the thymus and bone marrow differentiate into mature lymphocytes that populate peripheral
lymphoid tissues is called lymphocyte development
or lymphocyte maturation. The collection of antigen
receptors, and therefore specificities, expressed by Band
T lymphocytes makes up the immune repertoire.
During maturation, specific cell surface receptors are
triggered to initiate a program of sequential gene expression that commits developing cells to a B or a T cell fate,
drives the proliferation of progenitors, and initiates the
rearrangement of antigen receptor genes.
The rearrangement and expression of antigen receptor genes is a central feature of lymphocyte development, and very similar molecular and cellular events
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characterize the early development of Band T cells. We
begin this chapter by considering the process of commitment to the Band T lymphocyte lineages and discuss
some common principles of Band T cell development.
This is followed by a description ofthe processes that are
unique to the maturation of B cells and then of those
unique to the development of cells of the T lymphocyte
lineage.

OVERVIEW OF LYMPHOCYTE DEVELOPMENT
The maturation of Band T lymphocytes involves a series
of events that occur in the generative (central) lymphoid
organs (Fig. 8-1):
o The commitment
lineage

of progenitor cells to the B or T cell

o A temporally ordered process of rearrangement
of
antigen receptor genes and expression of antigen
receptor proteins
o Selection events that preserve cells that have produced correct antigen receptor proteins and eliminate potentially
dangerous
cells that strongly
recognize self antigens. These developmental checkpoints ensure that only lymphocytes that express
functional receptors with useful specificities will
mature and enter the peripheral immune system.
o Proliferation of progenitors and immature committed cells at specific early stages of development, providing a large pool of cells that can generate useful
lymphocytes

. Differentiationof Band T cellsinto functionallyand
phenotypically
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develop into follicular, marginal zone and B-1 B cells,
and T cells develop into CD4+ helper and CD8+ cytotoxic T lymphocytes and yo T cells (see Chapter 3).
This differentiation into distinct classes provides the
specialization that is characteristic of the adaptive
immune system.
After the generation of a diverse lymphoid repertoire
in central lymphoid organs, naive lymphocytes acquire
the ability to re-circulate and subsequently move from
one secondary lymphoid organ to the next in search of
antigen.
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B cell maturation

T Cell Lineages

Pluripotent stem cells in the bone marrow (and fetal
liver), generally referred to as hematopoietic stem cells
(HSCs), give rise to all lineages of blood cells, including
cells of the lymphocyte lineage. HSCs mature into
common lymphoid progenitors (CLPs) that can give rise
to B cells, T cells, NK cells, and some dendritic cells (Fig.
8-2). The maturation of B cells from progenitors committed to this lineage proceeds mostly in the bone
marrow, and before birth, in the fetal liver. Fetal liver
derived stem cells give rise mainly to a type of B cell
called a B-1 B cell, whereas bone marrow derived HSCs
give rise to the majority of circulating B cells (follicular
B cells). Precursors ofT lymphocytes leave the fetal liver
before birth and the bone marrow later in life, and circulate to the thymus, where they complete their maturation. Most yoT cells arise from fetal liver HSCs, and the
majority of T cells, which are ap T cells, develop from
bone marrow derived HSCs. In general, less diverse B
and T cells are generated early in fetal life. Despite their
different anatomic locations, the early maturation
events of both Band T lymphocytes are fundamentally
similar.
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o

severe combined
immunodeficiency
disease. This
disease is characterized by a block mainly in T cell development, since human B cell progenitors proliferate in
the absence of IL-7 signals (see Chapter 20). The proliferative activity in early lymphocyte development, driven
mainly by IL-7, ceases before receptor gene rearrangement has been completed. Subsequent survival and
proliferation of maturing lymphocytes are dependent on
signals from the pre- B cell receptor and pre- T cell receptor. In fact, the greatest expansion of the Band T celllineages occurs as a consequence of pre-antigen receptor
signaling. This is an important checkpoint in development, because only cells that express functional receptors can proceed to the next stage.
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FIGURE 8-2 Pluripotent stem cells give rise to distinct Band T
lineages. Hematopoietic stem cells (HSCs) give rise to distinct progenitors for various types of blood cells. One of these progenitor
populations (shown here) is called a common lymphoid progenitor
(CLP). CLPs give rise mainly to Band T cells but may also contribute
to NK cells and some dendritic cells (not depicted here). Pro-B cells
can eventually differentiate into follicular (Fa) B cells. marginal zone
(MZ) B cells, and B-1 B cells. Pro-T cells may commit to either the
a~ or yo T cell lineages.

Commitment to the B or T lineage depends on
instructions received from the cell surface, followed by
the induction of specific transcriptional
regulators
that drive a CLP to specifically assume a B cell or a T cell
fate. The cell surface receptors and nuclear transcription
factors that contribute to commitment will be described
later in the chapter.
Early Band T cell development is characterized by
the proliferation of progenitors, stimulated mainly by
the cytokine interleukin-7(IL-7),
resulting in marked
increases in cell numbers. Proliferation ensures that a
large enough pool of progenitor cells will be generated
to eventually provide a highly diverse repertoire of
antigen-specific
lymphocytes. IL-7 is produced by
stromal cells in the bone marrow and thymus. Mice with
targeted mutations in either the IL-7 gene or the IL-7
receptor gene have profound deficiencies in mature T
and B cells and little maturation of lymphocyte precursors beyond the earliest stages. Mutations in a chain of
the IL-7 receptor, called the common y chain because it
is shared by several cytokine receptors, give rise to an
immunodeficiency disorder in humans called X-linked

Antigen
Receptor
and Expression

Gene

Rearrangement

The rearrangement of antigen receptor genes is the
key event in lymphocyte development that drives the
generation of a diverse repertoire. Antigen receptor gene
products also provide signals that ensure the selective
survival of lymphocytes with useful specificities. As we
discussed in Chapters 4 and 7, each clone of B or T lymphocytes produces an antigen receptor with a unique
antigen-binding structure. In any individual there may
be 107or more different Band T lymphocyte clones, each
with a unique receptor. The ability of each individual to
generate these enormously diverse lymphocyte repertoires has evolved in a way that does not require an
equally large number of distinct antigen receptor genes;
otherwise, a large proportion of the mammalian genome
would be devoted to encoding immunoglobulin (lg) and
T cell receptor (TCR) molecules. Functional antigen
receptor genes are produced in immature B cells in the
bone marrow and in immature T cells in the thymus by
a process of gene rearrangement, which is designed to
generate a large number of variable region encoding
exons using a relatively small fraction of the genome. In
any given developing lymphocyte, one of many variable
region gene segments is randomly selected and joined to
a downstream DNA segment. This process involves
the generation of site-specific double-strand breaks and
the repair of these breaks by a mechanism known as
nonhomologous end joining. The diversity of the lymphocyte repertoire is further enhanced by randomly
adding and removing nucleotides during the joining of
different gene segments. The DNA rearrangement events
that lead to the production of antigen receptors are not
dependent on, or influenced by, the presence of antigens. In other words, as the clonal selection hypothesis
had proposed, antigen receptors are expressed before
encounter with antigens. We will discuss the molecular
details of antigen receptor gene rearrangement later in
the chapter.

Selection Processes That Shape
and T Lymphocyte Repertoires

the B

Pre-antigen receptors and antigen receptors deliver
signals to developing lymphocytes that are required
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During development,
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receptors
required
for continued
to survive,
and cells that do not express
functional
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die by apoptosis.
Positive
and negauseful specificities.
The presence
of multiple
checkpoints
ensures
that only cells with useful recep-

for the survival of these cells and for their proliferation
and continued maturation (Fig. 8-3). Immunoglobulin
and T cell receptor gene rearrangement involves the
random addition and removal of bases between gene
segments being joined together in order to maximize
diversity. Only about one in three developing Band T
cells that rearranges an antigen receptor gene makes an
in-frame rearrangement and is therefore capable of generating a proper full-length protein. In developing B
cells. the first antigen receptor gene to be completely
rearranged is the immunoglobulin heavy chain or IgH
gene. In a~ T cells. the ~ chain of the TCR is rearranged
first. Cells that successfully rearrange their Ig heavy
chain genes express the Ig H chain protein and assemble a pre-antigen receptor known as the pre-B cell receptor. In an analogous fashion, developing T cells that
make a productive TCR ~ chain gene rearrangement
synthesize the TCR ~ chain protein and assemble
a pre-antigen receptor known as the pre- TCR. In the
absence of pre-antigen receptor expression, cells that
make out-of-frame rearrangements at the Ig ~ or TCR ~
chain loci undergo programmed cell death. It appears

that assembled pre-BCR and pre-TCR complexes. in the
absence of any known ligands. provide signals for survival, for proliferation, for the phenomenon of allelic
exclusion discussed later. and for the further development of early Band T lineage cells.
Following the pre-antigen receptor checkpoint, lymphocytes develop further in central lymphoid organs
and express the complete antigen receptor while they
are still immature. At this immature stage, potentially
harmful cells that avidly recognize self-structures may
be eliminated or induced to alter their antigen receptors.
and cells that express useful antigen receptors may be
preserved (Fig. 8-4). The preservation of useful specificities involves a process called positive selection. In the
T lineage, positive selection ensures the maturation of
T cells whose receptors bind with low avidity (weakly) to
self major histocompatibility
complex (MHC) molecules. Mature T cells whose precursors were positively
selected by self MHC molecules in the thymus are able
to recognize foreign peptide antigens displayed by the
same selfMHC molecules on antigen-presenting cells in
peripheral tissues. Positive selection provides survival
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FIGURE 8-4 Selection processes in lymphocyte
maturation. After immature clones of lymphocytes
in generative lymphoid organs express antigen
receptors, they are subject to both positive and
negative selection processes. In positive selection,
lymphocyte precursors with antigen receptors that
bind some self ligand with low avidity are selected
to survive and mature further. These positively
selected lymphocytes enter peripheral lymphoid
tissues, where they respond to foreign antigens. In
negative selection, cells that bind antigens present
within the generative organs, with high avidity,
receive signals that either lead to cell death or
induce further rearrangement of antigen receptor
genes, a process known as receptor editing. As a
result. the repertoire of mature lymphocytes lacks
cells capable of responding to these self antigens.
The diagram illustrates selection of B cells; the principles are the same for T lymphocytes, except that
there is no receptor editing in the T lineage.
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signals to both Band T lymphocytes that have properly
rearranged both chains of their antigen receptors.
Negative selection is the process that eliminates or
alters developing lymphocytes whose antigen receptors
bind strongly to self antigens present in the generative
lymphoid organs. Both developing B cells and developing T cells are susceptible to negative selection during a
short period after antigen receptors are first expressed.
Developing T cells with a high affinity for self-antigens
are eliminated by apoptosis, a phenomenon known as
clonal deletion. Strongly self-reactive immature B cells
may be induced to make further 19gene rearrangements
and thus evade self-reactivity. This phenomenon
is
called receptor editing. Negative selection of developing
lymphocytes is an important mechanism for maintaining tolerance to many self antigens; this is called central
tolerance (see Chapter I I).

~
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=~[i~2~s

~
Expansion and
differentiation

The Generation

of Lymphocyte

Subsets

Another important feature of lymphocyte development
that appears to be mechanistically linked to positive
selection is the generation of functionally distinct
subsets in both the T and the B lineages (see Fig. 8-4).
The process of positive selection provides lineage
commitment signals to ensure that the CD4+and CD8+T
lymphocyte subsets are properly matched to the
appropriate class of MHC molecule the cells recognize.
Precursors that express both CD4 and CD8 differentiate
into either CD4+ class II MHC-restricted T cells or CDS'
class I MHC-restricted T cells. The CD4+ cells that
leave the thymus can be activated by antigens to differentiate into helper T cells whose effector functions are
mediated by specific membrane proteins and by the
production of cytokines. The CD8+cells can differentiate
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into cytotoxic T lymphocytes whose major effector function is to kill infected target cells. A similar lineage commitment process during positive selection of B cells
drives the development of these cells into distinct
peripheral B cell subsets. Bone marrow-derived developing B cells may differentiate into follicular B cells
that recirculate
and mediate
T cell-dependent
immune responses in secondary lymphoid organs, or
marginal zone B cells that reside in the vicinity of the
marginal sinus in the spleen and mediate largely T
cell-independent responses to blood-borne antigens.
With this introduction, we proceed to a more detailed
discussion of lymphocyte maturation, starting with the
key event in maturation, the rearrangement and expression of antigen receptor genes.
REARRANGEMENT

OF ANTIGEN

GENES

T LYMPHOCYTES

IN BAND

RECEPTOR

The genes that encode diverse alltigen receptors of Band
T lymphocytes are generated by the rearrangement in
individual lymphocytes of different variable (V) region
gene segments with diversity (D) and/or joining (J) gene
segments. A novel rearranged exon for each antigen
receptor gene is generated by fusing a specific distant
upstream V gene segment to a downstream segment on
the same chromosome. This specialized process of sitespecific gene rearrangement is called V(D)J recombination. (The terms recombination and rearrangement are
used interchangeably.) Elucidation of the mechanisms
of antigen receptor gene rearrangement, and therefore
of the underlying basis for the generation of immune
diversity, represents one of the landmark achievements
of modern immunology.

IH chain locus (1250 kb; chromosome
L VH1

(n=-100)
L VHn

The first insights into how millions of different
antigen receptors could be generated from a limited
amount of coding DNA in the genome came from
analyses of the amino acid sequences of Ig molecules.
These analyses showed that the polypeptide chains
of many different antibodies of the same isotype shared
identical sequences at their C-terminal ends (corresponding to the constant domains of antibody heavy
and light chains) but differed considerably in the
sequences at their N-terminal ends that correspond
to the variable domains of immunoglobulins
(see
Chapter 4). Contrary to one of the central tenets of
molecular genetics, enunciated as the "one gene-one
polypeptide hypothesis" by Beadle and Tatum in 1941,
Dreyer and Bennett postulated in 1965 that each antibody chain is actually encoded by at least two genes, one
variable and the other constant, and that the two are
physically combined at the level of DNA or of messenger RNA (mRNA) to eventually give rise to functional Ig
proteins.
Formal proof of this hypothesis came more than a
decade later when Susumu Tonegawa demonstrated
that the structure of Ig genes in the cells of an antibodyproducing tumor, called a myeloma or plasmacytoma, is
different from that in embryonic tissues or in nonlymphoid tissues not committed to Ig production. These differences arise because during B cell development, there
is a recombination of DNA sequences within the loci
encoding Ig heavy and light chains. Furthermore, similar
rearrangements occur during T cell development in the
loci encoding the polypeptide chains of TCRs. Antigen
receptor gene rearrangement is best understood by first
describing the unrearranged, or germline, organization
of 19and TCR genes and then describing their rearrangement during lymphocyte maturation.
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Three separate loci encode, respectively, all the Ig heavy
chains, the Ig Klight chain, and the Ig Alight chain. Each
locus is on a different chromosome. The organization
of human Ig genes is illustrated in Figure 8-5, and the
relationship of gene segments after rearrangement to
the domains of the Ig heavy and light chain proteins is
shown in Figure 8-6A. Ig genes are organized in essentially the same way in all mammals, although their chromosomal locations and the number and sequence of
different gene segments in each locus may vary. Each
germline Ig locus is made up of multiple copies of at
least two different types of gene segments, the V and J
segments that lie upstream of constant (c) region exons.
In addition, the Ig heavy chain locus has diversity (D)
segments. Within each locus, the sets of each type of

V Region

(Jl)chain

NH2

(membrane

form)

I
I

RECEPTOR

GENES

C Region

II

IOther
Ig heavy

OF ANTIGEN

gene segment are separated from one another by
stretches of noncoding DNA.
At the 5' end of each of the Ig loci, there is a cluster of
V gene segments, each V gene in the cluster being about
300 base pairs long. The numbers of V gene segments
vary considerably among the different Ig loci and among
different species. For example, there are about 35 V
genes in the human K light chain locus and about 100
functional genes in the human heavy chain locus,
whereas the mouse A light chain locus has only two
V genes and the mouse heavy chain locus has more than
1000 V genes. The V gene segments for each locus are
spaced over large stretches of DNA, up to 2000 kilo bases
long. Located 5' of each V segment is a leader exon that
encodes the 20 to 30 N -terminal residues of the translated protein. These residues are moderately hydrophobic and make up the leader (or signal) peptide. Signal
sequences are found in all newly synthesized secreted
and transmembrane
proteins and are involved in
guiding nascent polypeptides being generated on membrane-bound ribosomes into the lumen of the endoplasmic reticulum (ER). Here, the signal sequences are
rapidly cleaved, and they are not present in the mature
proteins. Upstream of each leader exon is a V gene promoter at which transcription can be initiated, but this
occurs most efficiently, as discussed below, after
rearrangement.

The germ line organizations of Ig and TCR genetic loci
are fundamentally
similar and are characterized by
spatial segregation of sequences that must be joined
together to produce functional genes coding for antigen
receptor proteins. We first describe the Ig loci and then
discuss the TCR loci in comparison.
Organization

AND EXPRESSION
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the Ig ~ chain and the TCR IX and ~ chains, transmembrane
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At varying distances 3' of the V genes are several
J segments that are closely linked to downstream
constant region exons. J segments are typically 30 to 50
base pairs long, separated by noncoding sequences.
Between the V and J segments in the IgH locus there are
additional segments know as 0 segments. In the human
Ig heavy chain locus,S' of the entire array of CIIgene segments there is one cluster of 6 functional J segments and
one cluster of more than 20 0 segments. In the human
I(chain locus, there is a cluster of five J segments 5' of CK,
and in the human A locus, there is one J segment 5' of
each of the four functional CAgenes.
Each Ig locus has a distinct arrangement and number
of C region genes. In humans, the Ig I( light chain locus
has a single C gene (CK)and the A light chain locus has
four functional C genes (CA).The Ig heavy chain locus
has nine C genes (CII), arranged in a tandem array, that
encode the C regions of the nine different Ig isotypes and
subtypes (see Chapter 4). The C( and CAgenes are each
composed of a single exon that encodes the entire C
domain of the light chains. In contrast, each CII gene is
composed of five or six exons. Three or four exons (each
similar in size to a V gene segment) encode the complete
C region of each heavy chain isotype, and two smaller
exons code for the carboxy-terminal ends of the membrane form of each Ig heavy chain, including the transmembrane and cytoplasmic domains of the heavy
chains (see Fig. 8-6A).
In an Ig light chain protein (K or A), the V domain is
encoded by the V and J gene segments, while in the Ig
heavy chain protein, the V domain is encoded by the V.
0, and J gene segments (see Fig. 8-6A). The VOJ junction
including the 0 and J segments and all junctional
residues in the case of IgH (and TCR P), or the VJ junction including the J segment and junctional sequences
in the case of Ig light chains (or TCR a), make up the
third hypervariable (also known as complementaritydetermining) region (CDR3) of antibody molecules and
TCRs. COR I and CDR2 are encoded in the germline on
each V gene segment. The V and C domains of Ig (and
TCH) molecules share structural features, including a
tertiary structure called the Ig fold. As we discussed in
Chapter 7, proteins that include this structure are
members of the Ig superfamily (see Chapter 4, Box 4-2).
On the basis of the tandem organization of V and C genes
in each Ig or TCH locus, and the structural homologies
between them, it is believed that these genes evolved
from repeated duplication of a primordial gene. Each Ig
domain of heavy and light chain proteins is encoded by
a single exon.
Noncoding sequences in the Ig loci play important
roles in recombination and gene expression. As we
shall see later, sequences that dictate recombination
of different gene segments are found adjacent to
each coding segment in Ig genes. Also present are V
gene promoters, and other cis-acting regulatory elements, such as locus control regions, enhancers, and
silencers, which regulate gene expression at the level of
transcription.

Organization

of TCR Gene Loci
/
The genes encoding the TCR a chain, the TCR P chain,
and the TCR y chain map to three separate loci, and
the TCR 8 chain locus is contained within the TCR
a locus (Fig. 8-7). Each germline TCR locus includes
V. 1. and

C gene

segments.

In addition,

TCR

P and

TCR

8 loci also have 0 segments, like the Ig heavy chain
locus. At the 5' end of each of the TCR loci, there is
a cluster of several V gene segments, arranged in a
very similar way to the Ig V gene segments. Upstream of
each TCR V gene is an exon that encodes a leader
peptide, and upstream of each leader exon is a promoter
for each V gene.
At varying distances 3' of the TCR V genes are the C
region genes. There are two C genes in each of the
human TCR p (C~) and TCR y (Cy) loci and only one C
gene in each of the TCR a (CJ and TCR 8 (Co)loci. Each
TCR C region gene is composed of four exons encoding
the extracellular C region, a short hinge region, the
transmembrane segment, and the cytoplasmic tail.
J segments are found immediately upstream of the C
genes in all the TCR loci, and D segments are found only
in the TCR p and TCR 8 chain loci (which resemble the
Ig heavy chain locus). Each human TCR C gene has its
own associated 5' cluster of J segments. In the TCR a or
y chains (analogous to Ig light chains), the V domain is
encoded

by the V and J exons, and in the TCR

p and

8

proteins, the V domain is encoded by the V.0, and J gene
segments.
The relationship of the TCR gene segments and the
corresponding
portions of TCR proteins that they
encode is shown in Figure 8-6B. As in Ig molecules, the
TCR V and C domains assume an Ig fold tertiary structure, and thus the TCR is a member of the Ig superfamily of proteins.
V(D)J Recombination
The germline organization of Ig and TCR loci described
in the preceding section exists in all cell types in the
body. Germline genes cannot be transcribed into mRNA
that gives rise to antigen receptor proteins. Functional
antigen receptor genes are created only in developing
Band T lymphocytes following DNA rearrangement
events that bring randomly chosen V.(D), and J gene segments into contiguity. This recombinational
process
involves a number of sequential steps. Initially the chromatin must be opened in specific regions of the antigen
receptor chromosome in order to make randomly
selected gene segments accessible to the recombinational machinery. Recombination
involves bringing
together the appropriate gene segments across vast
chromosomal distances. Double-strand breaks are then
introduced at the ends of these segments, nucleotides
are added or removed at the broken ends. and finally the
processed ends are ligated to produce c10nally unique
but diverse antigen receptor genes that can be efficiently
transcribed.
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o The recombination of antigen receptor genes can be
demonstrated by a technique called Southern blot
hybridization, which is used to examine the sizes of
DNA fragments produced by restriction enzyme
digestion of genomic DNA. By this method, it can be
shown that the enzyme-generated DNA fragments
containing Ig or TCR gene segments are a different
size when the DNA is from cells that make antibodies
orTCRs, respectively, than when the DNA is from cells
that do not make these antigen receptors (Fig. 8-8).
The explanation for these different sizes is that V and
C regions of antigen receptor chains are encoded by
different gene segments that are located far apart in
embryonic and nonlymphoid cells and brought close
together in cells committed to antibody or TCR synthesis (Le., in B or T lymphocytes).
The process ofV(D)J recombination at any Ig or TCR
locus involves selecting one V gene, one J segment, and
one D segment (when present) in each lymphocyte and
rearranging these gene segments together to form a
single V(D)J exon that will code for the variable region of
an antigen receptor protein. The C regions lie downstream ofthe V(D)J exon separated by the same germline
J-C intron in the rearranged DNA as well as in the
primary RNA transcript. RNA splicing brings together
the leader exon, the V(D)J exon, and the C region exons,
forming an mRNA that can be translated on membranebound ribosomes to produce one of the chains of the

antigen receptor. Different clones of lymphocytes use
different combinations of V, D, and J gene segments at
each relevant locus to generate functional receptor
chains (Fig. 8-9). In addition, during V(D)J recombination, nucleotides are added to or removed from the junctions. As we will discuss in more detail later, these
processes contribute to the tremendous diversity of
antigen receptors. The details and unique features of the
processes of Ig and TCR gene rearrangement will be
described when we consider the maturation of Band T
lymphocytes, respectively.

Mechanisms

of V(D)J Recombination

Rearrangement of Ig and TCR genes represents a special
kind of nonhomologous
DNA recombination
event,
mediated by the coordinated activities of several
enzymes, some of which are found only in developing
lymphocytes while others are ubiquitous DNA doublestrand break repair (DSBR) enzymes. Critical lymphocyte-specific factors that mediate V(D)J recombination
recognize certain DNA sequences called recombination
signal sequences (RSSs), located 3' of each V gene
segment,S' of each J segment, and flanking each D
segment on both sides (Fig. 8-lOA). The recombination
signal sequences consist of a highly conserved stretch of
7 nucleotides, called the heptamer, usually CACAGTG,
located adjacent to the coding sequence, followed by
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FIGURE
8-8 Antigen receptor
gene rearrangements.
Southern
blot analysis of DNA from nonlymphoid
cells and from two monoclonal populations
of B lymphocyte
lineage origin (e.g., B cell
tumors) is shown in schematic fashion. The DNA is digested with
a restriction
enzyme, different-sized
fragments
are separated by
electrophoresis,
and the fragments are blotted onto a filter. The sites
at which the restriction enzyme cleavEJs the DNA are indicated by
arrows. The size of the fragments containing the J segment of the
Ig I( light chain gene is determined
by use of a radioactive probe
that specifically
binds to J segment
DNA. In the hypothetical
example shown, the size of the J se!~ment containing
DNA fragments from each of two B cells is smaller than that from non-B cell
DNA. This indicates that the specific sites where the restriction
enzyme cuts the DNA are in a different position in the genome of
the B cells compared with the non-B cells. Thus, a rearrangement
of the germline DNA sequence in the I,~ I( locus has occurred in the
B cells. Note that the fragment from the rearranged DNA may be
larger or smaller than the fragment from the germline DNA, depending on the location of the sites where the restriction enzyme cuts
the DNA.

V1 '12
Germline
DNA

Vn

01-n
I

a spacer of exactly 12 or 23 nonconserved nucleotides,
followed by a highly conserved AT-rich stretch of
9 nucleotides, called the nonamer. The 12- and
23-nucleotide spacers roughly correspond to one or two
turns of a DNA helix respectively, and they presumably
bring two distinct heptamers into positions that are
simultaneously accessible to the enzymes that catalyze the recombination
process. A specific enzyme
(described below) introduces double-strand breaks in
the DNA, cleaving between the heptamer of the RSS and
the adjacent V. D, or J coding sequence. In Ig light chain
V-to-J recombination, for example, breaks will be made
3/ of a V segment and 5/ of a J segment. The intervening
double-stranded DNA, containing signal ends (the ends
that contain the heptamer and the rest of the RSS), is
removed in the form of a circle, and this is accompanied
by the joining of the V and J coding ends (Fig. 8-1OB).
Some V genes, especially in the Ig Klocus, are in the same
orientation as the J segments, such that the RSSs 5/ of
these V segments and 3/ of the J segments do not "face"
each other. In these cases, the intervening DNA is
inverted and the V and J exons are properly aligned and
the fused RSSs are not deleted but retained in the chromosome (Fig. 8-lOC). Most Ig and TCR gene rearrangements occur by deletion; rearrangement by inversion
occurs in up to 50% of rearrangements in the Ig Klocus.
Recombination occurs between two segments only if
one ofthe segments is flanked by a 12-nucleotide spacer
and the other is flanked by a 23-nucleotide spacer; this
is called the 12/23 rule. A "one-turn" coding segment
therefore always recombines with a "two-turn" segment.
The type of the flanking RSSs (one turn or two turn)
ensures that the appropriate gene segments will recombine. For example, in the Ig heavy chain locus, both V
and J segments have 23-nucleotide spacers and therefore cannot join directly; D-to-J recombination occurs
first, followed byV-to-DJ recombination, and this is possible because the D segments are flanked on both sides
by 12-nucleotide spacers, allowing D-J and then
V-DJ joining. The recombination
signal sequences
described here are unique to Ig and TCR genes. Therefore, V(D)J recombination is relevant for antigen receptor genes but not for other genes.
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C

I

5'{]J-Orfll...~3'
Somatic
recombination
(V-D-J joining),
addition
of
Nand P nucleotides,
transcription
and RNA processing
in three B cell clones

Expressed
mRNA in
three
lymphocyte
clones

~

5'.~3'

ri]/P nucleotides

~

5' -r3'
NIP nucleotides

~

5'~3'

NIP nucleotides

FIGURE 8-9 Diversity of antigen
receptor
genes. From the same
germ line DNA, it is possible
to
generate
recombined
DNA
sequences
and mRNAs that differ
in their V-D-J junctions.
In the
example
shown,
three
distinct
antigen receptor mRNAs are produced from the same germline
DNA by the use of different gene
segments
and the addition
of
nucleotides
to the junctions.
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8-10
V(D)J recombination.
The DNA sequences
and mechanisms
involved
in recombination
in the Ig gene loci are depicted.
The
same sequences
and mechanisms
apply to recombinations
in the TCR loci. A. Conserved
heptamer
(7 bpI and nonamer
(9 bpI sequences,
separated
by 12- or 23-bp spacers,
are located
adjacent
to V and J exons (for Ie and A. loci) or to V, D, and J exons (in the H chain locus).
The V(D)J recombinase
recognizes
these recombination
signal sequences
and brings the exons together.
B. Recombination
of V and J exons
may occur by deletion
of intervening
DNA and ligation
of the V and J segments
or, C, if the V gene is in the opposite
orientation,
by inversion of the DNA followed
by ligation
of adjacent
gene segments.
Red arrows
indicate
the sites where
germline
sequences
are cleaved
prior
to their ligation
to other Ig or TCR gene segments.
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The process of V(D)J recombination can be divided
into four distinct events that flow sequentially into each
other (Fig. 8-11):
1. Synapsis: Portions of the antigen receptor chromosome are made accessible to the recombination
machinery, and two selected coding segments and
their adjacent RSSs are brought together by a chromosomal looping event and held in position for
subsequent cleavage, processing, and joining.

Unrearranged locus
5'~~3

+

CD Synapsis

2. Cleavage: Double-strand breaks are enzymatically
generated at RSS-coding sequence junctions using
machinery that is lymphoid specific.
3. Coding end processing: The broken coding ends
(but not the signal/RSS ends) are modified by the
addition or removal of bases, and thus greater
diversity is generated.
4. Joining: The broken coding ends as well as the
signal ends are brought together and ligated by a
double-strand break repair process found in all
cells that is called non-homolgous end joining.
l\vo proteins encoded by lymphoid-specific genes
called recombination-activating
gene 1 and recombination-activating
gene 2 (Rag-] and Rag-2) form a
tetrameric complex that plays a major role in V(D)J
recombination.
The Rag-l protein, in a manner
similar to a restriction endonuclease, recognizes the
DNA sequence at the junction between a hepatamer and
a coding segment, and cleaves it, but it is enzymatically
active only when complexed with the Rag-2 protein. The
Rag-l /Rag-2 complex is also known as the V(D) J recombinase. The Rag-2 protein may help link the Rag-l /Rag2 tetramer to other proteins, including accessibility
factors that bring these proteins to specific "open" receptor gene loci at specific times and in defined stages of
lymphocyte development. Rag-l and Rag-2 contribute
to holding together gene segments during the process of
chromosomal folding or synapsis. Rag-l then makes a
nick (on one strand) between the coding end and the
heptamer. The released 3'OH of the coding end then
attacks the other strand forming a covalent hairpin. The
signal end (including the heptamer and the rest of the
RSS) does not form a hairpin and is generated as a blunt
double-stranded
DNA terminus that undergoes no
further processing. This double-stranded break results
in a closed hairpin of one coding segment being held in
apposition to the closed hairpin of the other coding end
and two blunt signal ends being placed next to each
other. Rag-l and Rag-2, apart from generating the
double-stranded breaks, also hold the hairpin ends and
the blunt ends together prior to the modification of the
coding ends and the process of ligation.

FIGURE 8-11 Sequential events during V(D)J recombination.
Synapsis and cleavage of DNA at the heptamer/coding segment
boundary is mediated by Rag-l and Rag-2. The coding end hairpin
is opened by the Artemis endonuclease and broken ends are
repaired by the NHEJ machinery.
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After the formation of double-stranded breaks, hairpins must be resolved (opened up) at the coding junctions, bases may be added to or removed from the
coding ends to ensure even greater diversification, and
then all the broken ends must be appropriately joined,
coding end to coding end and signal end to signal end.
The importance of the Rag genes is illustrated by the
finding that knockout mice lacking either Ragl or Rag2
fail to produce Ig and TCR proteins and lack mature B
and T lymphocytes. The Rag-l and Rag-2 proteins
exhibit several important properties. First, Rag-l and
Rag-2 are cell type specific, being produced only in cells
of the Band T lymphocyte lineages. Second, the Rag
genes are expressed only in immature lymphocytes.
Therefore, V(D)J recombination is active in immature B
and T lymphocytes but not in mature cells, explaining
why Ig and TCR gene rearrangements do not continue
in cells that express functional antigen receptors. Third,
Rag genes are expressed mainly in the Go and G1
stages of the cell cycle and are silenced in proliferating
cells. It is thought that limiting DNA cleavage and
recombination to nondividing cells minimizes the risk of
generating inappropriate DNA breaks during DNA replication or during mitosis.
The same recombinase mediates rearrangement at
both Ig and TCR loci. Because complete functional
rearrangement
of Ig genes normally occurs only in
immature B cells and rearrangement ofTCR genes normally occurs only in developing T cells, some other
mechanism, other than the recombinase itself, must
control the cell type specificity and the differentiation
stage specificity of recombination. It is likely that the
accessibility of the Ig and TCR loci to the recombinase
is differentially regulated in developing Band T cells by
several mechanisms, including alterations in chromatin
structure, DNA methylation, and basal transcriptional
activity in the unrearranged loci.
One other lymphoid-specific enzyme that functions
downstream of the Rag proteins is terminal deoxynucleotidyl transferase (TdT), discussed below. All the

other enzymes that are crucial for V(D)J recombination
are involved in the process of non-homologous
end
joining that mediates double-strand break repair during
V(D)J recombination. Their role in Ig and TCR gene
recombination is to repair the double-stranded breaks
introduced by the recombinase. Ku70 and Ku80 are DNA
end binding proteins that bind to the breaks and recruit
the catalytic subunit of DNA-dependent protein kinase
(DNA-PK), a double-stranded DNA repair enzyme. This
enzyme is defective in mice carrying the severe combined immunodeficiency (scid) mutation (see Chapter
20). Like Rag-deficient mice, scid mice fail to produce
mature lymphocytes. DNA-PK phosphorylates and activates an enzyme called Artemis, which is an endonuclease that opens up the hairpins at the coding ends. In the
absence of Artemis, hairpins cannot be opened and T
and B cells cannot be generated. Mutations in Artemis
result in the absence ofT and B cells (Chapter 20). ligation of the processed broken ends is mediated by DNA
ligase Iv.
One of the consequences of V(D)J recombination is
that the process brings promoters located immediately
5' of V genes in close proximity to downstream
enhancers that are located in the J-C introns, and also
3' of the C region genes (Fig. 8-12). These enhancers
maximize the transcriptional activity of the V gene promoters and are thus important for high-level transcription of rearranged V genes in lymphocytes.
Because Ig and TCR genes are sites for multiple
DNA recombination
events in Band T cells, and
because these sites become transcriptionally
active
after recombination,
genes from other loci can be
abnormally translocated to these loci and, as a result,
may be aberrantly transcribed. In tumors of Band T
lymphocytes, oncogenes are often translocated
to
Ig or TCR gene loci. Such chromosomal translocations
are frequently accompanied by enhanced transcription
of the oncogenes and are believed to be one of the
factors causing the development of lymphoid tumors
(Box 8-1).
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FIGURE 8-12 Transcriptional
regulation of Ig
genes.
V-D-J
recombination
brings
promoter
sequences
(shown
as P) close to the enhancer
(enh). The enhancer
promotes
transcription
of the
rearranged V gene (V2. whose active promoter is indicated by a bold green arrow).
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Cytogeneticists first noted reciprocal chromosomal
translocations in lymphomas and leukemias in the 1960s,
but their significance remained unknown until almost 20
years later. At this time, sequencing of switch regions of
IgH genes in two different B cell tumors bearing translocations, human Burkitt's lymphoma and murine plasmacytoma, revealed the presence of DNA segments that
were not derived from Ig genes. The "foreign" DNAwas
identified as a portion of the C-MYC proto-oncogene,
which normally resides on chromosome 8 in humans.
Proto-oncogenes are normal cellular genes that often
code for proteins involved in the regulation of cellular proliferation, differentiation, and survival, such as growth
factors, receptors for growth factors, or transcriptionactivating factors. In normal cells, their function is tightly
regulated. When these genes are altered by mutations,
inappropriately expressed, or incorporated into and reintroduced in cells by retroviruses, they can exhibit either
enhanced or aberrant activities and function as oncogenes. Dysfunction of oncogenes is one important
mechanism leading to increased cellular growth and, ultimately, neoplastic transformation. The most common
r translocation in Burkitt's lymphoma is 118;14),involving

I
I

I

I
I

the Ig heavy chain locus on chromosome 14; less com-

I

monly,
the

I
I

or t(8;22)

112;8)

K' or

A. light

translocations

chain

loci,

are found,

Type of tumor
I

involving

In all cases

respectively.

I

of

Chromosomal

Burkitt's lymphoma, C-MYC is translocated from chromosome 8 to one of the Ig loci, producing the reciprocal
8;14, 2;8, or 8;22 translocations found in these tumors.
The C-MYC gene product is a basic helix-loop-helixtranscription factor, and translocation of the gene leads to its
dysregulated expression. C-MYC function is still incompletely understood, but it activates the expression of a
large number of genes that control metabolism, protein
synthesis, and ribosome biogenesis, and thereby promotes cell growth and division.
Because antigen receptor genes normally undergo
several genetic rearrangements during lymphocyte maturation, they are likely sites for accidental trans locations
of distant genes. DNA sequencing of antigen receptor
genes involved in chromosomal translocations suggests
that these mistakes occur at the time of attempted V(D)J
rearrangement in pre-B and pre-T cells, during switch
recombination in germinal center B cells, and possibly
during the process of somatic hypermutation (also in
germinal center B cells). Of interest, human lymphomas
derived from germinal center B cells, which rely on regulated genomic instability to diversify their Ig genes, are
common and often have chromosomal translocations
involving the Ig genes. In contrast, tumors derived from
mature T cells (which are genomically stable) are infrequent and only rarely have translocations involving the

translocation
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These are some examples of chromosomal
translocations
that have been molecularly
cloned in human lymphoid
tumors. Each translocation
is indicated by the letter t. The first pair of numbers refers to the chromosomes
involved,
for example, (8;14), and the second pair to the bands of each chromosome,
for example, (q24.1; q32.3). The normal
chromosomal
locations of antigen receptor genes (indicated in bold) are IgH, 14q32.3; IgK, 2p12; IgA., 22qll.2;
TCRM,
14qll.2;
TCRP, 7q34; and TCRy, 7p15.
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TCR genes. In some translocations associated with lymnant negative" activity that inhibits normal AML 1 function
phoid tumors, DNA breakage near proto-oncogenes
and results in a block in differentiation.This impliesthat
occurs at sites that resemble heptamer and nonamer
the normal role of AML1 is to promote the terminal difsequences, suggesting that they are caused by an aberferentiation of blood cell progenitors, which is supported
by the observation that aml7 knockout mice die during
rant V(D)J recombinase activity. However, in most
embryogenesis because of a failure to produce blood
instances (and, more generally, in all trans locations found
in nonlymphoid tumors). such sequences are lacking and I cells. The most frequent chromosomal rearrangements
in acute pre-T cell leukemias cause the inappropriate
the cause of DNA breakage within or adjacent to protoexpression of TAL7, a gene encoding a basic helix-Iooponcogenes is uncertain.
helix transcription factor that appears to interfere with T
Since the discovery of C-MYC translocations in B cell
lymphomas, the genes involved in translocations in many
cell differentiation. The Philadelphia chromosome, found
in chronic myelogenous leukemia and some acute lymother lymphoid (and nonlymphoid) tumors have been
phoblastic leukemias, is created by a balanced t(9;22)
identified (see Table). In most cases, these translocations
translocation. This yields a BCR/C-ABL fusion gene that
result in dysregulation of transcription factors, cell survival
proteins, or signal-transducing molecules such as
encodes a constitutively active tyrosine kinase. Diffuse
large B cell lymphoma, the most common lymphoma of
kinases. One gene that has proved to be particularly
adults, is often associated with chromosomal translocaimportant in acute pre-B cell and acute myeloid leukemias
tions that dysregulate the expression of BCL6, which
is AML 7, a gene on chromosome 21 that encodes a
member of the Runt family of transcription factors. I encodes a transcription factor that is required for germinal center B cell development. Inappropriate expression
About 25% of childhood acute pre-B cell lymphoblastic
leukemias have a balanced (12;21) translocation that pro-- of BCL6 is believed to block B cell development beyond
the germinal center stage and to inhibit the function of
duces a fusion gene encoding the DNA-bindingportion of
genes (such as p531 that respond to DNAdamage. The
AML1 and the dimerization domain of TEL1, a member
(14;18) translocation found in greater than 85% of
of the Ets family of transcription factors. Similarly,about
another common B cell lymphoma, follicular lymphoma,
20% of acute myelogenous leukemias have a balanced
(8;21) translocation involving a different Ets-like tranleads to overexpression of a survival gene, BCL2, and the
prevention of programmed cell death.
scription factor, ETO, and AML1. In both instances, the
oncogenic AML1 fusion proteins appear to have "domiI

I

I

This box was written with the assistance of Dr. Jon Aster, Department of Pathology, Brigham & Women's Hospital and Harvard
Medical School, Boston.

Generation

of Diversity

in Band

T Cells

The enormous diversity of the mature Band T cellrepertoires is generated primarily by the rearrangement of
Ig and TCR genes. Several genetic mechanisms contribute to this diversity, and the relative importance of
each mechanism varies among the different antigen
receptor loci (Table 8-1). Not discussed here is somatic
hypermutation,
a receptor diversification mechanism
unique to the B cell lineage, which will be considered in
Chapter 10.
.

Combinatorial diversity. V(D)J recombination events
involve multiple germline gene segments that may
combine randomly, and different combinations
produce different antigen receptors. The maximum
possible number of combinations of these gene segments is the product of the numbers of Y, 1. and (if
present) D gene segments at each antigen receptor
locus. Therefore, the amount of combinatorial diversity that can be generated at each locus reflects the
number of germline Y,1. and D gene segments at that
locus. After somatic recombination and expression of
antigen receptor chains, combinatorial diversity is
further enhanced by the juxtaposition of two different, randomly generated V regions (i.e., VIIand VLin
Ig molecules and Va and V~in TCR molecules). Therefore, the total combinatorial diversity is theoretically

the product of the combinatorial diversity of each of
the two associating chains. The actual degree of combinatorial diversity in the expressed Ig and TCR repertoires in any individual is likely to be considerably
less than the theoretical maximum. This is because
not all recombinations of gene segments are equally
likely to occur, and not all pairings of Ig heavy and
light chains or TCR a and ~ chains may form functional antigen receptors. Importantly, since the
numbers of Y, 1. and D segments in each locus are
limited (see Table 8-1), the maximum possible
numbers of combinations are on the order of thousands. This is, of course, much less than the actual
diversity of antigen receptors in mature lymphocytes.
. Junctional diversity. The largest contribution to the
diversity of antigen receptors is made by the removal
or addition of nucleotides between V and D, D and 1.
or V and J segments at the time of joining. These
processes result in variability at the junctions ofY, D,
and J gene segments, called junctional diversity. One
way this can occur is if endonucleases
remove
nucleotides from the germline sequences at the ends
of the recombining gene segments. In addition,
new nucleotide sequences, not present in the
germline, may be added at junctions. Coding segments (e.g., V and J gene segments) that are cleaved
by Rag-l form hairpin loops whose ends are often
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Table 8-1. Contributions of Different Mechanisms to the Generation of Diversity in 19 and TCR Genes
I

Mechanism

I

Heavy

Mechanism
Variable

(V) segments

:0

o segments

Rare

read in all

N region
Joining

(J) segments

ap

I

TCR y8

a

jp

Y i8

54

: 67

14

: 20-30

0

!3

0 :2
Often

frames

diversification

Total potential
with junctional

iK
35

27

reading

chain

85

Diversity (D) segments
three

ITCR

Immunoglobulin

:

Often

I

j None

V-D, D-J

~5

6

i V-D, D-J

61 !4

-1011

repl:3rtoire
divI3rsity

V-J

V-J V-D1, D1-D2, D1-J
:

5

:4
_1018

-1016

The potential number of antigen receptors with junctional diversity is much greater than the number that
can be generated only by combinations of V, D, and J gene segments. Note that although the upper limit
on the numbers of Ig and TCR proteins that may be expressed is very large, it is estimated that each
individual contains on the order of 107 clones of Band T cells with distinct specificities and receptors; in
other words, only a fraction of the potential repertoire may actually be expressed.

cleaved asymmetrically by Artemis so that one DNA
strand is longer than the other (Fig. 8-13). The shorter
strand has to be extended with nucleotides complementary to the longer strand before the ligation of the
two segments. The short lengths of added nucleotides

are called P nucleotides, and their templated addition
introduces new sequences at the V-Do] junctions.
Another mechanism of junctional diversity is the
random addition of up to 20 non-template-encoded
nucleotides called N nucleotides (see Fig. 8-13). N

Site of hairpin cleavage.~

~. Site of hairpin
cleavage

'Sites of N
nucl.~otide
addition

\

I

P nucleotides

A

.

A

I

P nucleotides

I
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~

P nucleotides

IL

N nucleotides

P nucleotides

A A

A

FIGURE 8-13 Junctional diversity.
During the joining of different gene
segments.
addition
or removal
of
nucleotides
may lead to the generation of novel nucleotide
and amino
acid sequences
at the junction.
Nucleotides
(P sequences)
may be
added
to asymmetrically
cleaved
hairpins
in a templated
manner.
Other nucleotides (N regions) may be
added to the sites of VD. VJ. or DJ
junctions in a nontemplated
manner
by the action of the enzyme TdT.
These
additions
generate
new
sequences that are not present in the
germline.
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region diversification is more common in Ig heavy
chains and in TCR ~ and y chains than in Ig 1(or A
chains. This addition of new nucleotides is mediated
by the enzyme TdT (terminal deoxynucleotidyl transferase). In mice rendered deficient in TdT by gene
knockout, the diversity of Band T cell repertoires is
substantially less than in normal mice. The addition
of P nucleotides and N nucleotides at the recombination sites may introduce frameshifts, theoretically
generating termination codons in two of every three
joining events. Such inefficiency is a price that is paid
for generating diversity.
Because of junctional diversity, antibody and TCR
molecules show the greatest variability at the junctions
of V and C regions that form the third hypervariable
region, or CDR3. The COR3 regions of Ig and TCR molecules, which are formed at the sites ofV(O)J recombination (see Fig. 8-6), are also the most important portions
of these molecules for determining the specificity of
antigen binding (see Chapters 4 and 7). In fact, because
of junctional diversity, the numbers of different amino
acid sequences that are present in the COR3 regions of
Ig and TCR molecules are much greater than the
numbers that can be encoded by germline gene segments. Thus, the greatest diversity in antigen receptors
is concentrated in the regions of the receptors that are
the most important for antigen binding.
Although the theoretical limit of the number of Ig and
TCR proteins that can be produced is enormous (see
Table 8-1), the actual number of Ig and TCR genes
expressed in each individual is probably only on the
order of 107. This perhaps reflects the fact that most
receptors, which are generated randomly, do not pass
the selection processes needed for maturation.
A practical application of our knowledge of junctional
diversity is the determination of the c10nality of lymphoid tumors that have arisen from B or T cells. Because
every lymphocyte clone expresses a unique antigen
receptor COR3 region, the sequence of nucleotides at
the V(O)J recombination site serves as a specific marker
for each clone. Thus, by sequencing the junctional
regions of Ig or TCR genes in different B or T cell
tumors, even from the same patient, one can establish
whether these tumors arose from a single clone or
independently from different clones. Furthermore, polymerase chain reaction-mediated
amplification of these
clone-specific sequences may be used as a sensitive
detection method for small numbers of tumor cells in
the blood or tissues.
Transcriptional
Regulation
B Cell Development

of Early T and

As discussed earlier in this chapter, all lymphocytes
develop from CLPs that in turn are derived from
hematopoietic stem cells (see Fig. 8-2). CLPs in the
bone marrow primarily give rise to B cells, and CLP-like
cells that migrate to the thymus give rise to T cells. Commitment to the Band T lineages is orchestrated by different sets of transcription factors (Fig. 8-14). The Notch
family of proteins are cell surface molecules that are pro-

teolytically cleaved when they interact with specific
ligands on neighboring cells. The cleaved intracellular
portions of Notch proteins migrate to the nucleus and
modulate the expression of specific target genes.
Notch-I, a member of the Notch family, is activated in
progenitor cells and collaborates with a transcription
factor called GATA-3to commit developing lymphocytes
to the T lineage. These transcriptional regulators contribute to the induction of a number of genes that are
required for the further development of a~ T cells.
Downstream target genes include components of the
pre- T cell receptor and of the machinery for V(O)J
recombination. In B cells the EBF and E2A transcription
factors contribute to the induction of another transcription factor called Pax-S, and these three nuclear proteins
collaborate to induce the process of commitment to the
B lineage by facilitating the expression of a number of
genes. These genes include those encoding the Rag-l
and Rag-2 proteins, surrogate light chains, and the 19a
and Ig~ proteins that contribute to signaling via the preB cell receptor and the B cell receptor.
With this background we proceed to a discussion of B
lymphocyte development and then the maturation of T
cells.
B LYMPHOCYTE

DEVELOPMENT

The principal events during the maturation of B lymphocytes are the rearrangement and expression of Ig
genes in a precise order, selection and proliferation of
developing B cells at the pre-antigen receptor checkpoint, and selection of the mature B cell repertoire.
Before birth, B lymphocytes develop from committed
precursors in the fetal liver; after birth, B cells are generated in the bone marrow. The majority of B lymphocytes arise from adult bone marrow progenitors that are
initially Ig negative, develop into immature B cells that
express membrane-bound
IgM molecules, and then
leave the bone marrow to mature further primarily in the
spleen, where B cells of the follicular B cell lineage
express IgM and 19Oon the cell surface. It is in the spleen
that these cells acquire the ability to recirculate and populate all peripheral lymphoid organs. Recirculating follicular B cells home to lymphoid follicles and have the
ability to recognize foreign antigens and to respond to
them. The development of a mature B cell from a lymphoid progenitor is estimated to take 2 to 3 days in
humans.
Stages

of B Lymphocyte

Development

During their maturation, cells of the B lymphocyte
lineage go through distinguishable stages, each characterized by distinct cell surface markers and a specific
pattern of Ig gene expression (Fig. 8-15). The earliest
bone marrow cell committed to the B cell lineage is
called a pro-B cell. Pro-B cells do not produce Ig, but
they can be distinguished from other immature cells by
the expression of B lineage-restricted surface molecules
such as C019 and COlO. Rag proteins are first expressed
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FIGURE
8-14 Specific transcriptional regulators drive commitment to the Band T lineages. Commitment to the T lineage depends
on signals delivered by Notch-1, whose intracellular domain mediates transcriptional activation of T lineage genes in collaboration with
other transcription factors such as GATA-3. Commitment to the B
lineage is mediated initially by the EBF and E2A transcription factors,
and subsequently
by Pax-5. These transcription factors work
together to induce the transcription of B cell-specific genes and of
genes of the recombination machinery.

at this stage, and the first recombination of Ig genes
occurs at the heavy chain locus. This recombination
brings together one 0 and one J gene segment, with
deletion of the intervening DNA (Fig. 8-16A). The 0 segments that are 5' of the rearranged 0 segment, and the J
segments that are 3' of the rearranged J segment, are not
affected by this recombination (e.g., Dl and J2 to J6 in
Fig. 8-16A). After the O-J recombination event, one of
the many S'V genes is joined to the OJ unit, giving rise
to a rearranged VOJ exon. At this stage, all V and 0 segments between the rearranged V and 0 genes are also
deleted. V-to-OJ recombination at the 19 H chain locus
occurs only in committed B lymphocyte precursors and
is a critical event in Ig expression because only the
rearranged V gene is subsequently transcribed. The TdT
enzyme, which catalyzes the nontemplated addition of
junctional N nucleotides, is expressed most abundantly
during the pro-B stage when VOJ recombination occurs
at the IgH locus, and levels ofTdT decrease before light
chain gene V-J recombination is complete. Therefore,
junctional diversity attributed to N nucleotides is more
abundant in rearranged heavy chain genes than in light
chain genes. The heavy chain C region exons remain

distal J segments and the J-C intron. The rearranged Ig
heavy chain gene is transcribed to produce a primary
transcript that includes the rearranged VOJ complex and
the CIl exons. Multiple adenine nucleotides, called polyA tails, are added to the 3' end of the CIl RNA after
it is cleaved downstream of one of two consensus
polyadenylation sites. The nuclear RNA undergoes splicing, an RNA processing event in which the introns are
removed and exons joined together. In the case of the 11
RNA, introns between the leader exon and the VOJ exon,
between the VOJ exon and the first exon of the C~locus,
and between each of the subsequent constant region
exons of CIl are removed, thus giving rise to a spliced
mRNA for the 11heavy chain. If the mRNA is derived from
an Ig locus at which rearrangement was productive (see
below), translation of the rearranged 11 heavy chain
mRNA leads to synthesis of the 11protein.
In order for a rearrangement to be productive (in the
correct reading frame), bases must be added or removed
at junctions in multiples of three. This ensures that the
rearranged Ig gene will be able to correctly encode an Ig
protein. Approximately one in three pro-B cells make
productive rearrangements at the IgH locus and can
thus go on to synthesize the 11heavy chain protein. Only
cells that make productive rearrangements survive and
differentiate further. Once a productive Igll rearrangement is made, a cell ceases to be called a pro-B cell and
has differentiated into the pre-B stage. Pre-B cells are
developing B lineage cells that express the Igll protein
but have yet to rearrange their light chain 10cL The 11
heavy chain associates with the AS and VpreB proteins,
also called surrogate light chains, which are structurally
homologous to Kand Alight chains but are invariant (Le.,
they are identical in all pre-B cells) and are only synthesized in pro-B and pre-B cells (Fig. 8-17A). Complexes of
11,surrogate light chains, and signal transducing proteins called Iga and Ig~ form the pre-antigen receptor of
the B lineage, known as the pre-B cell receptor (preBCR). Iga and Ig~ also form part of the B cell receptor in
mature B cells (see Chapter 10). In cells that have made
proper in-frame rearrangements at the IgH locus, the
pre-BCR drives the pro-B to pre-B transition. This
happens, as explained above, in approximately a third of
pro-B cells that have completed VOJ rearrangement at
the IgH locus, and pre-BCR signaling is responsible
for the largest developmental expansion of B lineage
cells in the bone marrow.
o The importance of pre-BCRs is illustrated by studies
of knockout mice and rare cases of human deficiencies of these receptors. For instance, in mice, knockout of the gene encoding the 11chain or one of the
surrogate light chains, called AS,results in markedly
reduced numbers of mature B cells. This suggests that
the Il-AScomplex delivers signals required for B cell
maturation and that if either gene is disrupted, maturation does not proceed.
lt is not known what the pre- BCR recognizes, but
the consensus view at present is that this receptor
functions in a ligand-independent
manner, and when it
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FIGURE
8-15 Stages of B cell maturation. Events corresponding
to each stage of B cell maturation from a bone marrow stem cell to a
mature B lymphocyte
are illustrated. Several surface markers in addition to those shown have been used to define distinct stages of B cell
maturation.

is assembled it is in the "on" conformation. Numerous
signaling molecules linked to both the pre-BCR and the
BCR are required for cells to successfully negotiate the
pre-BCR-mediated checkpoint at the pro-B to pre-B
cell transition. A kinase called Bruton's tyrosine kinase
(Btk) is activated downstream of the pre-BCR and is
required for delivering signals from this receptor that
mediate survival, proliferation,
and maturation
at
and beyond the pre-B cell stage. In humans, mutations
in the BTK gene result in the disease called X-linked
agammaglobulinemia
()CLA),which is characterized by
a failure of B cell maturation (see Chapter 20). In mice,
mutations in btk result in a less severe B cell defect in a
mouse strain called Xid (for X-linked immunodeficiency). The defect is less severe than in XLA because
murine pre-B cells express a second Btk-like kinase
called Tec that compensates for the defective Btk.
The pre-BCR regulates further rearrangement of Ig
genes in two ways. First, if a 11protein is produced from
the recombined heavy chain locus on one chromosome
and forms a pre-BCR, this receptor signals to irreversibly
inhibit rearrangement of the Ig heavy chain locus on the
other chromosome. If the first rearrangement is nonproductive, the heavy chain allele on the other chromosome can complete VDJ rearrangement at the IgH locus.

Thus, in any B cell clone, one heavy chain allele is productively rearranged and expressed, and the other is
in the germline configuration or is nonproductively
rearranged. As a result, an individual B cell can express
Ig heavy chain proteins encoded by only one of the two
inherited alleles. This phenomenon
is called allelic
exclusion, and it helps ensure that every B cell will
express a single receptor, thus maintaining clonal specificity. If both alleles undergo nonproductive IgH gene
rearrangements, the developing cell cannot produce Ig
heavy chains, cannot generate a pre-BCR-dependent
survival signal, and thus undergoes programmed cell
death. This occurs frequently and in part explains why
only a small fraction of the cells arising from B cell progenitors develop into mature B lymphocytes (see Fig.
8-3). Ig heavy chain allelic exclusion involves changes in
chromatin structure in the heavy chain locus that limit
accessibility to the V(D)J recombinase.
The second way the pre-BCR regulates V(D)J recombination is by stimulating light chain gene rearrangement. However, 11chain expression is not absolutely
required for light chain gene recombination, as shown
by the finding that knockout mice lacking the 11gene do
initiate light chain gene rearrangements in some developing B cells (which, of course, cannot express func-
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FIGURE 8-16 Ig heavy and light chain gene recombination and expression. The sequence of DNA recombination and gene expression
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encoded by the exons Vl, 02, and Jl. In the example shown
in B, the V region of the" chain is encoded by the exons Vl and Jl.
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FIGURE
8-17 Pre-B cell and
pre- T cell receptors.
The pre-B cell
receptor (A) and the pre-T cell receptor (B) are expressed
during the
pre-B and pre-T cell stages of maturation, respectively,
and both receptors share similar
structures
and
functions.
The pre-B cell receptor is
composed
of the ~ heavy chain and
an invariant surrogate light chain. The
surrogate light chain is composed
of
two proteins,
the VpreB
protein,
which is homologous
to a light chain
V domain, and a A,5 protein that is
covalently
attached to the ~ heavy
chain by a disulfide bond. The pre-T
cell receptor (B) is composed
of the
TCR p chain and the invariant pre-T a
chain. The pre-B cell receptor is associated with the Iga and Igp signaling
molecules
that are part of the BCR
complex
in mature
B cells (see
Chapter 9). and the pre-T cell receptor associates
with the CD3 and (,
proteins
that are part of the TCR
complex
in mature
T cells (see
Chapter 7).
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tional antigen receptors and proceed to maturity). The
pre-BCR also contributes to the inactivation of surrogate
light chain gene expression as pre-B cells mature.
At the next stage in its maturation, each developing
B cell also rearranges a K or a A light chain gene and
produces a light chain protein, which associates with the
previously synthesized 11chain to produce a complete
IgM protein. The IgM-expressing B cell is called the
immature B cell. DNA recombination in the Kor Alight
chain locus occurs in a similar manner as in the Ig heavy
chain locus (see Fig. 8-16B). There are no D segments
in the light chain loci, and therefore recombination
involves only the joining of one V segment to one J
segment, forming a VJ exon. This VJ exon remains separated from the C region by an intron, and this separation
is retained in the primary RNA transcript. Splicing of the
primary transcript results in the removal of the intron
between the VJ and C exons and generates an mRNA that
is translated to produce the Kor Aprotein. In the Alocus,
alternative RNA splicing may lead to the use of anyone
of the four functional C). genes, but there is no known
functional difference between the resulting types of A
light chains. The K locus rearranges after heavy chain
rearrangement and before A gene rearrangement. Production of Klight chains inhibits rearrangement of the A
locus, and the A locus will undergo recombination only
if a K light chain cannot be produced, or if induced
to rearrange during the phenomenon
of receptor
editing described below, when a self-reactive previously
rearranged light chain is deleted. Therefore, an individual B cell clone can produce only one of the two types of

light

I
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· Expression
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light chains during its life; this is called light chain
isotype exclusion. As in the heavy chain locus, production of Kor A is allelically excluded and is initiated from
only one of the two parental chromosomes. Also, as for
heavy chains, if one allele undergoes nonfunctional
rearrangement, DNA recombination can occur on the
other allele; however, if both alleles of both K and A
chains are nonfunctional in a developing B cell, that
cell dies.
The light chain that is produced complexes with the
previously synthesized 11heavy chain, and the assembled IgM molecules are expressed on the cell surface in
association with Iga and Ig~, where they function as specific receptors for antigens. Immature B cells do not proliferate and differentiate in response to antigens. In fact,
their encounter in the bone marrow with high avidity
antigens, such as multivalent self antigens, may lead to
the induction of receptor editing, cell death, or functional unresponsiveness
rather than activation. This
property is important for the negative selection of B cells
that are specific for self antigens present in the bone
marrow (discussed later). Immature B cells leave the
bone marrow and complete their maturation in the
spleen before migrating to other peripheral lymphoid
organs.
Distinct subsets of B cells develop from different
progenitors (Fig. 8-18). Fetal liver-derived HSCs are the
precursors of B-1 B cells, described below. Bone marrowderived HSCs give rise to the majority of B cells, which
are sometimes called B-2 B cells. These cells rapidly
pass through two transitional stages and can commit to
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FIGURE 8-18 B lymphocyte
subsets. A. Most B cells that develop from fetal liver-derived stem cells differentiate into the B.l lineage.
B. B lymphocytes that arise from bone marrow precursors after birth give rise to the B-2 lineage. Two major subsets of B lymphocytes are
derived from B-2 B cell precursors. FollicularB cells are recirculating lymphocytes, while marginal zone B cells reside primarilyin the spleen.

develop either into marginal zone B cells, also described
below, or into follicular B cells. Most mature B cells are
follicular B cells. They coexpress ~ and 8 heavy chains in
association with the 1( or A light chain and therefore
produce both membrane IgM and membrane IgD. Both
classes of membrane 19 utilize the same VDJ exon and
associate with identical light chains and therefore
exhibit the same antigen specificity. Simultaneous
expression in a single B cell of the same rearranged VDJ
exon on two transcripts, one including C~exons and the
other Cs exons, is achieved by alternative RNA splicing
(Fig. 8-19). A long primary RNA transcript is produced
containing the rearranged VDJ unit as well as the C~and
Cs genes. If the introns are spliced out such that the VDJ
exon is contiguous with C~exons, this results in the generation of a ~ mRNA. If, however. the VDJ complex is not
linked to C~ exons but is spliced to Cs exons, a 8 mRNA
is produced. Subsequent translation results in the synthesis of a complete ~ or 8 heavy chain protein. Thus,
alternative splicing allows a B cell to simultaneously
produce mature mRNAs and proteins of two different
heavy chain isotypes. The precise mechanisms that regulate the choice of polyadenylation or splice acceptor
sites by which the rearranged VDJ is joined to either C~
or Cs are poorly understood, as are the signals that determine when and why a B cell expresses both IgM and IgD
rather than IgM alone. The coexpression of IgM and IgD
is accompanied by the acquisition of functional competence and the ability to recirculate, and this is why
follicular B cells are also called mature B cells. This
correlation between expression ofIgD and acquisition of
functional competence has led to the suggestion that

IgD is the essential activating receptor of mature B cells.
However, there is no evidence for a functional difference
between membrane IgM and membrane IgD. Moreover,
knockout of the 8 gene in mice does not have a significant impact on the maturation or antigen-induced
responses of B cells. Follicular B cells are also often
called recirculating B cells, since they migrate from one
lymphoid organ to the next, residing in specialized
niches known as B cell follicles. In these niches these B
cells are maintained, in part, by signals delivered by a
trophic ligand of the tumor necrosis factor (TNF)
cytokine family called BAFF or B1yS(Chapter 10).
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Mature, naive B cells are responsive to antigens, and
unless the cells encounter antigens that they recognize
with high affinity and respond to, they die in a few
months. In Chapter 10, we will discuss how these cells
respond to antigens and how the pattern of Ig gene
expression changes during antigen-induced B cell differentiation.

in peripheral lymphoid tissues are activated, and this
process leads to humoral immune responses (see
Chapter 10).

Selection

A subset of B lymphocytes, called B-1 B cells, differs from
the majority of B lymphocytes and develops in a unique
manner. These cells develop from fetal liver-derived
hematopoietic stem cells. Many B-1 cells express the
CDS (Ly-l) molecule. In the adult, large numbers of
B-1 cells are found as a self-renewing population in the
peritoneum and mucosal sites. B- I cells develop earlier
during ontogeny than do conventional B cells, and they
express a relatively limited repertoire of V genes and
exhibit far less junctional diversity than conventional B
cells do (TdT is not expressed in the fetal liver) . B-1 cells,
as well as marginal zone B cells, spontaneously secrete
IgM antibodies that often react with microbial polysaccharides and lipids. These antibodies are sometimes
called natural antibodies because they are present in
individuals without overt immunization, although it is
possible that microbial flora in the gut are the source of
antigens that stimulate their production. B-I cells
provide a source of rapid antibody production against
microbes in particular sites, such as the peritoneum. At
mucosal sites B-1 cells may differentiate into perhaps
half the 19A-secreting cells in the lamina propria. B-1
cells are analogous to y8 T cells in that they both have
limited antigen receptor repertoires, and they are both
presumed to respond to commonly encountered microbial antigens early in immune responses.
Marginal zone B cells are located primarily in the
vicinity of the marginal sinus in the spleen and are in
some ways similar to B-1 cells in terms of their limited
diversity, and their ability to respond to polysaccharide
antigens and to generate natural antibodies. Marginal
zone B cells express IgM and the surface marker CD2!.
They respond very rapidly to blood-borne microbes and
differentiate into short-lived IgM-secreting plasma cells.
Although they generally mediate T cell-independent
immune responses to circulating pathogens, marginal
zone B cells also appear capable of mediating some T
cell-dependent immune responses.

of the Mature

B Cell Repertoire

The repertoire of mature B cells is positively selected
from the pool of immature B cells. As we shall see later,
positive selection is well defined in T lymphocytes and
is responsible for preserving self MHC-restricted CD4+
and CD8+ T cells from the much larger pool of unselected, immature T cells. There is no comparable restriction for B cell antigen recognition. Nevertheless, positive
selection appears to be a general phenomenon geared to
identifying lymphocytes that have completed their
rearrangement
program successfully and possibly
facilitating lineage commitment to T or B cell subsets.
It is believed that only B cells that express functional
membrane
Ig molecules receive constitutive BCRderived survival signals. Self antigens appear to influence the strength of the BCR signal and thereby the
subsequent choice of peripheral B cell lineage during B
cell maturation.
Immature B cells that recognize self antigens with
high avidity may be induced to change their specificities
by a process called receptor editing. In this process,
antigen recognition leads to reactivation of Rag genes,
additional light chain V-J recombination events, and
production of a new Ig light chain, allowing the cell
to express a different B cell receptor that is not selfreactive. Receptor editing generally is targeted at selfreactive J( light chain genes. VI. exons encoding the
variable domains of autoreactive light chains are deleted
and replaced by new VI. exons or by A. light chain
rearrangements. The new VI. exon may be generated by
the rearrangement of a V gene upstream of the original
V gene that produced an auto reactive light chain, to a J
segment downstream of the originally rearranged J
segment. As many as 25% of mature B cells in mice show
evidence of J(chain editing.
Immature B cells that express high-affinity receptors
for self antigens and encounter these antigens in the
bone marrow may also die or fail to mature further if
they are not edited. Deletion is generally called negative
selection, and it is partly responsible for maintaining B
cell tolerance to self antigens that are present in the bone
marrow (see Chapter 11). The antigens mediating negative selection-usually
abundant or polyvalent (e.g.,
membrane-bound)
self antigens-deliver
strong signals
to IgM-expressing immature B lymphocytes that happen
to express receptors specific for these self antigens.
Antigen recognition leads to apoptotic death of immature B cells, probably only when editing fails. Once the
transition is made to the IgD+lgM+mature B cell stage,
antigen recognition leads to proliferation and differentiation, not to apoptosis or receptor editing. As a result,
mature B cells that recognize antigens with high affinity

B-1 and Marginal
B Lymphocytes

MATURATION

Zone Subsets

of

OF T LYMPHOCYTES

The maturation ofT lymphocytes from committed progenitors involves the sequential rearrangement and
expression of TCR genes, cell proliferation, antigeninduced selection, and the acquisition of functional
capabilities (Fig. 8-20). In many ways, this is similar to
B cell maturation. However, T cell maturation has some
unique features that reflect the specificity ofT lymphocytes for self MHC-associated peptide antigens and the
need for a special microenvironment for selecting cells
with this specificity.
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FIGURE 8-20 Stages of T cell matumtion. Events correspondingto each stage of T cell maturationfrom a bone marrowstem cell to a
mature T lymphocyte are illustrated. Several surface markers in addition to those shown have been used to define distinct stages of T cell
maturation.

Role of the Thymus

in T Cell Maturation

The thymus is the major site of maturation of T cells.
This function of the thymus was first suspected because
of immunologic deficiencies associated with the lack of
a thymus.
o If the thymus is removed from a neonatal mouse, this
animal fails to develop mature T cells.

o The congenital absence of the thymus, as occurs in
the DiGeorge syndrome in humans or in the nude
mouse strain, is characterized by low numbers of
mature T cells in the circulation and peripheral lymphoid tissues and severe deficiencies in T cellmediated immunity (see Chapter 20).
The thymus involutes with age and is virtually undetectable in postpubertal humans, but some maturation
ofT cells continues throughout adult life, as indicated by
the successful reconstitution of the immune system in
adult recipients of bone marrow transplants. It may be
that the remnant ofthe involuted thymus is adequate for
some T cell maturation. Because memory T cells have a

long life span (perhaps longer than 20 years in humans)
and accumulate with age, the need to generate new T
cells decreases as individuals age.
T lymphocytes originate from precursors that arise in
the fetal liver and adult bone marrow and seed the
thymus. In mice, immature lymphocytes are first detected in the thymus on the 11th day of the normal 21day gestation. This corresponds to about week 7 or 8 of
gestation in humans. Developing T cells in the thymus
are called thymocytes. The most immature thymocytes
do not express the TCR or CD4 and CD8 coreceptors (see
Fig. 8-20). They are found in the subcapsular sinus and
outer cortical region of the thymus. From here, the thymocytes migrate into and through the cortex, where
most of the subsequent maturation events occur. It is in
the cortex that the thymocytes first express yo and a~
TCRs, and the a~ T cells begin to mature into CD4+ class
II MHC-restricted or CD8+class I MHC-restricted T cells.
As these thymocytes undergo the final stages of maturation, they migrate from the cortex to the medulla and
then exit the thymus through the circulation. In the following sections we discuss the maturation of a~ T cells;
yo T cells are discussed later in the chapter.
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The thymic environment provides stimuli that are
required for the proliferation and maturation of thymocytes. Many of these stimuli come from thymic cells
other than the maturing T cells. These include thymic
epithelial cells and bone marrow-derived macrophages
and dendritic cells (see Chapter 3, Fig. 3-7). Within the
cortex, the epithelial cells form a meshwork oflong cytoplasmic processes, around which thymocytes must pass
to reach the medulla. Epithelial cells are also present in
the medulla. Bone marrow-derived dendritic cells are
present at the corticomedullary junction and within the
medulla, and macro phages are present primarily within
the medulla. The migration of thymocytes through this
anatomic arrangement
allows physical interactions
between the thymocytes and these other cells, which are
necessary for the maturation of the T lymphocytes.
Two types of molecules produced by the nonlymphoid thymic cells are important for T cell maturation.
The first are class I and class II MHC molecules, which
are expressed on epithelial cells and dendritic cells in the
thymus. The interactions of maturing thymocytes with
these MHC molecules within the thymus are essential
for the selection of the mature T cell repertoire, as we will
discuss later. Second, thymic stromal cells, including
epithelial cells, secrete cytokines and chemokines,
which respectively stimulate the proliferation of immature T cells and orchestrate the cortical to medullary
transit of developing a~ lineage thymocytes. The best
defined of these cytokines is IL-7, which was mentioned
earlier as a critical lymphopoietic
growth factor.
Chemokines such as CCL21 and CCLl9, which are recognized by the CCR7 chemokine receptor on thymocytes, mediate the guided movement of developing T
cells in the thymus.
The rates of cell proliferation and apoptotic death are
extremely high in cortical thymocytes. A single precursor
gives rise to many progeny, and 95% of these cells die by
apoptosis before reaching the medulla. The cell death is
due to a combination of failure to productively rearrange
the TCR

~ chain

gene and to thus

negotiate

the pre-

TCR/~ selection checkpoint described below, failure to
be positively selected by MHC molecules in the thymus,
and self antigen-induced negative selection (see Figs. 8-3
and 8-4). Cortical thymocytes are also sensitive to irradiation and glucocorticoids. In vivo, high doses of glucocorticoids induce apoptotic death of cortical thymocytes.
Stages

of T Cell Maturation

During T cell maturation, there is a precise order in
which TCR genes are rearranged and in which the TCR
and CD4 and CD8 coreceptors are expressed (Figs. 8-20
and 8-21). In the mouse, surface expression of the yoTCR
occurs first, 3 to 4 days after precursor cells first arrive in
the thymus, and the a~ TCR is expressed 2 or 3 days later.
In human fetal thymuses, yo T cell receptor expression
begins at about 9 weeks of gestation, followed by expression of the a~ TCR at 10 weeks.
The most immature cortical thymocytes, which are
recent arrivals from the bone marrow, contain TCR
genes in their germline configuration and do not express

177

TCR, CD3 or S chains, or CD4 or CD8; these cells are
called double-negative thymocytes. This is also known
as the pro- T cell stage of maturation. The majority
(>90%) of the double-negative thymocytes will ultimately give rise to a~ TCR-expressing, MHC-restricted
CD4+and CD8+T cells. Rag-l and Rag-2 proteins are first
expressed at this stage, and are required for the
rearrangement ofTCR genes. Dp-to-Jp rearrangements at
the TCR

~ chain

locus occur first; these

involve

either

joining of the Dpl gene segment to one of the six Jpl segments or joining of the Dp2 segment to one of the six Jp2
segments (Fig. 8-22A). Vp-to-DJp rearrangements occur
at the transition between the pro- T stage and the subsequent pre- T stage during a~ T cell development. The
DNA sequences between the segments undergoing
rearrangement, including D, J. and possibly Cpl genes (if
Dp2 and Jp2 segments are used), are deleted during this
rearrangement process. The primary nuclear transcripts
of the TCR

~ genes

contain

the intron

between

the

recombined VDJp exon and the relevant Cp gene. Poly-A
tails are added following cleavage of the primary transcript downstream of consensus polyadenylation sites
located 3' of the Cp region, and the sequences between
the VDJ exon and Cp are spliced out to form a mature
mRNA in which VDJ segments are juxtaposed to either
of the two Cpgenes (depending on which J segment was
selected during the rearrangement process). Translation
of this mRNA gives rise to a full-length Cp protein. The
two Cpgenes appear to be functionally interchangeable,
and there is no evidence that an individual T cell ever
switches from one C gene to another. Furthermore, the
use of either Cp gene segment does not influence the
function or specificity of the TCR. The promoters in the
5' flanking regions ofVp genes function together with a
powerful enhancer that is located 3' of the Cp2gene once
V genes are brought close to the C gene byV(D)J recombination. This proximity of the promoter to the enhancer
is responsible for high-level T cell-specific transcription
of the rearranged

If a productive
TCR

~ chain

TCR

~ chain

gene.

(Le., in-frame) rearrangement

of the

gene occurs in a given pro- T cell, the TCR

~

chain protein is expressed on the cell surface in association with an invariant protein called pre- Ta and with
CD3 and Sproteins to form the pre- T cell receptor (preTCR; see Fig. 8-17B). The pre-TCR mediates the selection
of the roughly one-in-three developing pre-T cells that
productively rearrange the ~ chain of the TCR (roughly
two thirds of developing T cells add or remove bases at
rearrangement junctions that are not multiples of three,
and therefore these rearrangements fail to encode a TCR
~ protein). The function of the pre-TCR complex in T cell
development is similar to that of the surrogate light
chain-containing
pre-BCR in B cell development.
Signals from the pre- TCR mediate the survival of pre- T
cells and contribute to the largest proliferative expansion
during T cell development. Pre- TCR signals also initiate
recombination at the TCR a chain locus and drive the
transition from the double-negative
to the doublepositive stage of thymocyte development (discussed
below). These signals also inhibit further rearrangement
of the TCR ~ chain locus largely by limiting accessibility
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FIGURE 8-21 Matur tion of T cells in the thymus. Precursors of T cells travel from the bone marrow through the blood to the thymus.
In the thymic cortex, progenitors of a~ T cells express TCRs and CD4 and COS coreceptors.
Selection processes eliminate self-reactive
thymocytes and promote survival of thymocytes
whose TCRs bind self MHC molecules with low affinity. Functional and phenotypic differentiation into C04+COS- or COS+CD4- T cells occurs in the medulla, and mature T cells are released into the circulation. The yo TCR-expressing
T cells are also derived from bone marr::>w precursors and mature in the thymus as a separate lineage.

of the other allele to the recombination

machinery. This

results in ~ chain allelic exclusion (Le., mature T cells
express only one of the two inherited ~ chain alleles).

As in pre-B cells, it is not known what, if any. ligand the
pre-TCR recognizes. Pre-TCR signaling, like pre-BCR signaling, is generally believed to be initiated in a ligandindependent
manner, dependent on the successful
assembly of the pre- TCR complex. Pre- TCR signaling is
mediated by a number of cytosolic kinases and adapter
proteins that are known to also be linked to TCR signaling (Chapter 9). The essential function of the pre- TCR in
T cell maturation has been demonstrated by numerous
studies with genetically mutated mice.
o In Rag-I- or Rag-2-deficient mice, thymocytes cannot
rearrange

either a or

~ chain

genes and fail to mature

past the double-negative stage. If a functionally
rearranged ~ chain gene is introduced into the Ragdeficient

mice as a transgene,

the expressed

~ chain

associates with pre-Ta to form the pre-TCR, and maturation proceeds to the double-positive stage. An a
chain transgene alone does not relieve the maturation block because the
tion of the pre- TCR.

~ chain

is required for forma-

o Knockout mice lacking any component of the preTCR complex (Le., theTCR

~ chain,

pre-Ta,

C03,

/;" or

Lck) show a block in the maturation of T cells at the
double-negative stage.
At the next stage of T cell maturation, thymocytes
express both CD4 and CD8 and are called doublepositive thymocytes. Double-positive T cells also induce
the expression of the CCR 7 chemokine receptor, which
guides these cells from the cortex toward the medulla,
where chemokines specific for this receptor are secreted
by stromal cells. The expression of CD4 and CD8 is
essential for subsequent selection events, discussed
later. The rearrangement of the TCR a chain genes and
the expression of TCR a~ heterodimers occur in the
CD4+CDa+ double-positive population, just before or
during migration of the thymocytes from the cortex to
the medulla (see Figs. 8-20 and 8-21). A second wave of
Rag gene expression late in the pre- T stage promotes
TCR a gene recombination. Once a chain rearrangement commences, it proceeds for 3 or 4 days (in
mice) until the expression of the Rag-] and Rag-2 genes
is turned off by signals from the a~ TCR during positive
selection (discussed later). The steps involved in TCR a
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gene recombination and expression. The sequence of recombination and gene expression events is

TCR ~ chain
shown for the TCR ~ chain (A) and the TCR a chain (8). In the example shown in A, the variable (V) region of the rearranged
includes the V~1, and D~1 gene segments, and the third J segment in the J~1 cluster. The constant (C) region is encoded by the C~1 exon.
Note that at the TCR~ chain locus, rearrangement begins with D-to-J joining followed by V-to-DJjoining. 14 J~ segments have been identi-

fied in humans, and not all are shown in the figure. In the example shown in B, the V region of the TCR a chain includes the Va1 gene and
the second J segment in the Ja cluster (this cluster is made up of at least 61 Ja segments in humans; not all are shown here).

chain gene rearrangement
that

occur

during

TCR

are broadly similar to those

~

chain

gene

rearrangement

(Fig. 8-22B). Because there are no D segments in the
TCR exlocus, rearrangement consists solely of the joining
of V and J segments. The large number of Jexsegments
permits multiple attempts at productive V-J joining on
each chromosome, thereby increasing the probability
that a functional ex~TCR will be produced. In contrast to
the TCR

~ chain

locus, where production

of the protein

and formation of the pre- TCR suppress further
rearrangement, there is little or no allelic exclusion in the
exchain locus. Therefore, productive TCR exrearrangements may occur on both chromosomes, and if this
happens, the T cell will express two exchains. In fact, up
to 30% of mature peripheral T cells do express two different

TCRs, with

different

ex chains

but the same

~

chain. The functional consequence of this dual receptor
expression is unknown. Because only one TCR is
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required for positive selection, it is possible that the
second TCR may not have any affinity for self MHC, and
therefore it would have no function. Transcriptional regulation of the a chain gene occurs in a broadly similar
manner to that of the p chain. There are promoters 5' of
each Va gene that have low-level activity and are responsible for high-level T cell-specific transcription when
brought close to an a chain enhancer located 3' of the Ca
gene. The inability to successfully rearrange the TCR a
chain on either chromosome leads to a failure of positive selection (discussed below). The thymocyte that has
failed to make a productive rearrangement will die by
apoptosis.
TCR a gene expression early in the double-positive
stage leads to the formation of the complete ap TCR,
which is expressed on the cell surface in association with
CD3 and ~ proteins. The coordinate expression of CD3
and ~ proteins and the assembly of intact TCR complexes are required for surface expression. Rearrangement of the TCR a gene results in deletion of the TCR 0
locus that lies between V segments (common to both a
and 0 loci) and J..segments (see Fig. 8-7). As a result this
T cell is no longer capable of becoming a yo T cell. The
expression of Rag genes and further TCR gene recombination cease after this stage of maturation. The first cells
to express TCRs are in the thymic cortex, and expression
is low compared with mature T cells. By virtue of their
expression of complete TCR complexes, double-positive
cells become responsive to antigens and are subjected to
positive and negative selection.
Cells that successfully undergo these selection
processes go on to mature into CD4+ or CD8+ T cells,
which are called single-positive thymocytes. Thus, the
stages ofT cell maturation in the thymus can readily be
distinguished by the expression of CD4 and CD8 (Fig.
8-23). This phenotypic maturation is accompanied by
functional maturation. CD4+ cells acquire the ability to
produce cytokines in response to subsequent antigen
stimulation and to express effector molecules (such
as CD40 ligand) that "help" B lymphocytes and
macrophages, whereas CD8+ cells become capable of
producing molecules that kill other cells. Mature singlepositive thymocytes enter the thymic medulla and then
leave the thymus to populate peripheral lymphoid
tissues.
Selection
Processes
in thEI Maturation
MHC-Restricted
a.~ T Cells

self MHC molecules. (Recall that there are many alleles
of MHC molecules in the population, and every individual inherits one allele of each MHC gene from each
parent. These inherited alleles encode "self MHC" for
that individual.) Also, in every individual, T cells that recognize self antigens with high avidity are potentially
dangerous because such recognition may trigger
autoimmunity. Selection processes act on the immature
T cell repertoire to ensure that only the useful cells complete the process of maturation.
When double-positive thymocytes first express ap
TCRs, these receptors encounter self peptides (the only
peptides normally present in the thymus) displayed by
self MHC molecules (the only MHC molecules available
to display peptides) mainly on thymic epithelial cells in
the cortex, but also on dendritic cells in this location.
Positive selection is the process in which thymocytes
whose TCRs bind with low avidity (Le., weakly) to self
peptide-self MHC complexes are stimulated to survive
(see Fig. 8-24A). Thymocytes whose receptors do not
recognize self MHC molecules are permitted to die by a
default pathway of apoptosis (see Fig. 8-248). This
ensures that the T cells that mature are self MHC
restricted. Positive selection also fixes the class I or class
II MHC restriction ofT cell subsets, ensuring that CD8+
T cells are specific for pep tides displayed by class I MHC
molecules and CD4+ T cells for class II-associated peptides. Negative selection is the process in which thymocytes whose TCRs bind strongly to self peptide antigens
in association with self MHC molecules are deleted (see
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The selection of developing T celL.,is dependent on recognition of antigen (peptide-MUC complexes) in the
thymus and is responsible for preserving useful cells and
eliminating potentially harmful ones (Fig. 8-24). The
immature, or unselected, repertoire of T lymphocytes
consists of cells whose receptors may recognize any
peptide antigen (self or foreign) displayed by any MHC
molecule (also self or foreign). In addition, receptors
may be expressed that do not recognize any peptideMHC molecule complex. In every individual, the only
useful T cells are the ones specific for foreign peptides
presented by that individual's MHC molecules, that is,
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FIGURE 8-23 CD4and CDBexpression on thymocytes. The maturation of thymocytes can be followed by changes in expression
of the CD4 and CD8 coreceptors. A two-color flow cytometric
analysis of thymocytes using anti-CD4 and anti-CD8 antibodies,
each tagged with a different fluorochrome, is illustrated. The percentages of all thymocytes contributed by each major population
are shown in the four quadrants. The least mature subset is the
CD4-CD8-(double-negative) cells. Arrows indicate the sequence of
maturation.
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Fig. 8-24C). This eliminates developing T cells that are
strongly autoreactive against self antigens that are
present at high concentrations in the thymus. The net
result of these selection processes is that the repertoire
of mature T cells that leaves the thymus is self MHC
restricted and tolerant to many self antigens. In the following sections, we discuss the details of positive and
negative selection.
Positive Selection of Thymocytes:
Development
of the Self MHC-Restricted
T Cell Repertoire
Positive selection works by promoting the selective
survival and expansion
of thymocytes with self
MHC-restricted
TCRs (Fig. 8-24A). Double-positive
thymocytes are produced without antigenic stimulation
and begin to express ap TCRs with randomly generated
specificities. In the thymic cortex, these immature
cells encounter epithelial cells that are displaying
a variety of self pep tides bound to class I and class

II MHC molecules. If the TCR on a cell recognizes
peptide-loaded
class I MHC molecules, and at the
same time CD8 interacts with the class I MHC molecules, that T cell receives signals that prevent its death
and promote its continued maturation. To proceed
along the maturation pathway, the T cell must continue
to express the TCR and CD8 but can lose expression of
CD4. The result is the development of a class I MHCrestricted COW T cell. An entirely analogous process
leads to the development of class II MHC-restricted
CD4+ T cells. Any T cell that expresses a TCR that does
not recognize a peptide-loaded MHC molecule in the
thymus will die and be lost.
The essential roles ofMHC molecules and TCR specificity in positive selection have been established by a
variety of experiments.
o If a thymus from one inbred strain is transplanted
into chimeric animals of another strain, the T
cells that mature are restricted by the MHC type of
the thymus. The transplanted thymuses may be
irradiated or treated with cytotoxic drugs (such
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TCRs that can bind self MHC molecules to be positively selected. As we shall see later, the same experimental system has been used to study negative
selection.

as deoxyguanosine) to kill all resident bone
marrow-derived macrophages. dendritic cells. and
lymphoid cells, leaving only the resistant thymic
epithelial cells. Again, mature T cells develop in these
thymuses, and their ability to recognize antigen is
restricted by MHC gene products expressed on the
transplanted thymic epithelial cells and not necessarily by MHC gene products expressed on extrathymic
cells. Therefore, the thymic epithelium is the critical
host element for positive selection (Le., the development of the MHC restriction patterns ofT cells).

Ouring the transition from double-positive to singlepositive cells, thymocytes with class I-restricted TCRs
become COa+C04-, and cells with class II-restricted
TCRs become C04+C08-. C04 and C08 function as coreceptors with TCRs during positive selection and recognize the MHC molecules when the TCRs are recognizing
peptide-MHC complexes. Signals from the TCR complex
and the co receptors function together to promote survival of thymocytes. This function of C04 and C08 is
similar to their role in the activation of mature T cells
(see Chapter 9). At this stage in maturation, there may
be a random loss of either C04 or C08 gene, and only
cells expressing the "correct" coreceptor (i.e., C04 on a
class II-restricted T cell or C08 on a class I-restricted T
cell) will continue to mature. It is also possible that the
expression of the wrong coreceptor is actively suppressed, although how this is accomplished is unknown.

o If a transgenic a~ TCR with a known MHC restriction
is expressed in a mouse strain that also expresses the
MHC allele for which the TCR is specific, T cells will
mature and populate peripheral lymphoid tissue. If
the mouse is of another MHC haplotype and does not
express the MHC molecule that the transgenic TCR
recognizes, there are normal numbers of C04+CD8+
thymocytes but very few mature transgenic TCRexpressing T cells (Fig. 8-25). This result demonstrates that double-positive thymocytes must express
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8-25 T cell maturation and
in a TCR transgenic
mouse
model. In the experiment
depicted,
a
transgenic mouse expresses a TCR specific for an H-2Db-associated
H-Y (malespecific) antigen, which is. in effect, a
foreign antigen for a female mouse. In
female mice expressing
the Db MHC
allele, mature T cells expressing
the
transgenic TCR do develop because they
are positively selected by the self MHC
molecules.
The T cells recognize
self
MHC,
presumably
weakly
and with
some self antigen (not H-Y). These T
cells do not mature in male H-Y-expressing mice because they are negatively
selected by strong H-Y antigen recognition in the thymus. Furthermore.
mature
T cells do not develop in female mice
that express D' but do not express the
Db allele because of a lack of positive
selection
of the Db-restricted
TCRexpressing
T cells.
APC,
antigenpresenting cell.
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o Knockout mice that lack class I MHC expression in
thymic epithelial cells do not develop mature COWT
cells but do develop C04+COW thymocytes and
mature C04+ T cells. Conversely, class II MHC-deficient mice do not develop C04+T cells but do develop
COW cells. These results demonstrate that thymic
epithelial cells must express class I or class II MHC
molecules to positively select thymocytes to become
C08+ or C04+ single-positive cells, respectively.

o In transgenic

mice

expressing

a class

II MHC-

restricted TCR, the mature T cells that develop are
almost exclusively C04+, even though there are
normal numbers of C04+C08+ thymocytes. Conversely, if the transgenic TCR is class I restricted, the
T cells that mature are C08+.Thus, the coreceptor and
the MHC specificity of the TCR must match if a thymocyte is to develop into a mature T cell.
Pep tides bound to MHC molecules on thymic epithelial cells play an essential role in positive selection. In
Chapters 5 and 6, we described how cell surface class I
and class II molecules always contain bound peptides.
These MHC-associated peptides on thymic antigenpresenting cells probably serve two roles in positive
selection-first,
they promote stable cell surface expression of MHC molecules, and second, they may influence
the specificities of the T cells that are selected. Obviously,
the thymus cannot contain the foreign antigens to which
an individual can respond. Therefore, foreign peptides
cannot be involved in the positive selection of T cells
that ultimately may recognize these pep tides. Self peptides are required for positive selection, however, and
exactly what role they play in this process has been the
subject of numerous studies using a variety of experimental systems.

Fetal
organ

FIGURE 8-26 Role of peptides in positive selection. In
the experiment
shown, thymuses are removed from fetal
mice and cultured in vitro (fetal thymic organ cultures), If
the thymuses
are removed
early enough in gestation,
they contain only immature thymocytes
that have not yet
undergone
positive selection, and therefore subsequent
maturation
events can be followed under varying in vitro
conditions.
In thymuses
from wild-type
(normal) mice,
both CD4+CDS- and CDS+CD4- T cells will develop. TAPl-deficient
mice cannot form peptide-class
I MHC complexes on thymic epithelial cells (see Chapter 5). and there
is little development
of CDS+CD4- T cells in the thymuses
from these mice because of a lack of positive selection
of class I-restricted
thymocytes.
However, the addition
of peptides
to the culture
medium
surrounding
the
TAP-l-deficient
thymuses
permits
the formation
of
peptide-class
I MHC complexes
on the surface of thymic
epithelial cells, and this restores maturation of CDS+CD4T cells.

o To address the role of peptides in T cell selection,
it was necessary to develop systems in which the array
of peptides presented to developing thymocytes
was limited and could be manipulated experimentally. For class I MHC-dependent positive selection,
this was accomplished with use of TAP-I-deficient
or ~2-microglobulin-deficient mice. In these mice,
the class I molecules are not loaded with cytosolic
pep tides and are unstable, but they can readily be
loaded with exogenously added pep tides. If thymuses from such mice are cultured without added
pep tides, few mature T cells develop (Fig. 8-26).
The addition of peptides dramatically increases the
development of single-positive C08+ T cells, indicating effective positive selection ofthymocytes expressing class I MHC-restricted TCRs. A key finding in
these experiments was that one or a few peptides
induced the positive selection of a large repertoire of
C08+ T cells that could potentially recognize many
different unrelated peptides. However, no single
peptide was sufficient to generate a normal number
(or repertoire) of mature T cells. Furthermore,
complex mixtures of peptides induced the maturation of more C08+ T cells than did single peptides. We
do not know if the specificities of the T cells that
mature are related to the peptides that induced their
maturation.
The conclusion drawn from such experiments is that
peptides bound to MHC molecules are required for positive selection of T cells and that some pep tides are
better than others in supporting this process. The finding that pep tides differ in the repertoires of T cells they
select suggests that specific antigen recognition, and not
just MHC recognition, has some role in positive selec-
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tion. Weak, or low-avidity, recognition of peptides in the
thymus protects immature T cells from a default
pathway of apoptotic death and allows the cells to complete their maturation. We do not know what signals
generated by weak antigen recognition protect immature T cells from death and how these signals differ
from those generated by antigen recognition in mature,
single-positive
T cells. One consequence
of self
peptide-induced positive selection is that the T cells that
mature have some capacity to recognize self peptides.
We mentioned in Chapter 3 that the survival of naive
lymphocytes before encounter with foreign antigens
requires survival signals that are apparently generated
by recognition of self antigens in peripheral lymphoid
organs. The same self pep tides that mediate positive
selection of double-positive thymocytes in the thymus
may be involved in keeping naive, mature (single-positive) T cells alive in peripheral organs, such as the lymph
nodes and spleen.
This model of positive selection based on weak recognition of self antigens raises a fundamental question:
How does positive selection driven by self antigens
produce a repertoire of mature T cells specific for foreign
antigens? The likely answer is that positive selection
allows many different T cell clones to survive and differentiate, and many of these T cells that recognize self peptides with low affinity will, after maturing, fortuitously
recognize foreign peptides with a high enough affinity to
be activated and to generate immune responses. As we
discuss next, strong recognition of self antigens in the
thymus results in negative selection of developing T cells.
Negative Selection
Central Tolerance

of Thymocytes:

Negative selection of thymocytes works by inducing
apoptotic death of cells whose receptors recognize
peptide-MHC complexes in the thymus with high avidity
(see Fig. 8-24C). Among the double-positive T cells that
are generated in the thymus, some may express TCRs that
recognize self antigens with high affinity. The peptides
present in the thymus are self peptides derived from
widely expressed protein antigens as well as from some
proteins believed to be restricted to particular tissues (see
below). In immature T cells, the consequence of highavidity antigen recognition is the triggering of apoptosis,
leading to death, or deletion, of the cells. Therefore, the
immature thymocytes that express high-affinity receptors for self antigens in the thymus are eliminated, resulting in negative selection of the T cell repertoire. This
process eliminates the potentially most harmful selfreactive T cells and is one of the mechanisms ensuring
that the immune system does not respond to many self
antigens, a property called self-tolerance. Tolerance
induced in immature lymphocytes by recognition of self
antigens in the generative (or central) lymphoid organs is
also called central tolerance, to be contrasted with
peripheral tolerance induced in mature lymphocytes by
self antigens in peripheral tissues. We will discuss the
mechanisms and physiologic importance of immunologic tolerance in more detail in Chapter II.

Formal proof for deletion of T cell clones reactive
with antigens in the thymus (also called clonal deletion)
has come from several experimental approaches that
allowed investigators to observe the effects of self
antigen recognition by a large number of developing T
cells.
o When TCR-transgenic mice are exposed to the
peptide for which the TCR is specific, a large amount
of cell death is induced in the thymus and a block
occurs in the development of mature transgenic TCRexpressing T cells. In one such study, a transgenic
mouse line was created that expressed a class I MHCrestricted TCR specific for the Y chromosomeencoded antigen H-Y,which is expressed by many cell
types in male mice but not in female mice (see Fig.
8-25). Female mice with this transgenic TCR have
normal numbers of thymocytes in the thymic
medulla and large numbers of CDS' T cells in the
periphery because they do not express the H-Y
antigen that may induce negative selection. In contrast, male transgenic mice have few TCR-expressing,
single-positive thymocytes in the medulla and few
mature peripheral CD8+T cells because of deletion of
the H-Y-specific thymocytes induced by H-Y antigen
in the thymus.
o Similar deletion of immature T cells is seen if transgenic mice expressing a TCR specific for a known
peptide antigen are bred with mice expressing that
antigen or if the mice are injected with large doses of
the antigen.Thiscan also be mimicked in vitro byculturing intact thymuses from TCR-transgenic mice
with high concentrations of the peptide for which the
TCR is specific. In all these examples, there is a block
ofT cell maturation after the cortical double-positive
stage, presumably because immature thymocytes
express the transgenic TCR, recognize the antigen on
thymic antigen-presenting cells, and are deleted
before they can mature into single-positive cells.
The deletion of immature self-reactive T cells occurs
when the TCR on a CD4+CD8+thymocyte binds strongly
to a self peptide presented by another thymic cell.
Negative selection may occur both at the doublepositive stage in the cortex and in newly generated
single-positive T cells in the medulla. The thymic
antigen presenting cells that mediate negative selection
are primarily dendritic cells and thymic medullary
epithelial cells, whereas cortical epithelial cells are especially (and perhaps uniquely) effective at inducing positive selection. Double-positive T cells are drawn to the
thymic medulla by the CCR7 specific chemokines,
CCL21 and CCLl9. In the medulla, thymic medullary
epithelial cells express a nuclear protein called AIRE
(autoimmune regulator) that induces the expression of
a number of tissue-specific genes in the thymus, thus
making a host of tissue-specific peptides available for
presentation in the thymus to double-positive
and
single-positive T cells during the process of negative
selection. As will be discussed in Chapter II, a mutation
in the gene that encodes AlRE results in an autoimmune

Chapter 8 -

LYMPHOCYTE DEVELOPMENT AND THE REARRANGEMENT AND EXPRESSION OF ANTIGEN RECEPTOR GENES

polyendocrine syndrome, underscoring the importance
of AIRE in mediating central tolerance to tissue-specific
antigens.
The key factor determining the choice between posi.
twe and negative selection is the strength of antigen
recognition, with low-avidity recognition leading to positive selection and high-avidity recognition inducing
negative selection. C04 and COB molecules probably
playa role in negative selection, as they do in positive
s:l~ction, because these coreceptors participate in recogmtIOn of MHC molecules presenting self peptides. The
cellular basis of negative selection in the thymus is the
induction of death by apoptosis. Unlike the phenomenon
of death by default (or neglect), which occurs in the
absence of positive selection, in negative selection, active
death-promoting signals are generated when the TCR of
immature thymocytes binds with high affinity to antigen.
The induction by TCR signaling of a pro-apoptotic
protein called 8im probably plays a crucial role in the
induction of mitochondrial leakiness and thymocyte
apoptosis during negative selection (Chapter II).
Recognition of self antigens in the thymus can also
generate a population of regulatory T cells, which function to prevent autoimmune reactions (see Chapter 11).
It is not clear how a self antigen causes deletion of some
immature T cells and the development of regulatory T
cells from other immature thymocytes of the same
specificity.

yOT Lymphocytes
TCR ap- and yO-expressing thymocytes are separate lineages with a common precursor. In fetal thymuses, the
first TCR gene rearrangements involve the y and 0 loci.
Recombination ofTCR y and 0 loci proceeds in a fashion
similar to that of other antigen receptor gene rearrangements, although the order of rearrangement appears to
be less rigid than in other loci.
T cells that express functional y and 0 chains do not
express ap TCRs and vice versa. The independence of
these lineages is indicated by several lines of evidence.
o Mature al)-expressing T cells often contain out-offrame rearrangements of 0 genes, indicating that
these cells could never have expressed yo receptors.
o TCR 0 gene knockout mice develop normal numbers
of al) T cells, and TCR I)gene knockout mice develop
normal numbers of yo T cells.
The diversity of the yo T cell repertoire is theoretically
even greater than that of the ap T cell repertoire, in part
because the heptamer-nonamer
recognition sequences
adjacent to 0 segments permit O-to-O joining. Paradoxically, however, the actual diversity of expressed yo TCRs
is limited because only a few of the available V. 0, and J
segments are used in mature yo T cells, for unknown
reasons. This limited diversity is reminiscent of the
limited diversity of the 8-1 subset of 8 lymphocytes and
is in keeping with the concept that yo T cells serve as an
early defense against a limited number of commonly
encountered microbes at epithelial barriers.

NK-T Cells
In Chapter 7, we also mentioned another small subset
of T cells known as NK-T cells, which are not MHC
restricted and do not recognize peptides displayed by
antigen-presenting
cells. These NK-T cells express ap
TCRs that are COI restricted, and also bear a surface
marker found on NK cells, hence their name. The TCRs
of NK-T cells recognize lipid antigens bound to the
groove of CD I molecules. COI molecules are MHC class

I-~ike mole~ules made up of a heavy chain and P2mlcroglobuhn. The heavy chain has a groove made up of
hydrophobic residues that can bind and present lipid
antigens. These lipid antigens may be derived from
endocytosed microbes or they may be self lipids (see
Chapter 6). A large number of CDl-restricted NK-T cells
have an "invariant" T cell receptor resulting from a
unique and stereotypicTCR a chain gene rearrangement
event. NK-T cells secrete cytokines and participate in
host defense, but may also be of relevance from a regulatory standpoint in the context of autoimmunity and
allergy.
Developing ap T cell expressing invariant TCRs may
be positively selected in the thymic cortex at the doublepositive stage by COI and self lipids presented on the
surface of other cortical thymocytes. These selected NKT cells do not express CCR7, and therefore do not
migrate toward the medulla like other conventional ap
T cells. Instead, they receive instructions to exit the
thymus and home to a number of peripheral sites, the
most prominent being the liver.

SUMMARY

.

8 and T lymphocytes arise from a common bone
marrow-derived precursor that becomes committed to the lymphocyte lineage. 8 cell maturation
proceeds in the bone marrow, whereas early T cell
progenitors migrate to and complete their maturation in the thymus. Early maturation is characterized by cell proliferation induced by cytokines,
mainly IL-7, leading to marked increases in the
numbers of immature lymphocytes.

. 8 and T cell maturation involves the somatic
rearrangement of antigen receptor gene segments
and the initial expression of Ig heavy chain proteins in 8 cell precursors

and TCR

p molecules

in T

cell precursors. The expression of pre-antigen
receptors and antigen receptors is essential for survival and maturation of developing lymphocytes
and for selection processes that lead to a diverse
repertoire of useful antigen specificities.
. The antigen receptors of 8 and T cells are encoded
by genes formed by the somatic rearrangement of
a limited number of gene segments that are spatial~y segregated in the germline antigen receptor
locI: There ~re sepa.rate loci encoding the Ig heavy
cham, Ig J(lIght cham, Ig A.light chain, TCR p chain,
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TCR a and 0 chains, and TCR y chain. These loci
contain V. J, and, in the Ig heavy chain and TCR p
and 0 loci only, D gene segments. These segments
lie upstream of exons encoding constant domains.
Somatic rearrangement of both Ig and TCR loci
involves the joining of D and J segments in the loci
that contain D segments, followed by the joining of
the V segment to the recombined DJ segments in
these loci, or direct V-to- J joining in the other loci.
This process of somatic gene recombination is
mediated by a recombinase enzyme complex that
includes the lymphocyte-specific
components
Rag-l and Rag-2.
. The diversity of the antibody and TCR repertoires
is generated by the combinatorial associations of
multiple germline V. D, and J genes and junctional
diversity generated by the addition or removal of
random nucleotides at the sites of recombination.
These mechanisms generate the most diversity at
the junctions of the segments that form the third
hypervariable regions of both antibody and TCR
polypeptides.
. B cell maturation occurs in stages characterized by
different patterns of Ig gene rearrangement and
expression. In the earliest B cell precursors, called
pro-B cells, Ig genes are initially in the germline
configuration. At the pro-B to pre-B cell transition,
V-D-J recombination is completed at the Ig H
chain locus. A primary RNA transcript containing
the VDJ complex and Ig C gene segments is produced, and the ~ C region exons of the heavy chain
RNA are spliced to the VDJ exon to generate a
mature mRNA that is translated into the ~ heavy
chain protein. The pre-BCR is formed by pairing of
the ~ chain with nonvariable surrogate light chains
and by association with the signaling molecules
Iga and Igp. This receptor delivers survival and
proliferation signals and also signals to inhibit
rearrangement on the other heavy chain allele
(allelic exclusion). At the immature B cell stage, VJ recombination occurs in the 1( and A loci, and
light chain proteins are expressed. Heavy and light
chains are then assembled into intact IgM molecules and expressed on the cell surface. Immature
B cells leave the bone marrow to populate peripheral lymphoid tissues, where they complete their
maturation. At the mature B cell stage, synthesis of
both !l and 0 heavy chains occurs in the same B
cells mediated by alternative splicing of primary
heavy chain RNA transcripts, and membrane IgM
and IgD are expressed.

. During
B lymphocyte maturation, immature B
cells that express high-affinity antigen receptors
specific for self antigens present in the bone
marrow are either induced to edit their receptor
genes or these cells are eliminated.

. T cell maturation in the thymus also progresses
in stages distinguished by expression of antigen
receptor genes, CD4 and CD8 coreceptor molecules, and location in the thymus. The earliest T
lineage immigrants to the thymus do not express
TCRs or CD4 or CD8 molecules. The developing
T cells within the thymus, called thymocytes,
initially populate the outer cortex, where they
undergo proliferation, rearrangement
of TCR
genes, and surface expression of CD3, TCR, CD4,
and CD8 molecules. As the cells mature, they
migrate from the cortex to the medulla.

. The least mature thymocytes, called pro-T cells,
are CD4-CD8- (double negative), and the TCR
genes are in the germline configuration. At the preT stage, thymocytes remain double negative, but VD- J recombination

locus. Primary

is completed

p chain

at the TCR

p chain

transcripts are expressed
and processed to bring a C~ segment adjacent to
the VDJ complex, and p chain polypeptides
are
produced. The p chain associates with the invari-

ant pre- Ta protein to form a pre- TCR. The pre- TCR
transduces signals that inhibit rearrangement on
the other p chain allele (allelic exclusion) and
promotes CD4 and CD8 expression and further
proliferation of immature thymocytes. At the
CD4+CD8+(double-positive) stage of T cell development, V-J recombination occurs at the TCR a
locus, a chain polypeptides are produced, and low
levels of the TCR are expressed on the cell surface.

. Selection processes drive maturation of TCRexpressing, double-positive thymocytes and shape
the T cell repertoire toward self MHC restriction
and self-tolerance. Positive selection of CD4+CD8+
TCRap thymocytes requires low-avidity recognition ofpeptide-MHC complexes on thymic epithelial cells, leading to a rescue of the cells from
programmed
death.
Negative
selection
of
CD4+CD8+ TCRap double-positive
thymocytes
occurs when these cells recognize, with high
avidity, antigens that are present in the thymus.
This process is responsible for tolerance to many
self antigens. Most of the cortical thymocytes do
not survive these selection processes. As the surviving TCRap thymocytes mature, they move into
the medulla and become either CD4+CD8- or
CD8+CD4-. Medullary thymocytes acquire the
ability to differentiate into either helper or cytotoxic effector cells and finally emigrate to peripherallymphoid tissues.
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The activation and effector phases of cell-mediated
adaptive immune responses are triggered by antigen
recognition by T lymphocytes. In Chapter 6, we described the specificity of T cells for peptide fragments,
derived from protein antigens, that are displayed bound
to self major histocompatibility complel (MHC) molecules. In Chapter 7, we described the antigen receptors
and accessory molecules of T cells thdt are involved
in the activation of T cells by antigens. in this chapter,
we describe the biological and biocherrtical basis of T
cell activation by antigens and by additional signals
provided by antigen-presenting
cells (APCs). We begin
with a brief overview of T cell activdtion, consider
the biology of CD4+ and CD8+ T cell responses, discuss
the role of co stimulators in T cell activation, and
then proceed to a discussion of the biochemical
mechanisms of T cell receptor (TCR) signaling. Finally
we discuss the regulation ofT cell signaling by inhibitory
receptors and by other molecules that attenuate signals
emanating from the TCR, coreceptors, and costimulatory receptors.

OVERVIEW

OF T LYMPHOCYTE

ACTIVATION

Naive T lymphocytes home to secondary lymphoid
organs, where they may encounter antigens presented by
mature dendritic cells on class I or class II MHC molecules and thus become activated. This results in the
expansion of the antigen-specific lymphocyte pool and
the differentiation of these cells into effector and
memory lymphocytes (Fig. 9-1). Protein antigens that
cross epithelial barriers are captured by immature dendritic cells and transported to lymph nodes. Antigens
that enter the circulation may be captured by dendritic
cells in the blood and in the spleen. If these antigens
are associated with "pathogen-associated
molecular
patterns:' such as ligands for Toll-like receptors (see
Chapter 2), the dendritic cells are activated and induced
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Lymph node
I

I

Activation of naive T cells in lymph node,
development of effector cells

to express costimulators such as B7 proteins on the cell
surface. Dendritic cells that have encountered microbes
and internalized their antigens begin to mature and
migrate to the T cell zones of secondary lymphoid
organs such as the lymph nodes. As discussed in Chapter
6, both naive T cells and dendritic cells are drawn to T
cell zones by chemokines that activate the CCR7
chemokine receptor. When they reach these T cell areas,
the dendritic cells present antigens on MHC molecules
and also express costimulators that can provide second
signals to naive T cells. When a naive T cell of the correct
specificity recognizes antigen, in the form of peptideMHC complexes, and receives signals via the interaction
of B7 with costimulatory receptors on the T cell, that
naive lymphocyte is activated. Antigen-stimulated
T
cells that have received both "signal one" through the
antigen receptor and "second signals" via co stimulatory
receptors may be induced to secrete cytokines and to
express cytokine receptors. The cytokine interleukin-2
(lL-2) provides autocrine signals to activated T cells,
leading to expansion of antigen-specific clones. IL-2 and
other cytokines produced by the T cells and by APCs also
stimulate the differentiation of the T cells into effector
and memory cells (Fig. 9-2). Some of these activated T
cells leave the lymphoid organ where activation
occurred and enter the circulation. Other activated CD4+
T cells remain in the lymphoid organ, where they help B
lymphocytes to differentiate into antibody-secreting
plasma cells (Chapter 10).
Effector T cells recognize antigens in lymphoid organs
or in peripheral nonlymphoid tissues and are activated
to perform their effector functions (see Fig. 9-1). Effec-

I

Site of infection
I

Activation of
effector T cells at
site of infection;
eradication
of
microbe

FIGURE 9-1 Activation of naive and
effector T cells by antigen. Antigens
that are transported by dendritic cells to
lymph nodes are recognized by naive T
lymphocytes that recirculate through these
lymph nodes. The T cells are activated to
differentiate into effector and memory
cells, which may remain in the lymphoid
organs or migrate to nonlymphoid tissues.
At sites of infection, the effector cells
are again activated by antigens and
perform their various functions, such as
macrophage activation.

tor T cells are able to migrate to any site of infection or
inflammation. Here the cells again encounter the
antigen for which they are specific and respond in ways
that serve to eliminate the source of the antigen. Effector T cells of the CD4+ helper subset express membrane
molecules and secrete cytokines that activate (help)
macrophages to kill phagocytosed microbes. Some CD4+
helper T cells remain in lymphoid organs and help B
cells to differentiate into cells that secrete antibodies
that bind to the antigens. CD8+ cytotoxic T lymphocytes
(CTLs), the effector cells of the COW subset, kill infected
cells and tumor, cells that display class I MHC-associated
antigens. We will return to the effector functions of
T cells in Chapters 10 and 13. Memory T cells are an
expanded population ofT cells specific for antigen that
can respond rapidly to subsequent encounter with the
antigen and differentiate into effector cells that eliminate the antigen. In general, the activation of memory T
cells depends only on the ligation of the TCR, and costimulatory "second signals" are not required at this
stage of differentiation.
T cell responses decline after the antigen is eliminated by effector cells. This decline is important for
returning the immune system to a state of rest, or homeostasis. T cell responses decline mainly because the
majority of antigen-activated T cells die by apoptosis.
The reason for this is that as the antigen is eliminated,
lymphocytes are deprived of survival stimuli that are
normally provided by the antigen and by the costimulators and cytokines produced during inflammatory reactions to the antigen. It is estimated that more than 95%
of the antigen-specific CD8+ T cells that arise by clonal
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FIGURE 9-2 Phases of T cell responses. Antigen recognition by T cells induces cytokine (e.g., IL-2)secretion, clonal expansion as a result
of IL-2-induced autocrine cell proliferation, and differentiation of the T cells into effector cells or memory cells. In the effector phase of the
response, the effector CD4+ T cells respond to antigen by producing cytokines that have several actions, such as the activation of
macrophages and B lymphocytes, and CD8+CTLs respond by killingother cells. APC, antigen-presenting cell.

expansion die by apoptosis as the antigen is cleared. We
will return to the mechanisms of homeostasis in the
immune system in Chapter 11.
The sequence of events in the responses of CD4+ and
CD8+ T cells are fundamentally similar (see Fig. 9-2).
However, there are enough differences in the initiation
and culmination of these responses that they are best
discussed separately.
ACTIVATION

OF CD4+ T LYMPHOCYTES

The differentiation of naive CD-r T lymphocytes into
effector cells of cell-mediated immunity (CM!) requires
antigen recognition and costimulation. The initiation of
cell-mediated immune responses requires that naive
CD4+ T cells and the antigens they recognize must be
present in the same lymphoid tissue at the same time.
This is accomplished by recirculation of naive T cells,
which was described in Chapter 3, and by transport of
antigens to lymphoid organs, described in Chapter 6.
Naive T cells migrate from the blood into lymphoid
organs, from one lymphoid organ to another, and back

into the blood, until they encounter the antigen for
which they express specific receptors. Antigen is delivered to lymph nodes by lymphatic drainage, and to the
spleen by the blood. Dendritic cells play an important
role in taking up antigens at sites of infection. and
migrating through lymphatic vessels to draining lymph
nodes. During their migration to the lymph nodes, dendritic cells mature and become efficient antigen presenting cells (APCs) (see Chapter 6, Fig. 6-5).
Activation of naive CD-r T cells requires antigen presentation by dendritic cells. Once in the lymph node,
dendritic cells present peptides derived from the endocytosed protein antigens in association with class II
MHC molecules to naive CD4+ T cells. CD4+ T cellmediated immune reactions are elicited by protein antigens of extracellular microbes that are ingested by
dendritic cells, or by soluble protein antigens that are
administered with adjuvants, in the case of vaccinations,
and taken up by dendritic cells. These microbial or
soluble antigens are internalized into vesicles by the
dendritic cells and presented in association with class II
MHC molecules (see Chapter 6). Some chemicals introduced through the skin also elicit T cell reactions, called
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contact sensitivity reactions. It is believed that contactsensitizing chemicals bind to and modify self proteins,
creating new antigenic determinants that are presented
to CD4+ or COW T cells. In addition to presenting antigens, dendritic cells respond to microbial structures by
expressing high levels of costimulators, such as B7-1 and
B7-2 proteins, which provide second signals for T cell
activation (described below), and by secreting cytokines
such as interleukin-12 (lL-12), which stimulate differentiation of the T cells. Costimulatory signals are generally
essential for the activation and differentiation of naive
CD4+T cells. In contrast, as we will discuss later, CD8+T
cells may be less dependent on these co stimulators.
Clonal

Expansion

of CD4+ T Cells

T cell proliferation in response to antigen recognition is
mediated primarily by an autocrine growth pathway, in
which the responding T cell secretes its own growthpromoting cytokines and also expresses cell surface
receptors for these cytokines. The principal autocrine
growth factor for most T cells is IL-2 (see Fig. 12-9,
Chapter 12). Both the production ofIL-2 and the expression of high-affinity receptors for IL-2 require antigen
recognition by specific T cells as well as costimulation.
Therefore, the cells that recognize antigen produce IL-2
and also preferentially respond to it, ensuring that the
antigen-specific T cells are the ones that proliferate the
most. The result of the proliferation of naive T cells is
clonal expansion, which generates from a small pool of
naive antigen-specific lymphocytes the large number of
cells required to eliminate the antigen. Before antigen
exposure, the frequency of naive T cells specific for any
antigen is 1 in 105 to 106 lymphocytes. After antigen
exposure, the numbers of CD4+ T cells specific for that
antigen may increase to about 1 in 100 to 1000 cells. The
magnitude of clonal expansion is even greater for CD8+
T cells, as described below. These numbers rapidly
decline as the antigen is eliminated, and after the
immune response subsides, the surviving memory cells
specific for the antigen number on the order of 1 in 104.
As the antigens are eliminated, many of the activated
T cells die by apoptosis, thereby providing a homeostatic mechanism that returns the immune system to its
basal state of rest after the infection is cleared (see
Chapter 11). Some of the T cells that have proliferated
differentiate into effector cells, and other progeny of
the antigen-stimulated
lymphocytes differentiate into
memory cells, which are long-lived and poised to
respond rapidly to antigen challenge.
Differentiation

of CD4+ T Cells

Effector cells of the CD4 lineage are characterized by
their ability to express surface molecules that activate
other cells (B lymphocytes, macrophages, and dendritic
cells), and to secrete cytokines that are involved in the
functions of these T cells. Whereas naive CD4+ T cells
produce mostly IL-2 upon activation, effector CD4+ T
cells are capable of producing a large number and
variety of cytokines that have diverse biological activi-

ties. The development of these cytokine-secreting effector T cells, and the roles of the cytokines in cell-mediated immunity, are described in Chapter 13.

ACTIVATION

OF

CDa+T CEllS

The activation of nai've CDlf" T cells also requires
antigen recognition and second signals, but the nature
of the second signals may be different from those for
CD4+cells. To be stimulated to proliferate and differentiate into effector CTLs, naive CD8+ T cells must recognize class I-associated peptide antigens and also
encounter co stimulators on APCs or signals provided by
helper T cells.
Dendritic cells play an essential role in activating
nai've CDlf" T cells. CD8+T cell responses are elicited by
microbial pep tides that are present in the cytosol of
infected cells and are displayed by class I MHC molecules. The microbes that produce cytosolic antigens are
typically viruses, which express proteins in the cytoplasm of infected cells. CD8+ T cells may respond to
some phagocytosed bacteria and viruses if these
microbes or their protein antigens are transported out
of phagosomes into the cytosol. Examples of such
microbes include the bacterium Listeria monocytogenes.
Dendritic cells that express these cytosolic antigens are
able to activate naive CD8+ T cells, much like the way
dendritic cells initiate CD4+ T cell responses. However,
the induction of a CD8+ T cell response poses a special
problem because the antigen these cells recognize may
be produced in a cell type, such as a tissue cell that is
infected by a virus or transformed, that is not a professional APC and is not capable of activating naive T cells.
In order to initiate the response of CD8+ T cells, the
antigen has to access the class I MHC pathway of dendritic cells. Dendritic cells have a special ability to
capture and ingest virus-infected or tumor cells, and
present the viral or tumor antigens to naive CD8+T cells
(Fig. 9-3). In this pathway, the ingested antigens are
transported from vesicles to the cytosol, from where
peptides enter the class I pathway. As we discussed in
Chapter 6, most ingested proteins do not enter the
cytosolic-class I pathway of antigen presentation. This
permissiveness for protein traffic from endosomal vesicles to the cytosol is unique to dendritic cells. (At the
same time, the dendritic cells can present class II MHCassociated peptides generated in the vesicles to CD4+
helper T cells.) This process is called cross-presentation,
or cross-priming, to indicate that one cell type (the dendritic cell) can present antigens from another cell (the
virus-infected or tumor cell) and prime, or activate, T
cells specific for these antigens.
The full activation of nai've CDW T cells and their differentiation into functional CTLs may require the participation ofCD4+ helper cells. In other words, helper T
cells can provide "second signals" for CD8+ T cells. The
requirement for helper cells may vary according to the
type of antigen exposure. In the setting of a strong innate
immune response to a microbe, if professional APCs are
directly infected by the microbe, or if cross-presentation
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antigen

Cross-presentattion
of antigens to COB'" T cells. Cells infected with intracellular microbes, such as viruses, are ingested by
and the antigens of the infectious microbes are processed and presented in association with class I MHC molecules to CD8'
dendritic cells are able to present endocytosed
vesicular antigens by the class I pathway. Note that the same cross-presentdisplay class II MHC-associated
antigens from the microbe for recognition
by CD4+ helper T cells.

while other viruses do stimulate effective CTL responses.
A lack of CD4+ T cell helper function is the accepted
explanation for the defects in CTL generation seen in
individuals infected with human immunodeficiency
virus (HIV), which infects and eliminates only CD4+ T
cells.
Helper T cells may promote CD8+T cell activation by
several mechanisms (Fig. 9-4). Helper T cells may
secrete cytokines that stimulate the differentiation of

of microbial antigens is efficient, CD4+ T cell help may
not be required. CD4+ helper T cells may be required for
CD8+ T cell responses to latent viral infections, organ
transplants, and tumors, all of which tend to elicit weak
innate immune reactions. The varying importance of
CD4+ T cells in the development of CTL responses is
illustrated by studies with CD4 knockout mice, which
lack helper T cells. In these mice some viral infections
fail to generate effective CTLs and are not eradicated,
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cells into effector cytotoxic T lymphocytes
(CTLs) requires antigen recognition
(signal 1) and additional stimuli such as costimulators
or
cytokines expressed by professional
antigen-presenting
cells (APCs) (A) or by cytokines produced by CD4+ helper T cells (8). CD4+ helper T
cells may also activate APCs and make them able to stimulate CTL development,
for example. by stimulating
expression of costimulators
or cytokines (C).
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also on this order of magnitude. Although it has been
more difficult to quantitate the antigen-stimulated
expansion of CD4+cells, it appears to be much less
than the clonal expansion of CD8+cells. This may be
expected, because CD8+CTLs perform their effector
functions by directly attacking infected cells, whereas
a single CD4+helper cell may secrete cytokines that
activate many effector cells such as macrophages,
and therefore a greater number of CTLs may be
needed for protective immunity.

CD8+ T cells. Antigen-stimulated helper T cells express
the trimeric tumor necrosis factor (TNF) family member
called CD40 ligand (CD40L), which binds to CD40 on
APCs and activates these APCs to make them more efficient at stimulating the differentiation of CD8+ T cells.
The effects of helper T cells appear to be mostly on the
differentiation
of CD8+ cells into fully functional
memory cells, and less on the initial clonal expansion
and early CTL development.
Clonal

Expansion

of CD8+ T Cells

Before antigen exposure, the frequency of naive CDW T
cells specific for any antigen is I in 105 to 106 lymphocytes. Following antigen exposure, the number of CDW
T cells specific for that antigen may increase to as high
as I in 10 (Fig. 9-S).

Several cytokines may function as growth factors to
drive the clonal expansion of CD8+T cells; these include
IL-12, IL-IS, and IL-7 (see Chapter 12). A role for IL-2,
the first identified T cell growth factor, in CD8+ T cell
clonal expansion is not at all clear.
Differentiation

o Studies in mice have revealed an unexpectedly large
expansion of CD8+T cells during the acute phase of
infections with intracellular microbes. In one such
study, T cells specific for a dominant epitope of the
lymphocytic choriomeningitis virus (LCMV) were
identified by staining cell populations with a fluorescent tetramer of an appropriate MHC molecule
loaded with the viral peptide. It was estimated that
the frequency of LCMV-specific T cells in uninfected
mice is about I in 105CD8+cells. Following infection
with the virus, at the peak of the immune response
there was a twofold to threefold increase in the total
number of CDWT cells in the spleen, and as many as
one in five of these cells was specific for the viral
peptide. In other words, in this infection there was a
greater than SO,OOO-foidexpansion of antigen-specific CD8+ T cells, and, remarkably, this occurred
within 1 week after infection. Equally remarkable was
the finding that during this massive antigen-specific
clonal expansion, "bystander" T cells not specific for
the virus did not proliferate. The expansion ofT cells
specific for Epstein-Barr virus and human immunodeficiency virus (HN) in acutely infected humans is
(j) 2.5
cO
Q)"O'Ix

of CD8+ T Cells

into

CTLs

Differentiation ofCDW T cells into effector CTLs involves
acquisition of the machinery to perform target cell
killing. The most specific feature of CTL differentiation
is the development of membrane-bound
cytoplasmic
granules that contain proteins, including perforin and
granzymes, whose function is to kill other cells
(described later). In addition, differentiated CTLs are
capable of secreting cytokines, mostly IFN-y, Iymphotoxin, and TNF, which function to activate phagocytes
and induce inflammation. The molecular events in CTL
differentiation involve transcription of genes encoding
these effector molecules. 1\\10 transcription factors that
are required for this program of new gene expression are
T-bet (which we will discuss in relationship to Till differentiation in Chapter 13), and eomesodermin, which
is structurally related to T-bet.
The differentiation of naive CDW T cells into functional CTLs requires antigen recognition, cytokines,
notably IL-12, and the participation ofCDtJ+helper cells
in some situations. Antigens initiate the response and
cytokines stimulate proliferation and differentiation
into CTLs. Helper T cells may be more important for the
generation of memory CD8+ T cells than for a primary
CTL response, as mentioned before.

Effector
response

2
.-CC/)
«3=Q) 15.
ou
Q51.cU
E~ 05
::J U .
Z~
C/)
a

ROLE

-

OF COSTIMULATORS

IN T CELL

ACTIVATION

7

Days post-infection

14

FIGURE 9-5 Clonal expansion of T cells. T cells expand in
response to infection. some of the progeny differentiate
into effector cells, the majority die, and memory cells persist. The kinetics
and numbers of cells are typical of the response of CD8+ T cells in
the spleen of a mouse infected with a virus. such as lymphocytic
choriomengitis
virus; other intracellular
microbes elicit qualitatively
similar responses.

The proliferation and differentiation of naive T cells
require signals provided by molecules on APCs, called
costimulators, in addition to antigen-induced signals
(Fig. 9-6). The second signal for T cell activation is called
costimulation because it functions together with antigen
to stimulate T cells. In the absence of costimulation, T
cells that encounter antigens either fail to respond and
die by apoptosis or enter a state of unresponsiveness
called anergy (see Chapter 11).
The best characterized costimulatory pathway in T
cell activation involves the T cell surface molecule CD28,
which binds the costimulatory molecules B7-1 (CD80)
and B7 -2 (CD86) expressed on activated APCs (Box 9-1).
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Functions of costimula-

tors in T cell activation.

The

resting

antigen-presenting
cell
(APC) expresses few or no costimulators
and
fails to activate
naive T cells (A).
(Sometimes
antigen
recognition
without costimulation
may make the T
cells anergic; this phenomenon
will be
discussed
in Chapter
11.) Microbes
and cytokines
produced during innate
immune responses activate the APCs
to express costimulators,
such as B7
molecules (B). The APCs then become
capable of activating
naive T cells.
Activated APCs also produce cytokines
such as IL-12, which stimulate the differentiation
of naive T cells into effector cells.
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o In vitro, purified populations of C04+ T cells respond
to antigen by cytokine secretion and proliferation
when the antigen is presented by APCs that express
B7 molecules but not when the antigen is presented
by APCs that lack B7 expression. An activating antibody that binds to C028 can provide an artificial costimulatory signal and induce T cell responses even if
the APCs lack B7 molecules.
o If a pure population of C04+ T cells is cultured with
agents that cross-link the TCR, such as anti-C03 antibodies, the T cells produce very little cytokine and do
not proliferate. Again, if an additional costimulatory
signal is provided by antibodies that bind to C028,
the T cells are able to respond. The costimulatory
signal provided by anti-C028 antibody in the absence
of the TCR signal does not by itself induce T cell
responses.

-.

I

response

I
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CD28 delivers signals that enhance many T cell responses to antigen, including cell survival, production
of cytokines such as IL-2, and differentiation of naive T
cells into effector and memory cells. The structure of
CD28 was briefly described in Chapter 7. B7-1 and B7-2
are structurally similar integral membrane single-chain
glycoproteins, each with two extracellular immunoglobulin (lg)-like domains, although on the cell surface B7-1
exists as a dimer and B7-2 as a monomer. The B7 molecules are expressed mainly on APCs, including dendritic
cells, macro phages, and B lymphocytes. They are absent
or expressed at low levels on resting APCs and are
induced by various stimuli (discussed later).
The essential role of the B7 costimulators in T cell
activation has been established by several types of
experiments.

o

IT cell

recognition

"Resting"
(costimulatordeficient)
APC
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Knockout mice lacking B7-1 and B7-2 are deficient in
T cell-dependent responses to immunization with
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The expression of costimulators is regulated and
ensures that T lymphocyte responses are initiated at
the correct time and place. The expression of B7 costimulators is increased by microbial products that bind
Toll-like receptors, and by cytokines such as interferon
(lFN)-y produced during innate immune reactions to
microbes. The induction of costimulators by microbes
and by the cytokines of innate immunity promotes T cell
responses to microbial antigens (see Chapter 13). In
addition, activated T cells express CD40L on their
surface, which binds to CD40 expressed on APCs
and delivers signals that enhance the expression of B7
co stimulators on the APCs. Of all potential APCs,
mature dendritic cells express the highest levels of
costimulators and, as a result, are the most potent
stimulators of naive T cells (which are completely
dependent on co stimulation for activation). In Chapter
6, we mentioned the essential role of adjuvants in
inducing primary T cell responses to protein antigens
such as vaccines. Many adjuvants are products of
microbes, or mimic microbes, and one of their major
functions in T cell activation is to stimulate the expression of costimulators on APCs. The absence of costimulators on unactivated, or "resting," APCs in normal
tissues contributes to the maintenance of tolerance to
self antigens. Because such tissue APCs are capable of
presenting self antigens to T cells, the lack of costimulator expression ensures that potentially self-reactive T
cells are not activated and may be rendered anergic (see
Chapter 11).
Previously activated effector and memory T cells are
less dependent
on costimulation
by the B7:CD28
pathway than are naive cells. This property of effector
and memory cells enables them to respond to antigens
presented by various APCs that may reside in nonlymphoid tissues and may express no or low levels of B7. For
instance, the differentiation of CD8+T cells into effector
CTLs requires costimulation, but effector CTLs can
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The best defined costimulators for T lymphocytes are the
B7 family of molecules on APCs that bind to members of
the CD28 family of receptors on T cells. The first proteins
to be discovered in these families were CD28 and B7-'.
The existence and functions of B7-' and CD28 were originally surmised from experiments with monoclonal antibodies specific for these molecules. The cloning of the
genes encoding B7-' and CD28 opened the way for a
variety of experiments in mice that have clarified the role
of these molecules and led to the identification of additional homologous proteins involved in T cell costimulation. For example, residual costimulatory activity of APCs
from B7-' knockout mice suggested the existence of
additional costimulatory molecules, and homology-based
cloning strategies led to the identification of the B7-2 molecule. B7-' and B7-2 both bind to CD28 and together
account for the majority of costimulatory activity provided
by APCs for the activation of naive T cells. This is evident
from the phenotype of B7-'/B7-2 double knockout mice,
which have profound defects in adaptive immune
responses to protein antigens.
Although costimulatory pathways were discovered as
mediators of T cell activation, it is now clear that homologous molecules are involved in inhibiting T cell
responses. The first and best defined example of an
inhibitory receptor on T cells is CTLA-4,a member of the
CD28 family, which was discovered and characterized by
the use of monoclonal antibodies. The name CTLA-4is
based on the fact that this molecule was the fourth receptor identified in a search for molecules expressed in CTLs,
but its expression and function are not restricted to CTLs.
CTLA-4 is structurally homologous to CD28 and is a
receptor for both B7-' and B7-2. Unlike CD28, CTLA-4
serves as a negative regulator of T cell activation. CTLA4 knockout mice show excessive T cell activation, proliferation, and systemic autoimmunity.
Several other proteins structurally related to B7-' and
B7-2 or to CD28 and CTLA-4have recently been identified by homology-based cloning strategies, and their
functions are now being studied. These proteins can be
considered members of the B7 and CD28 families,
respectively. Two other members of the CD28 family are
called ICOS (inducible costimulator) and PD-' (programmed death-', because this molecule was thought to
regulate programmed death of T cells). The available data
indicate that CD28 is important for activating naive T cells,
and ICOS plays a greater role in effector responses, particularly IL-'O and IL-4 production. CTLA-4and PD-, are
inhibitory receptors. How diverse signals from this receptor family are integrated during immune responses is a
major question in the field.
Members of the B7 family include B7-', B7-2, ICOSligand, B7-H' (PD-L1). B7-DC (PD-L2).B7-H3, and B7-H4
(see Figure). All these proteins are transmembrane proteins consisting of two extracellular Ig-like domains,
including an N-terminal V-like domain and a membrane
proximal C-likedomain. B7-H3 may be expressed in alternative forms, with either one pair of V and C domains like

-- - - - - -

..

- -

-

I

the other B7 family members or two tandem pairs of V
and C domains. The main function of these molecules is
to bind to CD28 family receptors on T cells, thereby stimulating signal transduction pathways in the T cells. There
is no compelling evidence that the cytoplasmic tails of the
B7 family members transduce activating signals in the
cells on which they are expressed. B7-' and B7-2 are
mainly expressed on APCs, including dendritic cells,
macrophages, and B cells. Although there is some constitutive expression on dendritic cells, expression of both
molecules is strongly induced by various signals, including endotoxin, inflammatory cytokines (e.g., IL-'2, IFN-"()
,
and CD40-CD40 ligand interactions. The temporal patterns of expression of B7-' and B7-2 differ; B7-2 is
expressed constitutively at low levels and induced early
after activation of APCs, whereas B7-' is not expressed
constitutively and is induced hours or days later. The other
members of the B7 family, ICOS ligand, PD-L' and PDL2, are also expressed on APCs, but in addition, there is
significant expression on a variety of non-immune cells,
such as endothelial cells. The nonlymphoid expression of
these molecules suggests they playa role in regulating T
cell activation in peripheral tissues and perhaps in the
maintenance of self-tolerance.
The CD28 family of receptors are all expressed on T
cells, but PD-, is also expressed on B cells and myeloid
cells. These receptors are transmembrane proteins, all of
which include a single Ig V-likedomain and a cytoplasmic
tail with tyrosine residues. CD28, CTLA-4,and ICOS exist
as disulfide-linked homodimers; PD-' is expressed as a
monomer. Both CD28 and CTLA-4bind both B7-' and B72, with different affinities, and share a sequence motif,
MYPPPY, in the V domain, which is essential for B7
binding. ICOS has an FDPPPF motif in the corresponding
position, which mediates binding to ICOS-ligand but
not to B7-' or B7-2. PD-, has neither motif and binds
to PD-L' or PD-L2 but not to B7-', B7-2, or ICOS-ligand.
The cytoplasmic tails of the CD28 family molecules
contain structural motifs that mediate interaction with
signaling molecules, although the signal transduction
pathways that are engaged are incompetently understood. Tyrosine residues in the tails of CD28 become
phosphorylated on B7-' or B7-2 binding, and they serve
as docking sites for PI-3 kinase and Grb-2. PI-3 kinase
activation is linked to the activation of the serine/
threonine kinase Akt. PI-3 kinase can also be activated
by recruitment to the cytoplasmic tail of CTLA-4, and
perhaps of ICOS as well. Consistent with their roles in
negative regulation of cellular activation, both CTLA-4and
PD-' have variations of the ITIMs in their cytoplasmic tails
(see Box 9-3) and recruit the tyrosine phosphatase SHP2. CD28 is constitutively expressed on CD4+and CD8+T
cells. ICOS is expressed on CD4+and CD8+T cells only
after TCR binding to antigen, and its induction is
enhanced by CD28 signals.
X-raycrystallographic analyses of B7-' and B7-2 interactions with CTLA-4suggest that these molecules form
a repeating lattice structure in the immunological
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synapse. 87-' or 87-2 may dimerize in the APC membrane, and each monomeric
subunit could bind to one
chain of a different CTLA-4 dimer. Such an arrangement
could enhance the local concentration
of the ligands and
receptors
and presumably
enhance signaling. It is not
known if such an arrangement
also applies to other
87:C028 family ligand-receptor
interactions.
The functional
consequences
of signaling by C028
family members differ for each molecule. As discussed
in the text, C028 is essential for initiating responses of
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be more

important

for

activation
of effector
T cells. CTLA-4 and PO-, are
inhibitory receptors that may play different roles in terminating immune responses.
It has been proposed that
CTLA-4 inhibits acute responses in lymphoid organs, and
PO-, inhibits chronically activated cells and responses in
peripheral, non-lymphoid
tissues. The physiologic
functions of the other recently described 87 family members
are not yet defined.

~----kill other

cells that do not express costimulators
(see
Chapter
13).
A major essential function
of the B7:CD28 pathway
is in the generation
of regulatory
T cells. Regulatory
T cells are CD4+CD25+
T cells that can suppress
the
function
of effector
T cells (see Chapter
11). A large
proportion
of these cells develop
in the thymus,
and
are known
as natural
regulatory
T cells. The development of natural regulatory
T cells requires both B7 and
CD28, as shown by the failure of these cells to emerge in
knockout
mice lacking CD28 or B7 proteins.
The mech-

anisms underlying this role of CD28 are not fully
defined.
The biochemical mechanism by which CD28:B7
interactions promote T cell activation is incompletely
understood. CD28-mediated signals increase the production of cytokines, especially the T cell autocrine
growth factor IL-2. This may occur by a combination of
enhanced transcription and stabilization of IL-2 messenger RNA. In addition, CD28 signals promote the survival of T cells, in part by increasing expression of the
anti-apoptotic protein Bc1-x (see Chapter 11, Box 11-2).
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We will describe signaling responses to co stimulators
later in the chapter, after we discuss the biochemistry of
T cell activation.
The CD28:B7 pathway of costimulation
is the
prototype of a much larger family of receptors and
ligands that function to stimulate and inhibit T cells (see
Box 9-1). A protein called Icas (inducible co stimulator)
is homologous to CD28 and is so named because it is
induced on T cells after activation. The ligand for Icas
is homologous to B7-1 and B7-2. ICaS appears to be particularly important for stimulating the production of
certain cytokines, notably IL-I 0, and for the activation of
previously differentiated effectorT cells. A protein called
CTLA-4 (CDl52) is also homologous to CD28, binds to
B7-1 and B7-2, and is expressed on activated T cells.
Unlike CD28, CTLA-4 functions to terminate T cell
responses and plays a role in self-tolerance (Chapter 11).
We will briefly discuss CTLA-4 and another inhibitory
receptor, PD-I, later in this chapter.
The interaction of CD40L on T cells with CD40 on
APCs enhances T cell activation. The likely mechanism
of this effect is that the engagement of CD40 on the APCs
activates the APCs to make them more potent, perhaps
by enhancing their expression of B7 molecules and
secretion of cytokines such as IL-I2 that promote T cell
differentiation. This phenomenon is sometimes called
"licensing," since activated T cells license additional
APCs to participate in an immune response (Fig. 9-7).
Thus, the CD40 pathway indirectly amplifies T cell
responses and does not function as a costimulatory
pathway by itself.
Many new therapeutics are being developed based on
the understanding of costimulatory pathways. CTLA4Ig, a fusion protein consisting of the extracellular
domain of CTLA-4 and the Fc portion of human IgG,
binds to B7-1 and B7-2 and blocks the B7:CD28 interaction when administered to patients. It is an approved
therapy for rheumatoid arthritis, and clinical trials are
currently assessing its efficacy in the treatment of psoriasis, Crohn's disease and transplant rejection. Inhibitors
of the CD40L:CD40 pathway are also being currently
assessed in clinical trials for use in transplant rejection
and in chronic inflammatory diseases of presumed
autoimmune origin. Antibodies that block the inhibitory
receptor CTLA-4 attenuate inhibitory signals and thus
enhance immune responses. These agents are in clinical
trials for the immunotherapy of tumors.
Many other T cell surface molecules, including
CD2 and integrins, have been shown to deliver costimulatory signals in vitro, but their physiologic role in
mice and humans is less clear. We have discussed the
functions of CD2 family proteins in Chapter 7, and of
integrins in Chapter 2.
Having described the main steps in the functional
responses of T cells, we can proceed to a consideration
of the biochemistry ofT cell activation.
SIGNAL

TRANSDUCTION

BY THE TCR

COMPLEX

T cell signaling pathways coordinately activate the
transcription of genes that are silent in naive cells and

TLR induces
87 on APC

I

Proliferation

I

No PAMPs
but antigen
available

CD40L
induces 87
on APC:
"licensing"

Can activate
naive T cells

FIGURE 9-7 Role of CD40 in T cell activation. Naive T cells are
activated by peptide-MHC
complexes
on antigen-presenting
cells
(APCs) previously activated by the binding of pathogen-associated
molecular patterns (PAMP) to Toll-like receptors
(TLRs). Antigen
recognition
by T cells in conjunction
with C028 activation induces
the expression of C040 ligand (C040U on activated T cells. C040L
engages C040 on the APC and may stimulate the expression of 87
molecules and the secretion of cytokines that activate T cells. Thus,
C040L on the T cells makes the APCs "better"
APCs, and the 87
and C040 pathways stimulate each other.

whose products mediate the responses and functions of
activated T cells. The recognition of antigen by the TCR
initiates a sequence of biochemical signals in T cells that
result in transcriptional activation of particular genes
and the entry of the cells into the cell cycle. The genes
that are expressed in T cells after antigen recognition
encode many of the proteins that mediate the biologic
responses ofthese cells (Fig. 9-8). The signaling cascades
triggered by the TCR have been defined largely by in vitro
analyses of various T cell populations that can be activated by the engagement of their antigen receptors.
From such studies, several important general features of
T cell signal transduction are now well established.
. Activation ofT cells involves the integration of signals
from multiple receptors. The TCR provides specificity,
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The early biochemical response to antigen recognition consists of clustering of coreceptors with the
antigen receptor, and tyrosine phosphorylation
of
immunoreceptor
tyrosine-based
activation motif
(lTAM) tyrosine residues (Fig. 9-9). The TCR does
not have intrinsic enzymatic activity, but it is associated with the CD3 complex and 1,;proteins that
bind enzymes and contain IIAMs, as discussed below.
Phosphorylation of ITAM tyrosines initiates signal
transduction and the activation of downstream tyrosine kinases, which in turn phosphorylate tyrosine
residues on other adapter proteins. The subsequent
events in signal transduction are generated by the
specific recruitment of key enzymes that each initiate
distinct downstream signaling pathways.

. Signalsfrom

the

antigen

receptor

coordinately

activate a number of important biochemical pathways, some of the major ones being the Ras-MAP
kinase pathway, the protein kinase C (PKC) pathway,
and the calcium-calcineurin
pathway (see Fig. 9-9).
Activation of these enzymes occurs within minutes
after antigen recognition. The enzymes activated
by each of these pathways induce transcription
factors that stimulate the expression of various genes
in the T cells, a process that takes several hours.
In the following sections, we describe the major steps
in signaling by the TCR complex, starting with the earliest responses at the plasma membrane and culminating
in the transcriptional activation of many T cell-specific
genes.

Early Membrane Events: Activation of
Protein Tyrosine Kinases, Recruitment
of
Adapter Proteins, and Formation of
the Immunological
Synapse
Antigen recognition by the TCRinduces the activation of
T cell signaling initially by the activation of Src family
kinases, and this is followed by the activation of downstream signaling pathways following the recruitment
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and phosphorylation of specific adapters. Eventually a
relatively stable interface is formed between the T cell
and the APC, and this interface is known as the immunological synapse.
Activation

of Tyrosine Kinases

The earliest biochemical events within the T cell that
follow clustering of the TCR complex and coreceptor are
the activation of protein tyrosine kinases associated
with the cytoplasmic domains of the clustered CD3 and
coreceptor proteins and phosphorylation of tyro sines in
CD3 and' chains (Fig. 9-10). Protein tyrosine kinases are
enzymes that catalyze the phosphorylation of tyrosine
residues in various protein substrates (Box 9-2). In T
cells, several components of the TCR complex, as well
as downstream intermediates, are targets of protein
tyrosine kinases. The cytoplasmic portions of the CD3
chains and the 1,;chains contain a total of ten conserved
tyrosine-containing
peptide sequences called ITAMs
(see Chapter 7). When TCRs bind to peptide-MHC complexes, CD4 or CD8 binds at the same time to non polymorphic regions of the class II or class I MHC molecule
on the APC (see Fig. 9-10). Lck, a Src family tyrosine
kinase that is associated with the cytoplasmic tails of
CD4 and CD8, is thus brought close to the ITAMs in
the CD3 and 1,;chains. The clustering of the TCR complex
and coreceptor leads to activation of Lck, by mechanisms that are not clear. The active Lck then phosphorylates the tyrosines in the ITAMs of the CD3 and 1,;chains.
Thus, within seconds of TCR clustering, many of the
tyrosine residues within the ITAMs of the CD3 and 1,;
chains become phosphorylated. Another cytoplasmic
tyrosine kinase that is found in physical association with
the TCR complex is CD3-associated Fyn, and it may play
a role similar to that of Lck. It is believed that Fyn may
be activated by a conformational alteration of TCR and
CD3 molecules following TCR binding to MHC-peptide
complexes. Mice lacking Lck show some defects in T cell
development, and double knockout mice lacking both
Lck and Fyn show even more severe defects.
The tyrosine phosphorylated [TAMs in the chain
become "docking sites" for the tyrosine kinase called

,
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FIGURE 9-9 Intracellular signaling events during T cell activation. Binding of the TCR and coreceptors to peptide-MHC complexes on
the antigen-presenting cell (APC)initiates proximal signaling events, which result in phosphorylation of the ~ chain, binding and activation of
ZAP-70, phosphorylation of adapter proteins, and activation of various cellular enzymes. These enzymes then activate transcription factors
that stimulate the expression of various genes involved in T cell responses.

ZAP-70 ('-associated protein of 70kD). ZAP-70 is a
member of a family of tyrosine kinases distinct from the
Src family. (Another member of this family is Syk, which
plays an important role in signal transduction in B cells
and in some populations ofT cells, such as yoT cells from
the intestine.) ZAP-70 contains two conserved domains
called Src homology 2 (SH2) domains that can bind to
phosphotyrosines
(see Box 9-2). Each ITAM has two
tyrosine residues, and both of these must become phosphorylated to form a docking site for one ZAP-70 molecule. The bound ZAP-70 becomes a substrate for the
adjacent Lck, which phosphorylates specific tyrosine
residues of ZAP-70. As a result, ZAP-70 acquires its own
tyrosine kinase activity and is then able to phosphorylate a number of other cytoplasmic signaling molecules.
A critical threshold of ZAP-70 activity may be needed
before downstream signaling events will proceed, and
this threshold is achieved by the recruitment of multiple
ZAP-70 molecules to the phosphorylated ITAMs on the
1;,chains and on CD3 tails.

Another kinase pathway in T cells involves the activation ofPI-3 (phosphatidylinositol-3) kinase, which phosphorylates a specific membrane-associated inositol lipid.
This enzyme is recruited to the TCR complex and
associated adapter proteins and generates phosphatidylinositol trisphosphate (PIP3) from membrane
phosphatidylinositol bisphosphate (PIP2). PIP3 provides
a binding site on the inside of the plasma membrane for
signaling intermediates that contain pleckstrin homology domains, including phospholipase Cy and kinases
such as Itk (and Btk in B cells). Another important PIP3dependent kinase is PDKl, which is required for the activation of an important downstream kinase called Akt. Akt
is a crucial regulator of cell survival. PI -3 kinase is most
efficiently activated downstream of the CD28 costimulatory receptor, as we will discuss later in this chapter.
The activity of kinases in T cell signaling pathways
may be regulated by protein tyrosine phosphatases.
These phosphatases
can remove phosphates
from
tyrosine residues of the kinases as well as from adapter
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Protein-protein
interactions
and the activities of cellular
enzymes are often regulated by phosphorylation
of tyrosine residues. Inducible phosphorylation
of tyrosines is
much less common
than phosphorylation
of serine or
threonine
residues and is usually reserved for critical
regulatory steps. It is not surprising, therefore,
that the
kinases that catalyze tyrosine phosphorylation
are essential components
of many intracellular
signaling cascades
in lymphocytes
and other cell types. These protein tyrosine kinases (PTKs) mediate the transfer of the terminal
phosphate
of ATP to the hydroxyl group of a tyrosine
residue in a substrate protein. A particular PTK will phosphorylate only a limited set of substrates,
and this specificity is determined
by the amino acid sequences flanking
the tyrosine as well as by the tertiary structural characteristics of the substrate protein.
Some tyrosine kinases are intrinsic components
of the
cytoplasmic
tails of cell surface receptors,
such as the

receptors for platelet-derived

growth factor (POGF) and

epidermal growth factor (EGF). Examples of receptor tyrosine kinases that are involved in hematopoiesis
include cKit, a receptor for stem cell factor, and the receptor for
monocyte colony-stimulating
factor (M-CSF). Many PTKs
of importance
in the immune system, however, are cytoplasmic proteins that are noncovalently
associated with
the cytoplasmic
tails of cell surface receptors
or with
adapter proteins. Sometimes
this association is only transiently induced in the early stages of signaling cascades.
Three families of cytoplasmic
PTKs that are prominent in
Band T cell antigen receptor signaling, as well as Fc receptor signaling, are the Src, SykflAP-70,
and Tec families
(see Figure). The Janus kinases are another group of nonreceptor PTKs involved in many cytokine-induced
signaling cascades and are discussed in Chapter 12.
Src family kinases are homologous
to, and named
after, the transforming
gene of Rous sarcoma virus, the
first animal tumor virus identified. Members of this family
include Src, Yes, Fgr, Fyn, Lck, Lyn, Hck, and Blk. All Src
family members
share tertiary structural characteristics
that are distributed
among four distinct domains and are
critical for their function and regulation of enzymatic activity. The amino-terminal
end of most Src family kinases
contains a consensus
site for addition of a myristic acid
group; this type of lipid modification
serves to anchor
cytoplasmic
proteins to the inner side of the plasma
membrane.
Otherwise,
the amino-terminal
domains of
Src family PTKs are highly variable among different family
members,
and this region determines
the ability of each
member to interact specifically
with different
proteins.
For example, the amino-terminal
region of the Lck protein
is the contact site for interaction
with the cytoplasmic
tails of C04 and C08. The Src family PTKs have two internal domains
called Src homology 2 (SH2) and Src
homology 3 (SH3) domains, each of which has a distinct three-dimensional
structure
that permits specific
noncovalent
interactions
with
other
proteins.
SH2
domains are about 100 amino acids long and bind to phosphotyrosines
on other proteins or on themselves.
Each
SH2 domain has a unique binding specificity,
which is
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are also

found on many signaling
molecules
outside the Src
family. SH3 domains are approximately
60 amino acids j
long and also mediate
protein-protein
binding.
SH3
I
domains bind to proline residues and may function coopI
eratively with the SH2 domains of the same protein. The
,
critical role of SH3 domains in PTK function is illustrated
I
by mutations
in the SH3 domain of Bruton's tyrosine
kinase; these mutations
do not alter the protein's
stability or kinase activity but result in defective
B cell
receptor
signaling
and
agammaglobulinemia.
The
carboxy-terminal
SH1 domain in Src PTKs is the tyrosine
kinase enzymatic domain. It contains binding sites for the !
substrate
and for the ATP phosphate
donor and an
autophosphorylation
site (a tyrosine residue) whose phosphorylation
is needed for kinase activity. A tyrosine
residue at the C-terminal end of the Src family kinase
serves as a regulatory
switch for the PTK. When it is
phosphorylated,
the PTK is inactive, and when the phosphate is removed by tyrosine phosphatases,
the enzyme
activity is turned on. The PTKs that phosphorylate
Src
family PTKs at this inhibitory site form yet another subfamily of PTKs, the best described member being c-Src
kinase-1 (Csk-1).
The SykflAP-70
family of PTKs includes only two identified members so far. Syk is abundantly expressed in B
lymphocytes
but is also found in lower amounts in other
hematopoietic
cells, including some T cells. ZAP-70 is
expressed in only T lymphocytes
and natural killer cells.
Syk and ZAP-70 play similar roles in BCR and TCR signaling cascades,
respectively.
There are two SH2
domains in the SykflAP-70
PTKs, but no SH3 domain and
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no inhibitory tyrosine. Syk and ZAP-70 are inactive until
they bind, through their two SH2 domains, to paired phosphotyrosines within ITAMs of antigen-receptor complex
proteins (see text). Furthermore, activation of ZAP-70
probably requires Src family PTK (e.g., Lck)-mediated
phosphorylation of one or more tyrosine residues.
The Tec PTKsare a third group of nonreceptor kinases
that are activated by antigen receptors in Band T cells as
well as by many other signals in other cell types. This
family includes Btk, Tec, Itk, OSrc29, Etk, and Rlk. Btk is
expressed in all hematopoietic cells, but mutations of the
Btk gene primarily affect B cell development in humans,
causing X-linked agammaglobulinemia. The major Tec
kinases expressed by T cells are Itk, Rlk, and Tec. Allthe
Tec family members contain a Tec homology (TH)domain,
which includes sequences unique to this family (Btk
homology domain) and sequences homologous with
GTPase-activating protein domains. The TH domain mediates interactions with other signaling molecules. In addition, Tec kinases share structural similarities with the Src
family kinases, including SH3 and SH2 domains that
mediate interactions with other signaling molecules and
a catalytic SHl domain. Unlike the Src kinases, the Tec
kinases do not have N-terminal myristoylation sites. In
contrast, most Tec family kinases contain a pleckstrin
homology (PH)domain, which promotes membrane localization by binding to PIP3 generated by PI-3 kinase. The
Tec kinases also do not contain a C-terminal regulatory
tyrosine. Activation of a Tec kinase requires membrane
localization, phosphorylation by a Src kinase, and autophosphorylation of the SH3 domain. The SH2 domains of
Btk and Itk bind the phosphorylated adapter proteins
BLNKlSLP-65and SLP-76, in Band T cells, respectively,
shortly after antigen recognition. Once bound to these
adapter proteins, Btk and Itk can phosphorylate and
activate phospholipase C.

-

- -- -

Protein tyrosine phosphatases (PTPs) are enzymes
that remove phosphate moieties from tyrosine residues,
countering the actions of PTKs. PTPs may be membrane
receptors or cytoplasmic proteins. One important receptor PTP, which has a role in lymphocyte activation, is
C045, a membrane-bound protein that removes autoinhibitory C-terminal phosphates from Src family kinases,
such as Lck and Fyn, and is essential for T and B cell activation. The phosphatase activity of C045 appears to
require dimerization for activation, and mutations that
prevent dimerization result in defective C045 function
and uncontrolled activation of lymphocytes. Cytoplasmic
PTPs are loosely associated with receptors or are
recruited to tyrosine phosphorylated receptors through
SH2 domains. These enzymes include two PTPs commonly called SHP-l and SHP-2. SHP-l is particularly abundant in hematopoietic cells. SHP-l is a negative regulator
of lymphocytes and contributes to the inhibitory signals
mediated by inhibitory receptors of the immune system,
such as killerinhibitory receptors of NKcells (see Chapter
2). These inhibitory receptors bind SHP-l through special
motifs called ITIMs by analogy to the ITAMsof the TCR
and other activating receptors. The central role of SHP-l
in regulating lymphocyte function is illustrated by the
"moth-eaten" mouse strain, which carries a mutation in
the SHP-l gene and is characterized by autoimmunity and
defects in homeostasis. SHP-2 plays a positive role in signaling by certain receptors, such as the EGF receptor, but
may also be involved in negative regulation in CTLA-4signaling.
Other phosphatases act on phosphorylated inositol
lipids and inhibit cellular responses; an example is
SHIP-l, an SH2 domain-containing inositol phosphatase
that is associated with an Fc receptor of B cells
and serves to terminate B cell responses (see Chapter
10, Fig. 10-19).

..

proteins. In the case of tyrosine phosphatases that
dephosphorylate tyrosine kinases, depending on which
tyrosine residue is involved the effect may be to activate
or to inhibit the enzymatic function of the kinases. Two
phosphatases that are recruited to the TCR complex are
SHP-l and SHP-2 (for SH2 domain-containing
phosphatases). These phosphatases serve to inhibit signal
transduction by removing phosphates from tyrosine
residues in key signaling molecules. Another inhibitory
phosphatase is specific for inositol phospholipids and is
called SHIP (SH2 domain containing inositol phosphatase). The CD45 protein is an integral membrane
protein whose cytoplasmic tail contains tandem protein
tyrosine phosphatase domains. CD45 dephosphorylates
inhibitory tyrosine residues in Src family kinases such
as Lck and may thus contribute to the generation of
potentially active Lck and Fyn, perhaps even before
antigen recognition occurs. CD45 has complex activating and inhibitory roles in lymphocytes, and how its
activity is regulated during T cell signaling is still not
clearly understood.

Formation of the Immunological Synapse
When the TCR complex recognizes MHC-associated peptides on an APC, several T cell surface proteins and
intracellular signaling molecules are rapidly mobilized
to the site ofT cell-APC contact (Fig. 9-11). This region
of physical contact between the T cell and the APC
forms a bull's-eye-like structure that is called an
immunological synapse, or a supramolecular activation
cluster (SMAC). The T cell molecules that are rapidly
mobilized to the center of the synapse include the
TCR complex

(the TCR, CD3, and

S chains),

CD4 or

CD8 coreceptors, receptors for co stimulators (such
as CD28), enzymes such as PKC-e, and adapter proteins that associate with the cytoplasmic tails of
the transmembrane
receptors. At this portion of the
synapse, called the c-SMAC (for central supramolecular activation cluster), the distance between the T
cell plasma membrane
and that of the APC is
about 15 nm. Integrins remain at the periphery of
the synapse, where they function to stabilize the binding
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TCR complex and
coreceptors
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within membrane
lipid rafts by
antigen recognition

Lck phosphorylates
tyrosines in ITAMs
of 1; chain

ZAP-70 binds to
phosphotyrosines
of
1; chain
and
phosphorylates
adapter
proteins, including LAT

Ras, GTP/GDP
exchange factor(s)

Assembly of
adapter protein
and enzyme scaffolds;
multiple signaling
pathways are activated

Grb2

p..

FIGURE
9-10
Early tyrosine
phosphorylation
events
in T cell activation.
On antigen
recognition,
there is clustering
with co receptors
(C04, in this case). C04-associated
Lck becomes
active and phosphorylates
tyrosines
in the ITAMs
(A). ZAP-70
binds to the phosphotyrosines
of the 1; chains and is itself phosphorylated
and activated.
(The illustration

upstream

of MAP

kinases

(CL and these

enzymes

activate

various

of the T cell to the APC, forming the peripheral portion
of the SMAC called the p-SMAC. In this part of the
synapse the two membranes are about 40 nm apart.
Many signaling molecules found in synapses are localized to regions of the plasma membrane that have a
lipid content different from the rest of the cell mem-

cellular

I

of TCR complexes
of C03 and 1; chains
shows
one ZAP-70

molecule
binding
to two phosphotyrosines
of one ITAM in the 1; chain, but it is likely that initiation
of a T cell response
requires
bly of multiple
ZAP-70 molecules
on each 1; chain.) Active ZAP-70 then phosphorylates
tyrosines
on various
adapter
molecules,
(8). The adapters
become
docking
sites for cellular
enzymes
such as PLCy1 and exchange
factors
that activate
Ras and other
teins

SOS

the assemsuch as LAT
small G pro-

responses.

brane and are called lipid rafts or glycolipid-enriched
micro domains.
TCR and costimulatory
receptor
signaling is
initiated in these rafts and induces cytoskeletal
rearrangements that allow rafts to coalesce and form
the immunological synapse. Immunological synapses
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FIGURE 9-11 The immunological synapse. A, This figure shows
two views of the immunological
synapse
in a T cell-APC
conjugate
(shown
as a Nomarski
image in panel C). Talin, a protein
that associates
with the cytoplasmic
tail of the LFA-1 integrin
was revealed
by an antibody
labeled with a green fluorescent
dye, and PKC-8, which associates
with the TCR complex,
was visualized
by antibodies
conjugated
to a red
fluorescent
dye. In panels A and S, a two-dimensional
optical section
of the cell contact
site along the x-yaxis
is shown,
revealing
the central
location
of PKC-8, and the peripheral
location
of talin, both in the T cell. In panels D-F, a three-dimesional
view of the entire region of cellcell contact
along the x-z axis is provided.
Note, again, the central location
of PKC-8 and the peripheral
accumulation
of talin. (Reprinted
with
permission
from Macmillan
Publishers
Ltd. Monks,
CRF, SA Freiburg,
H Kupfer, N Sciaky, and A Kupfer. Three dimensional
segregation
of
supramolecular
activation
clusters
in T cells. Nature,
395:82-86,
copyright
1998.) S, A schematic
view of the synapse,
showing
talin and
LFA-1 in the p-SMAC
(green) and PKC-8 and the TCR in the c-SMAC
(red).
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may serve a number of functions during and after T cell
activation:

. AlthoughTCRsignal transduction is clearlyinitiated
before the formation of the synapse and is required
for synapse formation, the immunological synapse
itself may provide a unique interface for TCR triggering. T cell activation needs to overcome the problems
of a generally low affinity of TCRs for peptide-MHC
ligands, and the presence of few MHC molecules displaying anyone peptide on an APC. The formation of
the synapse overcomes these problems. The synapse
represents a site at which repeated engagement of
TCRs may be sustained by this small number of
peptide-MHC complexes on the APC, thus facilitating
prolonged and effective T cell signaling.
. The synapse may ensure the specific delivery of secretory granules and signals to appropriate APCs or
targets. Vectorial delivery of secretory granules containing perforin and granzymes by CTLs to target cells
has been shown to occur at the synapse. Similarly,
CD40L-CD40 interactions are facilitated by the accumulation of these molecules on the T cell and APC
interfaces of the immunological
synapse. Some
cytokines are also secreted in a directed manner into
the synaptic cleft.
.

The synapse may be an important site for the
turnover of signaling molecules, primarily by ubiquitination and delivery to late endosomes and lysosomes. This degradation of signaling proteins may
contribute to the termination ofT cell activation.

Recruitment and Activation
Adapter Proteins

of

Activated ZAP-70 phosphorylates several adapter proteins that are able to bind signaling molecules (see Fig.
9-10). Adapter proteins serve to bring many signaling
molecules into specific cellular compartments
and
thereby promote the activation of signal transduction
pathways. Adapter proteins contain structural motifs, or
domains, that bind other proteins. These domains
include motifs that bind SH2 and SH3 domains, and
phosphotyrosine-binding
(PTB) domains, among others.
Both transmembrane and cytoplasmic adapter proteins
contribute to the rapid assembly of scaffolds of signaling
molecules after T cells recognize antigen on APCs. A key
early event in T cell activation is the ZAP-7D-mediated
tyrosine phosphorylation
of the membrane-anchored
adapter protein LAT (linker for the activation ofT cells).
The phosphorylated tyrosines of LAT serve as docking
sites for SH2 domains of other adapter proteins and
enzymes involved in several signaling cascades. LATalso
contains proline-rich regions that bind SH3 domains of
other proteins. Phosphorylated LATdirectly binds phospholipase Cyl, a key enzyme in T cell activation (discussed later), and coordinates the recruitment of several
other adapter proteins, including SLP-76 (SH2-binding
leukocyte phosphoprotein
of 76 kD) and Grb-2, to the
cluster ofTCR and TCR-associated proteins often referred
to as the signalosome. Thus, LATserves to bring a variety

of downstream components of TCR signaling pathways
close to their upstream activators. Because the function
of many of these adapters depends on their tyrosine
phosphorylation by active ZAP-70, only antigen recognition (the physiologic stimulus for ZAP-70 activation) triggers the signal transduction pathways that lead to
functional T cell responses.
MAP Kinase Signaling
T Lymphocytes

Pathways

in

The Ras pathway is activated in T cells following TCR
ligation, leading to the activation of the extracellular
receptor-activated kinase (ERK), a prominent member
of the mitogen-activated protein (MAP) kinase family,
and eventually to the activation of downstream transcription factors. Ras is a member of a family of guanine
nucleotide-binding proteins (small G proteins) that are
involved in diverse activation responses in different cell
types. Ras is loosely attached to the plasma membrane
through covalently attached lipids. In its inactive form,
the guanine nucleotide-binding site of Ras is occupied
by guanosine diphosphate (GDP). When the bound GDP
is replaced by guanosine triphosphate (GTP), Ras undergoes a conformational change and can then recruit or
activate various cellular enzymes. Activation of Ras by
GDP/GTP exchange is seen in response to the engagement of many types of receptors in many cell populations, including the TCR complex in T cells. Mutated Ras
proteins that are constitutively active (Le., they assume
the GTP-bound conformation) are associated with neoplastic transformation of many cell types.
The mechanism of Ras activation in T cells involves
the adapter proteins LAT and Grb-z (Fig. 9-12). When
LATis phosphorylated by ZAP-70 at the site ofTCR clustering, it serves as the docking site for the SH2 domain
of Grb-z. Once attached to LAT, Grb-Z recruits to the
membrane the Ras GTP/GDP exchange factor called Sos
(so named because it is the mammalian homologue of a
Drosophila protein called son of sevenless). Sos catalyzes GTP for GDP exchange on Ras. This generates the
GTP-bound form of Ras (written as Ras.GTP), which
then activates one member of a family of enzymes called
MAP kinases. There are three main MAP kinases in T
cells, the prototype being the enzyme called ERK. ERK
activation results from Ras.GTP-induced sequential activation of two different kinases, each of which phosphorylates (and thus activates) the next enzyme in the
cascade. The final enzyme prior to ERK is a dual specificity kinase that phosphorylates this MAP kinase on
closely spaced threonine and tyrosine residues. The activated ERK translocates to the nucleus and phosphorylates a protein called Elk, and phosphorylated
Elk
stimulates transcription of Fos, a component ofthe activation protein-I (AP-I) transcription factor.
In parallel with the activation of Ras through recruitment of Grb-2 and Sos, the adapters phosphorylated
by TCR-associated kinases also recruit and activate a
GTP/GDP exchange protein called Vav that acts on
another small guanine nucleotide-binding
protein
called Rac. The Rac.GTP that is generated initiates a par-
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FIGURE 9-12 The Ras-MAP kinase pathway in T cell activation. ZAP-70 that is activated by antigen recognition (see Fig. 9-7) phosphorylates membrane-associated adapter proteins (such as LAT).which then bind another adapter, Grb-2, which provides a docking site for
the GTP/GOP exchange factor Sos. Sos converts Ras.GOP to Ras.GTP. Ras.GTP activates a cascade of enzymes, which culminates in the
activa-tion of the MAP kinase ERK.A parallel Rae-dependent pathway generates another active MAP kinase, JNK (not shown).

allel enzyme cascade, resulting in the activation of a distinct MAP kinase called c-Jun N-terminal kinase (JNK).
JNK is sometimes called stress-activated protein (SAP)
kinase because in many cells it is activated by various
forms of noxious stimuli such as ultraviolet light,
osmotic stress. or pro inflammatory cytokines such as
TNF and IL-l. Activated JNK then phosphorylates c-Jun.
the second component of the AP-l transcription factor.
A third member of the MAP kinase family. in addition to
ERK and JNK, is p38. and it too is activated by Rac. GTP
and in turn activates various transcription factors.
Rac.GTP also induces cytoskeIetal reorganization and
may playa role in the clustering ofTCR complexes, coreceptors. and other signaling molecules into the synapse.
Thus, active G proteins induced by antigen recognition
stimulate at least three different MAP kinases, which in
turn activate transcription factors.
The activities of ERK and JNK are eventually shut
off by the action of dual-specificity protein tyrosine/
threonine
phosphatases.
These phosphatases
are
induced or activated by ERK and JNK themselves.
providing a negative feedback mechanism to terminate
T cell activation.

Calcium- and PKC-Mediated
Pathways in T Lymphocytes

Signaling

TCR signaling leads to the activation of the yi isoform
of the enzyme phospholipase C (PLCyI), and the products of PLCyI-mediated hydrolysis of membrane lipids

activate enzymes that induce specific transcription
factors in T cells (Fig. 9-13). PLCyl is a cytosolic enzyme
specific for inositol phospholipids that is recruited to
the plasma membrane by tyrosine phosphorylated LAT
within minutes of ligand binding to the TCR. Here the
enzyme is phosphorylated
by ZAP-70 and by other
kinases. such as the Tec family kinase called Itk (see Box
9-2). Phosphorylated PLCyl catalyzes the hydrolysis of a
plasma membrane phospholipid called PIPz. generating
two breakdown products. inositol lA.S-trisphosphate
(IP3)and diacylglycerol (DAG). IP3and DAG then activate
two distinct downstream signaling pathways in T cells.
IP3produces a rapid increase in cytosolic free calcium
within minutes after T cell activation. IP3 diffuses
through the cytosol to the endoplasmic reticulum,
where it binds to its receptor and stimulates release
of membrane-sequestered
calcium stores. The released
calcium causes a rapid rise (during a few minutes) in the
cytosolic free calcium ion concentration, from a resting
level of about 100 nM to a peak of 600 to 1000 nM.
The depletion ofER calcium activates a "store-operated"
plasma membrane ion channel called CRAC (Calcium
Release Activated Calcium) channel. which facilitates
the influx of extracellular calcium. (A key component
of the CRAC channel is a protein called Grai. which was
discovered as a gene that is defective in a rare human
immunodeficiency
disease.) This CRAC channelmediated influx of extracellular calcium allows the T
cell to sustain an increase in cytosolic free calcium
for more than an hour. Cytosolic free calcium acts

Chapter 9 - ACTIVATION

Extracellular
C a 2+' Ions
o 0

CRAC
Orai

channell

OFT LYMPHOCYTES

Hydrolysis
of PIP2

Recruitment
and
activation
of PLCy1
LAT

o

.........
-..

~

.~ P

e

P

.'

~

~c;..........

.

.
..
.
...
.

P

. p ...

'\k.
:

.

...

.-

..
: Inactive
protein
.

Active
protein

~

~'-Q

Increase
in
cytosolic
Ca2+

Intracellular
Ca2+ stores

o

Cellular
response

I

~
Cellular
response

FIGURE 9-13 T cell signaling downstream of PLCy1. The LAT adapter protein that is phosphorylated

on T cell activation binds the cytosolic enzyme PLCy1, which is phosphorylated
by ZAP-70 and other kinases, such as Itk, and activated. Active PLCy1 hydrolyzes membrane
PIP2 to generate IP3, which stimulates an increase in cytosolic calcium, and DAG, which activates the enzyme PKC. Depletion of ER calcium
is sensed by STIM1, which induces the opening of the CRAC channel that facilitates entry of extracellular calcium into the cytosol. Orai is
a component
of the CRAC channel. Increased cytosolic calcium and PKC then activate various transcription
factors, leading to cellular
responses.

as a signaling
molecule by binding
to a ubiquitous
calcium-dependent
regulatory
protein
called calmodulin. Calcium-calmodulin
complexes
activate
several
enzymes,
including
a protein
serinelthreonine
phosphatase called calcineurin
that is important
for transcription
factor activation,
as discussed
later.
DAG, the second breakdown
product
of PIP2, activates the enzyme PKC, which has several isoforms
and
also participates
in the generation
of active transcription
factors
(see Fig. 9-13). DAG is hydrophobic, and it
remains in the membrane
where it is formed. The combination of elevated free cytosolic calcium and DAG activates certain isoforms of membrane-associated
PKC by
inducing
a conformational
change that makes the catalytic site of the kinase accessible to substrate. The PKCe
isoform localizes to the immunological
synapse and is
involved in the activation and nuclear translocation of
the nuclear factor KB (NF-KB) transcription factor, via a
trimeric protein complex made up of two proteins
(called MALTI and Bcl-lO) that were identified in lymphoid tumors
and a third (called CARMA1). This
complex has ubiquitin ligase activity and is required for
the activation
of NF-KB following
TCR ligation.
So far, we have described several signal transduction
pathways
initiated by ligand binding to the TCR that
result in the activation of different
types of enzymes:

small G protein-MAP kinase pathways leading to activation of kinases such as ERK and INK, a PLCyl-calciumdependent
pathway leading to activation of the
phosphatase calcineurin, and a PLCyl-DAG-dependent
pathway leading to activation of PKC(see Fig.9-9). Each
of these pathways contributes to the expression of genes
encoding proteins needed for T cell clonal expansion,
differentiation, and effector functions. In the following
section, we describe the mechanisms by which these
different signaling pathways stimulate the transcription
of various genes in T cells.

Activation
Regulate

of Transcription
Factors
T Cell Gene Expression

That

The enzymes generated by TCR signaling activate transcription factors that bind to regulatory regions of
numerous genes in T cells and thereby enhance transcriptionof thesegenes (Fig. 9-14). Much of our understanding of the transcriptional
regulation of genes in T
cells is based on analyses of cytokine gene expression.
The transcriptional
regulation of most cytokine genes
in T cells is controlled by the binding of transcription
factors to nucleotide
sequences in the promoter and
enhancer regions of these genes. For instance, the IL-2
promoter,

located

5' of the gene, contains

a segment

of
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FIGURE 9-14 Activation of transcription factors in T cells. Multiple

signaling pathways converge in antigen-stimulated
T cells to generof various genes (in this case, the IL-2 gene). The calcium-calmodulin
pathway activates
NFAT,and the Ras and Rac pathways generate the two components
of AP-l. Less is known about the link between TCR signals and
NF-KB activation,
(NF-KB is shown as a complex of two subunits, which in T cells are typically the p50 and p65 proteins, named for
their molecular sizes in kilodaltons.)
PKC is important in T cell activation, and the PKCe isoform is particularly important in activating NF-KB.
These transcription
factors function coordinately
to regulate gene expression,
Note also that the various signaling pathways are shown
as activating unique transcription
factors, but there may be considerable
overlap, and each pathway may playa role in the activation of
multiple transcription
factors,

ate transcription

factors

that stimulate

expression

approximately 300 base pairs in which are located
binding sites for several different transcription factors.
All these sites must be occupied by transcription factors
for maximal transcription of the IL-2 gene. Different
transcription factors are activated by different cytoplasmic signal transduction pathways, and the requirement
for multiple transcription factors accounts for the need
to activate many signaling pathways following antigen
recognition. It is likely that the same principles are true
for many genes in T cells, including genes encoding
cytokine receptors and effector molecules, although different genes may be responsive to different combinations of transcription factors.
Three transcription factors that are activated in T cells
by antigen recognition and appear to be critical for most

T cell responses are nuclear factor of activated T cells
(NFAT), AP-l, and NF-KB.
NFATis a transcription factor required for the expression of IL-2, IL-4, TNF, and other cytokine genes. There
are four different NFATs,each encoded by separate genes;
NFATl and NFAT2 are the types found in T cells. NFAT is
present in an inactive, serine phosphorylated form in
the cytoplasm of resting T lymphocytes. It is activated
by the calcium-calmodulin-dependent
phosphatase calcineurin. Calcineurin dephosphorylates
cytoplasmic
NFAT, thereby uncovering a nuclear localization signal
that permits NFAT to translocate into the nucleus. Once
in the nucleus, NFAT binds to the regulatory regions of
IL-2, IL-4, and other cytokine genes, usually in association with other transcription factors, such as AP-l.
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The mechanism of activation of NFATwas discovered
indirectly by studies of the mechanism of action of the
immunosuppressive
drugs cyclosporin A and FK-506
(see Chapter 16). These drugs, which are natural products of fungi, are the main therapeutic agents used
to prevent allograft rejection, and they function
largely by blocking T cell cytokine gene transcription.
Cyclosporin A binds to a cytosolic protein called
cyclophilin, and FK-506 binds to a structurally homologous protein called FK-506-binding protein (FKBP).
Cyclophilin and FKBP are also called immunophilins.
Cyclosporin A-cyclophilin complexes and FK-506-FKBP
complexes bind to and inhibit calcineurin, and thereby
block translocation of NFAT into the nucleus.
AP-1 is a transcription factor found in many cell
types; it is specifically activated in T lymphocytes by
TCR-mediated signals. AP-1 is actually the name for a
family of DNA-binding factors composed of dimers of
two proteins that bind to one another through a shared
structural motif called a leucine zipper. The best characterized AP-1 factor is composed of the proteins Fos
and Jun. TCR-induced signals lead to the appearance of
active AP-1 in the nucleus of T cells. Activation of AP-1
typically involves synthesis of the Fos protein and phosphorylation of preexisting Jun protein. Transcription and
synthesis of Fos can be enhanced by the ERK pathway,
as described before, and also by PKC. JNK phosphorylates c-Jun, and AP-I complexes containing the phosphorylated form of Jun have increased transcription
enhancing activity. AP-1 appears to physically associate
with other transcription factors in the nucleus, including NFAT, and works best in combination with NFAT.
Thus, AP-I activation represents a convergence point of
several TCR-initiated signaling pathways.
NF-1CBis a transcription factor that is activated in
response to TCR signals and is essential for cytokine synthesis. NF-KB proteins are homodimers or heterodimers
of proteins that are homologous to the product of a cellular proto-oncogene called c-rel and are important in
the transcription of many genes in diverse cell types,
particularly in cells of innate immunity (see Chapter 2).
In resting T cells, NF-KB is present in the cytoplasm in a
complex with other proteins called inhibitors of KB
(lKBs), which block the entry of NF-KB into the nucleus.
TCR signals lead to serine phosphorylation of IKB, and
then its ubiquitination and proteasomal degradation.
The enzymes responsible for phosphorylation OfIKBare
called IKBkinases.
The links between different signaling proteins, activation of transcription factors, and functional responses
of T cells are often difficult to establish because there
are complex and incompletely understood interactions
between signaling pathways. Also, we have focused on
selected pathways to illustrate how antigen recognition
may lead to biochemical alterations, but it is clear that
many other signaling molecules are also involved in
antigen-induced lymphocyte activation.

Biochemistry

of Costimulation

Costimulatory signals delivered by receptors, such as
CD28 cooperate with TCR signals to augment the acti-

vation of transcription factors. CD28 engagement leads
to the activation of a myriad of signaling pathways. The
cytoplasmic tail of CD28 includes a tyrosine-containing
motif that, following tyrosine phosphorylation,
can
recruit the regulatory subunit of PI-3 kinase. It also
contains two proline-rich motifs, one of which can bind
the Tec kinase Itk (functionally similar to Btk in the B
lineage), and the other binds to the Src family kinase,
Lck. Mutation of the Lck binding motif abrogates the
ability of CD28 to induce IL-2 gene expression.
CD28 clustering induced by antibodies or by binding
to B7 costimulators can activate PI-3 kinase and facilitate the activation of the Ras/ERK MAP kinase pathway
as well as activation of the Akt kinase. PI-3 kinase, as discussed earlier, creates PIP3 moieties on the inner leaflet
of the plasma membrane that can contribute to the
recruitment and activation ofthe Itk tyrosine kinase, the
phospholipase PLCy, and another pleckstrin homology
domain containing kinase called PDKl. PDK1 can phosphorylate and activate Akt. Akt in turn phosphorylates a
number of targets, inactivating pro-apoptotic proteins
and activating anti-apoptotic factors, thus contributing
to cell survival. CD28 also provides an independent
pathway for the activation of the Vav exchange factor
and the subsequent activation of the RacnNK pathway.
In some cultured T cell lines, CD28 signals have been
shown to induce NF-KB binding to a site in the IL-2 gene
promoter, called the CD28 response element, that is not
activated by TCR-mediated signals. All these pathways
promote T cell survival, cytokine production, and proliferation. CD28 may also block inhibitory signals in T cells
(discussed below).

T

CELL SIGNAL

ATTENUATION:

ROLES

OF

INHIBITORY RECEPTORS AND UBIOUITIN
LIGASES
Inhibitory signaling in T cells is mediated by a number
of mechanisms including the recruitment of tyrosine
phosphatases such as SHP-l (see Box 9-3), the activation of inhibitory receptors of the CD28 family, and the
recruitment of proteins known as £3 ubiquitin ligases
that mark certain signaling molecules for degradation.
The functional responses of all cells are regulated by a
balance being stimulatory and inhibitory signals, and T
cells are no exception. Below we discuss the main features of selected inhibitory receptors and ubiquitination
pathways in T cells.
Inhibitory receptors

of the CD28 family

We have mentioned the prototypical inhibitory receptor
of the CD28 family, CTLA-4 (also called CD152) previously, in the discussion of co stimulation. The ability of
CTLA-4 to inhibit T cell responses was discovered by
studies looking at the effects of anti-CTLA-4 antibodies
on in vitro responses. Several types of results have clearly
established the role of this receptor in controlling T cell
responses to self and foreign antigens.
o Mice in which the CTLA-4 gene is knocked out
develop severe systemic inflammatory reactions
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against multiple tissues with massive accumulation
of activated lymphocytes in lymphoid organs. This
result was the first to clearly show that CTLA-4 is
involved in the maintenance of unresponsiveness
(tolerance) to self antigens (see Chapter II).

Inhibition by CTLA-4:
competition for 87

Activation
87

o A polymorphism in the CTLA4 gene that interferes
with the production of a splice variant is associated
with some human autoimmune diseases, suggesting
that this receptor functions to inhibit T cell responses
to self antigens in humans, as well.
o Antibodies that block CTLA-4 enhance T cell
responses to tumors, indicating that this pathway
limits anti-tumor immunity. This finding has been
exploited to develop anti-CTLA-4 antibody as a mode
of tumor immunotherapy; clinical trials of the antibody combined with tumor vaccines are ongoing.
Very little is known about the biochemical mechanisms by which CTLA-4 inhibits T cell activation. The
majority of cell-associated CTLA-4 is normally in
intracellular vesicles, and it is rapidly recruited to the
immune synapse at the time ofT cell activation. Here,
CTLA-4 may either competitively inhibit the ability of
C028 to bind to B7 molecules, or CTLA-4 may recruit
a phosphatase (SHP-2) to the synapse and thus block
the

normal

phosphorylation

of TCR-associated

@

Inhibition by CTLA-4:
signaling block

Activation
\

87

APC

S

chains (Fig. 9-15). Whether a T cell uses C028 or
CTLA-4 to bind to B7 molecules on APCs is a key
determinant of the outcome of antigen recognition,
but how this choice is made is not known. One possibility is that because CTLA-4 binds to B7-1 and
B7-2 with -50-fold higher affinity than does C028,
APCs with low expression of B7 may preferentially
engage CTLA-4. Thus, normal resting APCs, which
may be displaying self antigens but express little B7,
engage CTLA-4 and induce tolerance in self-reactive
T cells. Infections up-regulate B7 expression, leading
to engagement of C028 and T cell activation. It is also
known that naive T cells express C028, but CTLA-4
expression requires T cell activation. Therefore, naive
T cells may use C028 to initiate responses, but at later
times, more CTLA-4 may be expressed, and its
binding to B7 molecules may function to terminate
the responses.
The other inhibitory receptor of the C028 family
that is of growing interest in T cells is PD-I. It is
induced on T cells, B cells, and monocytes upon activation of the cells. PO-l has two ligands PO-Ll and
PO-L2, which are homologous to B7-1 and B7-2, and
are induced on activated dendritic cells, monocytes,
and many other cell types. The importance of PO-l
has also been established by several types of evidence.
o Mice in which the PO-I gene is knocked out develop
either autoimmune cardiomyopathy or a lupus-like
syndrome, depending on the mouse strain, establishing the role of PO-I in self-tolerance.
o In one form of a chronic viral infection in mice, virusspecific T cells become functionally paralyzed and
they can be rescued by blocking PO-I. This result suggests that the virus has "learned" to use a normal regulatory pathway to evade host immunity. In humans,
part of the immune deficiency associated with HIV

FIGURE 9-15 Mechanisms of action of the inhibitory receptor
CTLA-4. CTLA-4 may inhibit T cell responses
by competitively
preventing
CD28 binding
to B7 costimulators
(A). or by generating
inhibitory
signals
(e.g. by associated
phosphatases)
that attenuate
activation
via the TCR and CD28 (B).

infection may also be because of PO- I-mediated
bition ofT cell activation.

inhi-

The cytoplasmic tail of PO-l contains inhibitory
tyrosine based motifs, including an ITIM (immunoreceptor tyrosine based inhibitory motif) and an ITSM
(immunoreceptor tyrosine based switch motif) that
may both contribute to the recruitment of tyrosine
phosphatases such as SHP-l and SHP-2 that can
attenuate T cell signaling.
Ubiquitin-dependent
signaling proteins

degradation

of

Ubiquitin moieties attached to proteins mark them
for degradation, but in some cases this modification
can also enhance signaling without targeting proteins

for degradation (Box 9-3).

Ubiquitin E3 ligases are

Chapter 9 -

Approximately
10% of all the proteins
in a cell are
involved in the identification
of other proteins, marking
proteins for poteolytic destruction.
One of the major ways
of degrading cytosolic and nuclear proteins involves the
covalent attachment
of ubiquitin residues to these proteins. Although
ubiquitination
of proteins is frequently
linked to the degradation
of these proteins in proteasomes, proteins can be ubiquitinated
in a number of
ways, each form of ubiquitination
serving a very different
function.
Ubiquitination
was briefly discussed in Chapter 6 in the
context of Class I MHC based antigen processing
and
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presentation.
Ubiquitin is a 76 amino acid protein that is
activated in an ATP dependent fashion by an El enzyme,
is then "carried"
by an E2 enzyme and transferred
to
lysine residues on specific substrates recognized by specific E3 ubiquitin
ligases (see Figure). E3 ligases are
enzymes that simultaneously
recognize an E2 enzyme
poised to conjugate ubiquitin and a specific protein substrate that can then be ubiquitinated
by the E2 now
brought in close proximity to its target. In most cases a
poly-ubiquitin
chain is added, but for some functions only
a single ubiquitin moiety need be attached to a protein
target.
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ligases attenuate T cell signaling.
is activated
by a ubiquitin-activating

The C terminus
enzyme (El)
which
forms
a thioester
linkage
to ubiquitin
in an ATP-dependent manner.
The activating
ubiquitin
is transferred
to a ubiquitinconjugating
enzyme
(E2). to which
it is also attached
by a
thioester
linkage.
The E2 is assisted
by an E3 ubiquitin
ligase in
identifying
specific
target proteins
(substrates).
Ubiquitin
is covalently attached
to a lysine residue
on the substrate
(sub).

--

PATHWAYS
OF UBIQUITINATION.
Although
the process of ubiquitination
was discovered
as a mechanism
for degrading
cellular proteins,
it is now clear that it
serves different functions.
In fact, attachment
of ubiquitin moieties to different residues on an attached ubiquitin induces quite distinct functional outcomes.
Proteasomal
Degradation
and K48 Polyubiquitination. After the C-terminus
of a ubiquitin moiety is covalently linked to a lysine residue on a target protein, the
ends

of subsequent

ubiquitin

moieties

may be

covalently attached to lysine residues on the preceding
ubiquitin in order to generate a poly-ubiquitin
chain. There
are two major types of poly-ubiquitin
chains, which
mediate very different cellular functions.
In one type of
poly-ubiquitination,
the second and subsequent
ubiquitins
in the chain are each covalently linked to lysine 48 (K48)
on the preceding ubiquitin in the chain. Once at least four
ubiquitins, attached to one another via K48 ubiquitination,
are serially linked to a protein, this marked protein may
be recognized by the 19S cap of the proteasome
and is
degraded in the proteasome.
The substrate is cleaved
into peptides and the ubiquitin is recycled. A second type
of poly-ubiqitination
that has a distinct function is discussed below.
Cell Signaling
and K63 Ubiquitination.
A distinct
type of poly-ubiquitin
chain is attached by certain E2
enzymes and their partner E3 ligases. In this type of chain
the C-terminus
of the second and subsequent
ubiquitin
moieties are attached to preceding ubiquitins in the chain
via lysine 63 (K63) of ubiquitin. Such a ubiquitin chain
modifies the target protein and thus alters its ability to
associate with other proteins without marking the target
protein for destruction.
The NEMO or IKKy subunit of the

I

.

I

I

IkB kinase, for instance,
must be poly-ubiquitinated
in a
K63 manner in order for the l1eB kinase to be able to phos-

~

phorylate

of NFKB).

J

as those downstream
of Toll
E3 ligases that facilitate
K63

~

its target

protein,

Certain TRAF proteins,
such
Like Receptors,
are ubiquitin

l1eBa (inhibitor

poly-ubiquitination
of NEMO/IKKy
and thus facilitate
NFKB activation.
It should be noted that while the IKB
kinase complex
needs to have K63 ubiquitin
chains
attached to NEMO in order for the complex to be active
and phosphorylate
IKBa, in contrast, in order to permit
NFKB to enter the nucleus, IKBa itself must undergo
K48 poly-ubiquitination
so t~at it may be degraded in the
proteasome.
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Mono-ubiquitination
for Endocytosis
and LysosoMono-ubiquitination
of intracellular
domains of receptors can contribute
to endocytosis
and
lysosomal
degradation.
An E3 ligase called Cbl-b (discussed in the text) facilitates
the mono-ubiqitination
of
ZAP70 and of the cytosolic domains of CD3 proteins, thus
targeting the activated TCR-CD3 complex and associated
ZAP-70 for lysosomal degradation.

mal Degradation.

UBIQUITIN
E3 LlGASES AND THE
T CELL SIGNALING.
E3 proteins
components
of the cellular machinery
cell signaling. Two important types of
in T cells defined by the presence of

I

ATTENUATION
OF
are very important
that attenuates T
E31igases are found
either a RING finger

or of a HECT domain.
RING finger containing
E3 ligases
such as Cbl-b, c-Cbl, and GRAIL, and HECT-family
ubiquitin ligases, such as Itch and Nedd4,
may all contribute
to

I

the attenuation
of T cell signaling.
In addition
specific
E3
ligases contribute
to a number
of signaling
events during
lymphocyte
development,
lymphocyte
activation,
and the
induction
of tolerance.
As discussed
in the text Cbl-b and c-Cbl can contribute
to the monoubiquitination,
endocytosis,
and lysosomal
degradation
of the T cell receptor
complex,
and this may
be a major mechanism
for the attenuation
of TCR signaling and the induction
of T cell anergy (see Chapter
11).
The HECT family E3 ligases,
Nedd4 and Itch, may ubiquitinate signaling
molecules
downstream
of the TCR such
as activated
PLC-y and PCK-e, and target these proteins
for lysosomal
degradation
as well. These
HECT family
proteins
therefore
collaborate
with RING finger proteins
such as Cbl-b and c-Cbl to degrade
signaling
components
and maintain
the anergic
state.

I

"'---attenuates
T cell signaling
(Fig. 9-16). The prototype of
these Iigases is Cbl-b, but several others are involved
in
terminating
T cell responses.
Proteins are often marked
for ubiquitination
and degradation
by specific
phosphorylation
events. When the LAT and the SLP-76

enzymes

that attach
ubiquitin
mOieties
to specific
target proteins.
In T cells, several E3 Iigases are believed
to mediate
the targeted
degradation
of specific signaling molecules,
and these E3 proteins
are therefore
important
components
of the cellular
machinery
that

Monoubiquitination
of ZAP-70 and TCR
complex by Cbl-b

Recruitment
of Cbl-b
to activated
ZAP-70
and CD3 chains

Degradation
of ubiquitinated
ZAP-70 and
TCR complex

FIGURE 9-16 Role of the ubiquitin ligase Cbl-b in terminating T cell responses. Cbl-b is recruited
tates the monoubiquitination
of CD3, ZAP-70, and other proteins
tion in Iysosomes and other organelles (not shown).

of the TCR complex.

These proteins

to the TCR complex, where it faciliare targeted for proteolytic
degrada-
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adapters are tyrosine phosphorylated and recruited to
the T cell receptor signalosome, the Cbl-b E3 ligase may
be recruited to the complex as well. Recruitment of Cblb leads to the monoubiquitination,
endocytosis, and
lysosomal degradation of the T cell receptor complex,
and this may be a major mechanism for the attenuation
of TCR signaling. CD28 signals, through activation of
Vav and the Rae pathway, block the inhibitory activity of
Cbl-b and thus augment TCR signals. In knockout
mice lacking Cbl-b, the T cells respond to antigen
even without
CD28-mediated
costimulation
and
produce abnormally high amounts of IL-2. These mice
develop autoimmunity as a result of hyperactivation of
their T cells.

SUMMARY

.

T cell responses are initiated by signals that are
generated by the association of TCR complexes
with specific peptide-MHC protein complexes on
the surface of an APC and through signals provided
by costimulators expressed on APCs.

. T cell responses to antigen and costimulators
include synthesis of cytokines and effector molecules, cellular proliferation, differentiation into
effector and memory cells, and performance of
effector functions.

. NaiveT cells of the CD4+subset proliferate and
differentiate
into effector cells that mediate
cell-mediated immune responses and can also
facilitate B cell activation in response to protein
antigens.
. Naive T cells of the CD8+subset proliferate and differentiate into effector cells that can kill infected
targets and these effectors are known as cytotoxic
T lymphocytes (CTLs).
. The best defined costimulators for T cells are the
B7 proteins, which are recognized by CD28 on T
cells. B7 molecules are expressed on professional
APCs, and their expression is enhanced by
microbes and by cytokines produced during
innate immune
reactions to microbes. The
requirement
for costimulation,
especially for
activation of naive T cells, ensures that T cell
responses are induced in lymphoid organs,
where professional
APCs are concentrated,
and against microbes and microbial products,
which stimulate expression of costimulators on the
APCs.

. Signaling molecules in T cell plasma membranes accumulate
in specialized membrane
microdomains known as lipid rafts. T cell activation via the TCR-coreceptor complex and through

co stimulatory receptors initially occurs in lipid
rafts. During T cell activation, cytoskeletal reorganization results in a polarized cell, and the rafts
coalesce to form tight interfaces with APCs. Each
of these junctions is known as an immunological
synapse. The synapses represent sites of ongoing
signals and provide interfaces that ensure the
specificity ofT cell-APC communication.

. Ligation of TCRs by peptide-MHC complexes
triggers intracellular
signaling pathways that
result in the production of transcription factors,
which activate a variety of genes in T cells. Intracellular signaling may be divided into membrane
events, cytoplasmic signaling pathways, and
nuclear transcription of genes. Membrane events
include the recruitment and activation of Src
family protein tyrosine kinases closely associated
with the TCR, the phosphorylation ofTCR complex
constituents

(e.g., the

~ chains),

and the recruit-

ment of protein tyrosine kinases, especially ZAP70, and adapter proteins. Cytoplasmic signaling
pathways lead to the activation of effector
enzymes, such as the kinases ERK, INK, and PKC,
and the phosphatase calcineurin. These enzymes
contribute to the activation of transcription factors
such as NFAT,AP-l, and NF-KB, which function to
enhance gene expression in antigen-stimulated T
cells.

. Signaling in T cells may be attenuated by a number
of phosphatases, inhibitory receptors, and E3
ubiquitin ligases.
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Humoral immunity is mediated by secreted antibodies,
which are produced by cells ofthe B lymppocyte lineage.
Antibodies bind to the antigens of extraceJIular microbes
and function to neutralize and eliminate these microbes.
The elimination of different types of mi~robes requires
several effector mechanisms, which ar~ mediated by
distinct classes, or isotypes, of antibodles. This chapter describes the molecular and cellula} events of the
humoral immune response, in particular the stimuli that
induce B cell proliferation and differentiation and how
these stimuli influence the type of adtibody that is
produced.

GENERAL
IMMUNE

FEATURES OF HUMORAL
RESPONSES

The earliest studies of adaptive immunitY were devoted
to analyses of serum antibodies produced in response
to microbes, toxins, and model antigens. Much of our
current understanding of adaptive imrr/une responses
and the cellular interactions that take place during such
responses has evolved from studies of antibody production. The type and amount of antibodies produced vary
according to the type of antigen, involvement ofT cells,
prior history of antigen exposure, and anatomic site.

. The process of activation of B cells and generation
of antibody-producing
cells consists of sequential
phases (Fig. 10-1). As we discussed in Chapter 8,
mature antigen-responsive
B lymphocytes develop
from bone marrow precursors before antigenic stimulation and populate peripheral lymphoid tissues,
which are the sites of interaction with foreign antigens. Humoral immune responses are initiated by the
recognition of antigens by B lymphocytes specific
for each antigen. Antigen binds to membrane
immunoglobulin M (lgM) and IgD antigen receptors
on naive B cells and activates these cells. B cell activation may occur in a T cell-dependent or T cell-
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FIGURE 10-1 Phases of the humoral immune response. The activation of B cells is initiated by specific recognition of antigens by the
surface Ig receptors of the cells. Antigen and other stimuli, including helper T cells, stimulate the proliferation and differentiation of the
specific B cell clone. Progeny of the clone may produce IgM or other Ig isotypes (e.g., IgG), may undergo affinity maturation, or may
persist as memory cells.

bodies for long periods, and into long-lived memory
cells. Humoral immune responses are initiated in
peripheral lymphoid organs, such as the spleen for
blood-borne antigens, draining lymph nodes for antigens entering through the skin and other epithelia,
and mucosal lymphoid tissues for some inhaled and
ingested antigens. Antibodies enter the circulation or
are transported into the lumens of mucosal organs
and mediate their protective effects wherever antigens are present. Some plasma cells migrate from the
peripheral lymphoid organs to the bone marrow,
where they live for many years and produce low levels
of antibodies that provide immediate protection
whenever a microbe recognized by those antibodies
infects the individual. Some progeny of activated B
cells may differentiate into memory cells, which
mount rapid responses to subsequent encounters
with the antigen.

independent manner, as discussed below. Activation
can lead to proliferation, resulting in expansion of
the clone of antigen-specific cells, and differentiation, resulting in the generation of plasma cells that
actively secrete antibodies and also of memory B
cells. Some activated B cells begin to produce antibodies other than IgM and IgD; this process is called
heavy chain isotype (class) switching. Activated B
cells that produce antibodies that bind to antigens
with much higher affinity are selected and preferentially expanded; this process is called affinity maturation. A single B cell may. within a week, give rise to
approximately 4000 antibody-secreting cells, which

produce greater than 1012 antibody molecules per
day. This prodigious expansion is needed to keep
pace with rapidly dividing microbes.
. Antibody responses to protein antigens require CD4+
helper T lymphocytes that recognize the antigen and
play an essential role in activating B lymphocytes.
For this reason, proteins are classified as thymusdependent or T-dependent antigens. The term helper
T lymphocyte arose from the realization that these
cells stimulate, or help, B lymphocytes to produce
antibodies.

. Antibody responses to multivalent antigens with
repeating determinants, such as polysaccharides and
lipids, do not require antigen-specific
helper T
lymphocytes. Therefore, polysaccharide and lipid
antigens are called thymus-independent
or Tindependent (TI) antigens.
. Activated B cells differentiate into antibody-secreting
plasma cells, some ofwhich continue to produce anti-

.

Heavy chain isotype switching and affinity maturation are typically seen in helper T cell-dependent
humoral immune responses to protein antigens. As
we shall discuss later, isotype switching is stimulated
by helperT cell signals, including the membrane molecule CD40 ligand and cytokines, and affinity maturation is also dependent on the activation ofB cells by
T cells. Affinity maturation involves the generation of
somatic mutation at a high frequency in rearranged
IgV genes and the subsequent selection ofB cells with
a high affinity for the original antigen. The nature of
the humoral immune response also varies at distinct
anatomic sites. For instance, mucosal lymphoid
tissues are uniquely adapted to produce high levels of
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19A in response to the same antigens that stimulate
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activation of previously unstimulated naive B cells,
whereas secondary responses are due to stimulation
of expanded clones of memory B cells. Therefore, the
secondary response develops more rapidly than does
the primary response, and larger amounts of antibodies are produced in the secondary response (see
Fig. 10-2). Heavy chain isotype switching and affinity

. Primary and secondary antibody responses to
protein antigens differ qualitatively and quantitatively (Fig. 10-2). Primary responses result from the
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FIGURE 10-2 Primary and secondary
humoral immune responses. In a primary immune response, naive B cells are stimulated by antigen,
become activated. and differentiate
into antibody-secreting
cells that produce antibodies specific for the eliciting antigen. Some of the antibody-secreting
plasma cells survive in the bone marrow and continue to produce antibodies for long periods. Long-lived memory B cells are
also generated during the primary response. A secondary immune response is elicited when the same antigen stimulates these memory B
cells. leading to more rapid proliferation
and differentiation
and production of greater quantities of specific antibody than are produced in the
primary response. The principal characteristics
of primary and secondary antibody responses are summarized
in the Table. These features
are typical of T cell-dependent
antibody responses to protein antigens.
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maturation also increase with repeated exposures to
protein antigens.
.

Distinct subsets of B cells respond preferentially to
different types of antigens. Follicular B cells in peripheral lymphoid organs make antibody responses to
protein antigens. which require collaboration with
helper T cells. Marginal zone B cells in the spleen and
other lymphoid tissues recognize multivalent atigens,
such as blood-borne polysaccharides, and mount T
cell-independent antibody responses. B-1 B cells also
primarily mediate T cell-independent responses, but
in mucosal tissues and the peritoneum.

In the following sections, we first describe how antigens initiate the process of B cell activation. We then
discuss the role of helper T cells in B cell responses to
protein antigens and the mechanisms of isotype switching and affinity maturation. We will describe TI antibody
responses at the end of the chapter.
ANTIGEN

RECOGNITION AND

ANTIGEN-INDUCED

B CELL ACTIVATION

The activation of B lymphocytes requires antigen recognition in lymphoid tissues. Naive B cells reside in and
circulate through the follicles of peripheral lymphoid
organs (the spleen, lymph nodes, and mucosal lymphoid
tissues) in search of cognate antigen. B cells that enter
follicles are often called follicular B cells or recirculating
B cells. Entry into the follicles is guided by the
chemokine CXCLl3 secreted by follicular dendritic cells
(FDCs) and stromal cells in the follicle. CXCLl3 binds to
the CXCR5 chemokine receptor on recirculating B cells,
and attracts these cells into the follicles. The same
chemokine-receptor
pair is also important during
immune responses since it can attract activated T cells
to the follicle. Naive follicular B cells survive for limited
periods until they encounter antigen (see Chapter 3).
Follicular B cell survival may depend on signals derived
from the B cell receptor (BCR) as well as on inputs
received from a tumor necrosis factor (TNF) family
cytokine called BAFF (B cell activating factor of the TNF
family; also known as BLyS, for B lymphocyte stimulator), which provides maturation and survival signals via
the BAFF receptor. BAFF,and a related ligand, APRIL, can
also activate two other receptors, TACIand BCMA, which
participate in later stages of B cell activation and differentiation (and will be discussed later in this chapter).
These cytokines are produced mainly by myeloid cells in
the follicle and the bone marrow.
Antigens enter secondary lymphoid organs through
the blood or lymph, often following capture by dendritic
cells (DCs), and bind to the antigen receptors on specific
B cells. DCs can internalize antigen for presentation to T
cells, but can also separately recycle antigen to the cell
surface in an intact form where it can be made available
to antigen-specific B cells. Soluble antigen may also
enter follicles and be recognized by B cells.
The activation of antigen-specific B lymphocytes
is initiated by the binding of antigen to membrane 19

molecules, which, in conjunction with the associated 19a
and 19b chains, make up the antigen receptor complex
of mature B cells. The B lymphocyte antigen receptor
serves two key roles in B cell activation. First, antigeninduced clustering of receptors delivers biochemical
signals to the B cells that initiate the process of activation. Second, the receptor binds antigen and internalizes
it into endosomal vesicles, and if the antigen is a protein,
it is processed into peptides that are presented on the B
cell surface for recognition by helper T cells. This
antigen-presenting function of B cells will be discussed
later.
Signal Transduction
Antigen
Receptor

by the B Lymphocyte
Complex

The B cell antigen receptor delivers activating signals
to a B cell when two or more receptor molecules are
brought together, or cross-linked, by multivalent antigens. Membrane IgM and IgD, the antigen receptors of
naive B cells, have short cytoplasmic tails consisting of
only three amino acids (lysine, valine, and lysine). These
tails are too small to transduce signals generated by the
clustering of Ig. Ig-mediated signals are transduced by
two other molecules, called Iga and Igp, that are disulfide linked to one another and are expressed in B cells
noncovalently associated with membrane Ig (Fig. 10-3).
Iga and IgP are also required for the surface expression
of membrane Ig molecules and together with membrane

IgM

Extracellular
space

Plasma
membrane
Cytoplasm
Immunoreceptor
tyrosine-based
activation
motif

(ITAM)

FIGURE10-3 B cell antigen receptor complex. Membrane IgM
(and IgD) on the surface of mature B cells is associated with the
invariant Iga. and Ig~ molecules, which contain ITAMs in their cytoplasmic tails that mediate signaling functions. Note the similarity to
the TCR complex (see Chapter 7, Fig. 7-2).

Chapter

Ig form the B cell receptor (BCR) complex. Thus, Iga and
Ig~ serve the same functions in B cells as the CD3 and 1;
proteins do in T lymphocytes (see Chapter 7). The cytoplasmic domains of Iga and Ig~ contain tyrosine motifs
(immunoreceptor
tyrosine-based activation motifs, or
ITAMs) that are also found in CD3 and 1;proteins and
are required for signal transduction. Iga and Ig~ are also
loosely associated with Src-family tyrosine kinases.
The early signaling events initiated by the BCR
complex are similar to the events described in TCR
complex signaling (see Chapter 9).
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specialized membrane domains, or lipid rafts, where
many adapter proteins and signaling molecules may
be concentrated, as in T cells. Iga and Ig~ are loosely
connected to Src-family tyrosine kinases such as Lyn,
Fyn, or Blk, and these enzymes are also linked by lipid
anchors to the inside of the plasma membrane. The
phosphorylation ofthe tyrosine residues in the ITAMs
of Iga and Ig~ provides a docking site for the tandem
Src homology Z (SHZ) domains of the tyrosine kinase
Syk. Syk is the B cell equivalent of ZAP-70 in T lymphocytes. Syk is activated when it associates with
phosphorylated tyrosines of ITAMs and may itself be
phosphorylated on specific tyrosine residues by BCRassociated Src-family kinases, leading to further
activation.

. Antigen-mediated cross-linking of membrane Ig
induces phosphorylation
of the tyrosines in the
ITAMs of Iga and IgfJ. Cross-linking of membrane Ig
brings Src family kinases together and, by promoting
their physical interaction, activates these enzymes,
instigating them to then phosphorylate the tyrosine
residues on ITAMs. This phosphorylation
of ITAM
tyrosine residues triggers all subsequent signaling
events (Fig. 10-4). Cross-linked Ig receptors enter

.

Syk, and other tyrosine kinases, activate numerous
downstream signaling pathways that are regulated
by adapter proteins. In B cells, phosphorylation by
activated Syk of critical tyrosine residues on adapter
proteins such as SLP-65 (for SHZ-binding leukocyte
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events

Activated Src
Family kinases
(e.g. Lyn, Fyn, Blk)
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FIGURE 10-4 Signal transduction by the BCRcomplex. Antigen-induced
cross-linking
of membrane
Ig on B cells leads to clustering and
activation of Src-family tyrosine kinases and tyrosine phosphorylation
of the ITAMs in the cytoplasmic
tails of the Iga and Ig~ molecules.
This leads to docking of Syk and subsequent
tyrosine phosphorylation
events as depicted. Several signaling cascades follow these events.
as shown, leading to the activation of several transcription
factors. These signal transduction
pathways are similar to those described in
T cells (Chapter 9).
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phosphoprotein of 65 kD, also called BLNK, for B cell
linker protein) facilitates the recruitment to these
adapter proteins of other SH2 domain and phosphotyrosine-binding (PTB) domain-containing
enzymes.
These include guanine nucleotide exchange proteins
that can separately activate Ras and Rae, phospholipase Cy and the Btk tyrosine kinase, among others.
Recruitment facilitates the activation of these downstream effectors, each generally contributing to the
activation of a distinct signaling pathway.

. The Has-MAP kinase (mitogen-activated protein
kinase) pathway is activated in antigen-stimulated
B cells. The guanosine triphosphate/
guanosine
diphosphate
(GTP/GDP) exchange factor Sos is
recruited to the SLP-65 complex, probably through
the binding of the Grb-2 adapter protein; the subsequent activation of Ras proceeds in the same manner
as in T cells, Ras being converted from an inactive
GDP bound form to an active GTP bound form (see
Chapter 9, Fig. 9-9). In a parallel fashion, the activation of the Rae small GTP proteins may contribute to
the activation of the INK MAP kinase pathway.
. A specific phosphatidylinositol-specific
phospholipase C (PLC) is activated in response to BCR signaling, and this in turn facilitates the activation of
downstream signaling pathways. (In B cells, the
dominant isoform of PLC is the i2 isoform, whereas T
cells express the related yl isoform of the enzyme.)
PLCi2 becomes active when it binds to SLP-65 and is
phosphorylated by Syk and Btk. Active PLC breaks
down membrane phosphatidylinositol
bisphosphate
(PIP2) to yield soluble inositol trisphosphate (lP3) and
leaves diacylglycerol (DAG) in the plasma membrane.
IP3 mobilizes calcium from intracellular stores,
leading to a rapid elevation of cytoplasmic calcium,
which may be augmented by an influx of calcium
from the extracellular milieu. In the presence of
calcium, DAG activates some isoforms of protein
kinase C (mainly PKC-p in B cells), which phosphorylate downstream
proteins on serine/threonine
residues.
.

PKC-{3 activation contributes in turn to the activation of nuclear factor-rlJ (NF-rlJ) in antigenstimulated B cells. PKC-p phosphorylates a protein
called CARMAI that contains an N-terminal caspase
recruitment domain (CARD) that mediates proteinprotein interactions. Phosphorylation
of CARMAI
contributes to its recruitment to lipid rafts, the formation of a complex between CARMAI , BcllO, and
MALTI (described in Chapter 9), and the resulting
activation of the IKB kinase (lKK) complex. The IKK
complex is critical for NF-KB activation by virtue of its
ability to phosphorylate IKBa, an inhibitor of NF-KB
(see Chapter 2) and target it for proteasomal degradation. This releases NF-KB and allows it to enter the
nucleus.

. These signaling cascades ultimately lead to the
activation of transcription factors that induce the
expression of genes whose products are required

for functional responses of B cells. Some of the transcription factors that are known to be activated by
antigen receptor-mediated
signal transduction in B
cells are Fos (downstream of Ras and ERK activation),
lunB (downstream of Rae and INK activation), and
NF-KB (downstream of Btk, PLCi2, and PKC-p activation). A variety of transcription factors, many not
mentioned here, are involved in stimulating proliferation and differentiation of B cells.
As in T cells, our knowledge of the antigen-induced
signaling pathways in B cells and their links with subsequent functional responses is incomplete. We have
described some of these pathways to illustrate the main
features, but others may play important roles in B cell
activation. The same signaling pathways are used by
membrane IgM and IgD on naive B cells and by IgG, IgA,
and IgE on B cells that have undergone isotype switching, because all these membrane isotypes associate with
Iga and Igp. Also, other surface molecules, including
receptors for complement proteins and Fe receptors,
augment or inhibit signals transduced by the antigen
receptors, as we will discuss shortly.
Role of the CR2/CD21 Complement
Receptor as a Coreceptor
for B Cells
The activation of B cells is enhanced by signals that are
provided by complement proteins and the CD21 coreceptor complex, which link innate immunity to the
adaptive humoral immune response. The complement
system consists of a collection of plasma proteins that
are activated either by binding to antigen-complexed
antibody molecules (the classical pathway) or by
binding directly to some polysaccharides and microbial
surfaces in the absence of antibodies (the alternative
and lectin pathways) (see Chapter 14). Thus, polysaccharides and other T cell-independent
antigens of
microbes may activate the complement system directly,
during innate immune responses. Protein (and other)
antigens may be bound by preexisting antibodies or by
antibodies produced early in the response, and these
antigen-antibody
complexes activate complement by
the classical pathway. Complement activation results in
the proteolytic cleavage of complement proteins. The
key component of the system is a protein called C3, and
its cleavage results in the production of a molecule
called C3b that binds covalently to the microbe or
antigen-antibody complex. C3b is further degraded into
a fragment called C3d, which remains bound to the
microbial surface. B lymphocytes express a receptor for
C3d that is called the type 2 complement receptor (CR2,
or CD21). The complex of C3d and antigen or C3d and
antigen-antibody
complex binds to B cells, with the
membrane Ig recognizing antigen and CR2 recognizing
the bound C3d (Fig. 10-5). CR2 is expressed on mature
B cells as a complex with two other membrane proteins,
CDI9 and CD81 (also called TAPA-I). The CR2-CDI9CD8I complex is often called the B cell coreceptor
complex because CR2 binds to antigens through
attached C3d at the same time that membrane Ig binds
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Complement
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Recognition
by B cells

CR2
CD19

FIGURE 10-5 Role of complement in B cell
activation. B cells express a complex of the CR2
complement
receptor, CD19, and CD81. Microbial antigens that have bound the complement
fragment
C3d can simultaneously
engage both
the CR2 molecule and the membrane
Ig on the
surface of a B cell. This leads to the initiation of
signaling cascades from both the BCR complex
and the CR2 complex,
because of which the
response
to C3d-antigen
complexes
is greatly
enhanced
compared
with
the response
to
antigen alone.

Signals from
Ig and CR2
complex

directly to the antigen. Binding of C3d to the B cell complement receptor brings CD19 in proximity to BCRassociated kinases, and the cytoplasmic tail of CD19
rapidly becomes tyrosine phosphorylated. Phosphorylation of the tail of CD19 results in the efficient recruitment of Lyn, a Src family kinase, that can amplify BCR
signaling by greatly enhancing the phosphorylation of
ITAM tyrosines in Iga and Igp. Phosphorylated CDl9
also activates other signaling pathways, notably one
dependent on the enzyme PI-3 kinase, which in turn
further augment the signaling pathways initiated by
antigen binding to membrane Ig. PI-3 kinase enhances
the activation of Btk and PLCy2 by facilitating their
recruitment to PIP3 on the inner leaflet of the plasma
membrane. The net result of coreceptor activation is that
the response of the antigen-stimulated
B cell is greatly
enhanced.
The importance
of the complement
system in
humoral immune responses has been established by
several experiments.
o If C3d is covalently attached to a protein antigen, the
modified antigen is about lOOO-foldmore immunogenic than the native antigen.
o Knockouts of the C3, CR2, or CD19 genes in mice
result in defects in antibody production.
While C3d bound to antigen binds to CD21 and augments BCR signaling similar to the way that CD4 and
CD8 coreceptors enhance TCR signaling, C3d has some-

times been regarded as a "second signal" for B cell activation because it ensures that B cell responses will most
likely occur when microbes and antigens that activate
complement are encountered. However, it is more useful
to consider CD21 as part of "signal one" since it contributes mainly to antigen receptor signal strength.
"Second signals" for B cell activation that reflect antigenreceptor independent co stimulation, induced directly or
indirectly by the presence of pathogens, are provided by
CD40 and Toll-like receptors (TLRs), as will be discussed
below. The participation of complement in B cell activation provides an amplification mechanism for humoral
immune responses because antibodies are able to activate complement and thus contribute to more B cell
stimulation. As we will see later, the complement system enhances antibody production not only by CR2mediated B cell activation but also by promoting the
display of antigens in germinal centers.
Functional
Responses
Antigen Recognition

of B Cells to

The early cellular events that are induced by antigenmediated cross-linking of the BCR complex initiate B
cell proliferation and differentiation and prepare the
cells for subsequent interactions with helper T cells (Fig.
10-6). Antigen recognition stimulates the entry of previously resting cells into the G I stage of the cell cycle,
accompanied by increases in cell size, cytoplasmic HNA,
and biosynthetic organelles such as ribosomes. The SUf-
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Antigen binding to
and cross-linking
of membrane
Ig

Activation of
B lymphocytes

Changes in
B cells phenotype,
function

· Increased survival
· Proliferation

Increased
expression
of 87-1/87-2

Antigen

Increased
expression
of cytokine
receptors
(e.g., IL-2, IL-4
receptors,
8AFF-R)
Increased
expression
of CCR7 and
migration
from
follicle to T cell areas

vival of the B cells is enhanced as a result of the induction of various anti-apoptotic genes. The activated B
cells also show low levels of proliferation and antibody
secretion. As we will discuss later, although proliferation
and Ig secretion can be induced in the absence ofT cell
help, they are enhanced by signals from helper T cells.
Activated B cells show increased expression of class II
major histocompatibility
complex (MHC) molecules
and costimulators, first B7-2 (C086) and later B7-1
(C080). because of which antigen-stimulated B cells are
more efficient activators of helper T lymphocytes than
are naive B cells. The expression of receptors for several
T cell-derived cytokines is also increased, which enables
antigen-specific B lymphocytes to respond to T cell help.
At the same time, the B cells change their expression of
chemokine receptors, which enables them to migrate
toward and interact with helper T cells (discussed in
more detail below).
The importance of signaling by the BCR complex for
the subsequent responses of the cells may vary with the
nature of the antigen. Most TI antigens, such as polysaccharides and membrane-associated
glycolipids or
proteins, display multiple identical epitopes in a polyvalent array on each molecule or on a cell surface. Therefore, such antigens effectively cross-link B cell antigen
receptors and initiate responses even though they are
not recognized by helper T lymphocytes. In contrast,
many naturally occurring globular protein antigens
possess only one copy of each epitope per molecule.
Therefore, such protein antigens cannot simultaneously
bind to and cross-link two Ig molecules, and their ability
to activate the BCR might be limited. However, some

FIGURE
10-6 Functional
responses
induced by antigen-mediated
cross-linking
of the OCR complex. Antigen-mediated crosslinking of the B cell antigen receptor induces
several cellular responses, including mitosis,
expression of new surface molecules, including costimulators
and cytokine receptors, and
altered migration of the cells as a result of the
expression of CCR7.

protein antigens may be displayed as multivalent arrays
on cell surfaces, or if they are aggregated by antibody.
Irrespective of how strongly they trigger the BCR, protein
antigens are internalized by the BCR and recruit T cell
help, and helper T cells and their products are potent
stimulators of B lymphocyte proliferation and differentiation. Therefore, protein antigens may need to initiate
minimal signals by the BCR complex to induce humoral
immune responses. In such responses, a major function
of membrane Ig may be to bind and internalize the
antigen for subsequent presentation to helper T cells, as
discussed below.
HELPER

T CELL-DEPENDENT ANTIBODY

RESPONSES TO PROTEIN

ANTIGENS

Antibody responses to protein antigens require recognition of the antigen by helper T cells and cooperation
between the antigen-specific Band T lymphocytes. The
helper function of T lymphocytes was discovered by
experiments done in the late 1960s, even before the classification of lymphocytes into T and B cell subsets was
established. Subsequent studies established that most
helperT cells are C04+C08- and recognize peptide antigens presented by class II MHC molecules.
o If irradiated mice were given bone marrow cells
(which contain mature B lymphocytes but no mature
T cells) and immunized, specific antibody was not
produced, but the transfer of both B cells and thymocytes (a source of mature T cells) resulted in antibody
production after immunization.
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o Purified B cells proliferate and differentiate in vitro in
response to protein antigens only if helper T lymphocytes are also present.
o Humans or knockout mice with reduced numbers of
CD4+T cells, or mice treated with a depleting antiCD4 antibody, show defective antibody responses to
protein antigens.
Helper T lymphocytes stimulate B cell clonal expansion, isotype switching, affinity maturation, and differentiation into memory B cells (see Fig. 10-1). Different
phases ofT cell-dependent B cell activation occur in different anatomic regions within peripheral lymphoid
organs (Fig. 10-7). The early phase occurs at the border
of T cell-rich zones and primary follicles and results
in B cell proliferation, initial antibody secretion, and
some isotype (class) switching. The late phase of T
cell-dependent humoral immune responses takes place
in the specialized microenvironment
of the germinal
centers within lymphoid follicles and results in affinity
maturation, memory B cell generation, and much more
isotype switching. The molecular and anatomic details
of each of the early and late events in T cell-dependent
B cell responses are described next.

The Sequence of Events in T
Cell-Dependent
Antibody Responses
Protein antigens are recognized by specific Band T
lymphocytes in peripheral lymphoid organs, and the
activated cell populations come together in these
Activation and
migration of
T and B
lymphocytes
Primary
follicle

r

T:Bcell
interaction

organs to initiate humoral immune responses. The
interaction between helper T cells and B lymphocytes
is initiated by the recognition of protein antigens.
The sequence of events that lead to the interaction
of helper T cells with B cells, and the subsequent
events that drive further B cell differentiation, are listed
below:
1. Antigen is taken up by dendritic cells (DCs) and
presented to helper T cells.
2. HelperT cells are activated and induced to express
membrane proteins (CD40L) and cytokines.
3. Activated helper T cells are instructed to migrate
toward the follicle following a chemokine gradient.
4. B cells are activated by antigen that may be in
soluble form or displayed by DCs.
5. B cells process and present antigen, alter their cell
surface chemokine receptor profile, and migrate
toward the T cell zone.
6. T and B cells interact at the T-B interface, and B
cells are activated by CD40L and cytokines.

7. Small extrafollicular B cell foci form in T cell zones,
and some isotype
occur.

switching

and Ig secretion

8. Activated B cells migrate back into the follicle.
Germinal centers form within the follicles and

Bcell
differentiation:
Ig secretion,
isotype switching

Germinal
center reaction:
affinity maturation,
longlived plasma cells, isotype
switching,
memory
B cells

Lymph
node

-~~.

*
/

',,

/
f

I
I
, I
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Late.events~
FIGURE 10-7 Early and late events in humoral immune responses to T cell-dependent protein antigens. Immune responses are
initiated by the recognition of antigens by B cells and helper T cells. The activated lymphocytes migrate toward one another and interact,
resulting in B cell proliferation, differentiation into antibody-secreting cells, and early isotype switching. The late events occur in germinal

centers and include affinity maturation of the response and additional isotype switching, and memory B cell generation.
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are the sites of extensive isotype switching,
somatic mutation, the selection events that lead to
affinity maturation, and memory B cell generation.
S. Long-lived plasma cells are generated from cells
activated in the germinal center reaction, and
some of these terminally differentiated plasma
cells migrate to the bone marrow.
In the following sections we describe each of these
steps in some detail.

Helper T Cell Activation
and
Migration Toward the Follicle
Even after specific Band T cells respond to antigen, they
are relatively rare in lymphoid organs and need to be
brought into proximity to enhance the possibility that
antigen-specific Band T cells will physically interact
(Fig. 10-8). The frequency of naive B cells or T cells specific for a given epitope on an antigen is as low as I in
105to 106.The cells that initially and most readily access
protein antigens are DCs. These cells present pep tides
derived from protein antigens and displayed on class II
MHC molecules to naive CD4+T cells. The DCs are also
induced by TLR ligands to express B7-I and B7-2, and
thus provide second signals for helper T cell activation.
T cells that have been activated by DCs are induced to
proliferate, express CD40L, and secrete cytokines. They
also alter their chemokine receptor profile, downregulating the CCR7 chemokine receptor, and increasing the
expression of CXCRS, and as a result leave the T cell zone
and migrate toward the follicle. CXCLl3, the ligand for
CXCRS, is secreted by follicular dendritic cells and other
follicular stromal cells and it contributes to the migration of activated CD4+T cells toward the follicle.

Antigen Presentation
by B Cells and
B Cell Migration Toward the T Cell Zone
B cells that encounter antigen are activated initially
through the BCR, internalize the antigen and present it
on class II MHC molecules, and alter their chemokine
receptor expression pattern so that they are drawn
toward the T cell zone in order to interact with activated
antigen-specific helper T cells. The BCR is a high-affinity
receptor that can efficiently internalize bound antigen
by receptor-mediated
endocytosis and deliver it to the
endosomal compartment where proteins are processed
and pep tides bind to class II MHC molecules (Fig. 10-9).
The rare antigen-specific B cells that recognize a B cell
determinant or epitope on the protein antigen (which
could be a specific shape on the protein or even an
attached small molecule) may receive some BCR signals
but will also specifically endocytose the antigen and
process and present it in an MHC class 11-dependent
manner to activated T helper cells.
Several "second signals" enable a B cell responding to
a protein antigen to discriminate between a potentially
innocuous and a dangerous antigen. First, T cell help will

be provided only by T cells that have responded to activated DCs expressing B7, which in turn is typically
induced by the engagement ofTLRs by microbial products (see Chapter 2). Second, B cells also directly sense
the presence of pathogens by being triggered by ligands
for one or more TLRs such as TLR4, TLRS, or TLRS, all of
which are expressed by B cells. Antigen-activated B cells
down-regulate CXCRS, the chemokine receptor that
retains them in follicles, and are induced to express
CCR7. As a result, they are drawn toward the T-B interface and the T cell zone. This, of course, is the mirror
image of the change in migration exhibited by activated
CD4+T cells.
In any humoral immune response, B cells specific for
the antigen that initiates the response are preferentially
activated, compared with cells that are not specific for
the antigen. There are several reasons for this. First, only
B cells expressing membrane Ig molecules that specifically bind the antigen receive the signals that initiate B
cell activation. Second, B cells are able to present the
antigen they recognize at 104- to 106-fold lower concentrations than antigens for which they do not express specific receptors (in which case the antigen is internalized
far less efficiently by fluid-phase pinocytosis), because
receptor mediated endocytosis via the BCR is extremely
efficient. Third, the B cells in T cell-B cell conjugates are
exposed to signals delivered by CD40L and other T cell
surface molecules and to very high local concentrations
of T cell-derived cytokines, in part because of the formation of immunological synapses between specific T
and B cells and the vectorial delivery ofT cell cytokines
into the synaptic cleft. Therefore, antigen-specific B lymphocytes are the preferential recipients ofT cell help and
are stimulated to proliferate and differentiate. The antibodies that are subsequently secreted are often specific
for conformational determinants of the antigen because
membrane Ig on B cells is capable of binding conformational epitopes of native antigens. This feature of B cell
antigen recognition determines the fine specificity of the
antibody response and is independent of the fact that
helperT cells recognize only linear epitopes of processed
peptides. In fact, a single B lymphocyte specific for a
native epitope may bind and endocytose a protein and
present multiple different pep tides complexed with
class 11MHC molecules to different helper T cells, but
the resultant antibody response remains specific for the
native protein.
The Hapten-Carrier

Effect

The principles outlined here for T-B cell collaboration
provide the basis for understanding a phenomenon that
is known as the hapten-carrier effect. Analysis of antibody responses to hapten-carrier conjugates was among
the earliest approaches that demonstrated how antigen
presentation by B lymphocytes contributes to the development of humoral immune responses. Haptens, such
as dinitrophenol, are small chemicals that can be bound
by specific antibodies but are not immunogenic by
themselves. If, however, haptens are coupled to proteins,
which serve as carriers, the conjugates are able to induce
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FIGURE 10-8 Migration and interactions of B cells and helper T cells. A. The initiation of humoral immune responses to protein antigens in lymph nodes is shown schematically. Antigen-activated helper T cells and B cells move toward one another and make contact adjacent to the edge of primary follicles. In this location, the B cell presents antigen to the T cell, and the B cell receives activating signals from
the T cell. B. An immunohistochemical analysis of antigen-dependent T cell-B cell interactions in a lymph node is shown. In this experiment,
T cells expressing a TCR specific for the protein antigen ovalbumin and B cells specific for the protein hen egg lysozyme were adoptively
transferred into normal mice, and the mice were immunized with a conjugate of ovalbumin-hen egg lysozyme. (The T cells and B cells were
obtained from TCR- and Ig-transgenic mice, respectively. See Appendix IIIfor a description of antigen receptor transgenic mice.) The locations of the antigen-specific T cells and B cells in draining lymph nodes were followed after immunization with use of antibodies specific
for the cell populations and two-color immunohistochemistry. (Adapted with permission from Garside p. E Ingulli, RR Merica, JG Johnson,
RJ Noell, and MKJenkins. Visualization of specific Band T lymphocyte interactions in the lymph node. Science 281:96-99, 1998. Copyright
1998, AAAS.)
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The characteristics of humoral responses elucidated
for hapten-carrier conjugates apply to all protein antigens in which one intrinsic determinant, usually a native
conformational determinant, is recognized by B cells
(and is, therefore, analogous to the hapten) and another
determinant, in the form of a class II-associated linear
peptide, is recognized by helperT cells (and is analogous
to the carrier). The hapten-carrier effect is the basis for
the devleopment of conjugate vaccines, discussed later
in the chapter.

Activated

CD4+
T cell

T cell recognition
of antigen
FIGURE 10-9 8 cell antigen presentation
to activated
helper T
cells. Protein antigens bound to membrane
Ig are endocytosed
and processed, and peptide fragments are presented in association
with class II MHC molecules.
Activated
helper T cells recognize
the MHC-peptide
complexes
and then stimulate B cell responses.
Activated
B cells also express costimulators
(not shown) that
enhance helper T cell responses.

antibody responses against the hap tens. There are
three important characteristics of antihapten antibody
responses to hapten-protein
conjugates. First, such
responses require both hapten-specific
B cells and
protein (carrier)-specific helper T cells. Second, to stimulate a response, the hapten and carrier portions have to
be physically linked and cannot be administered separately. Third. the interaction is class II MHC restricted
(Le., the helper T cells cooperate only with B lymphocytes that express class II MHC molecules recognized as
self by the T cells). All these features of antibody
responses
to hapten-protein
conjugates
can be
explained by the antigen-presenting
functions of B
lymphocytes. Hapten-specific B cells bind the antigen through the hapten determinant, endocytose the
hapten-carrier conjugate, and present peptides derived
from the carrier protein to carrier-specific helperT lymphocytes (Fig. 10-10). Thus, the two cooperating lymphocytes recognize different epitopes of the same
complex antigen. The hapten is responsible for efficient
carrier uptake, which explains why hapten and carrier
must be physically linked. The requirement for MHCassociated antigen presentation for T cell activation
accounts for the MHC restriction of T cell-B cell
interactions.

HelperT cells activated by antigen and B7 costimulation
express a surface molecule called CD40 ligand (CD40L)
that engages its receptor, CD40, on the B cells that are
presenting antigen, and this interaction stimulates B
cell proliferation and both early differentiation and
germinal center formation
(Fig. 10-11). CD40 is a
member of the TNF receptor family. CD40L (CD 154) is a
trimeric T cell membrane protein that is structurally
homologous to TNF and Fas ligand. CD40 is constitutively expressed on B cells, and CD40L is expressed on
the surface of helper T cells after activation by antigen
and costimulators. When these activated helper T cells
bind to antigen-presenting B cells, CD40L interacts with
CD40 on the B cell surface. CD40L binding to CD40
results in the conformational alteration of preformed
CD40 trimers, and this induces the association of
cytosolic proteins called TRAFs (TNF receptorassociated factors) with the cytoplasmic domain of
CD40. The TRAFs recruited to CD40 initiate enzyme cascades that lead to the activation and nuclear transloca-

Processing of
internalized
carrier protein

Carrier
peptide binds
to class II MHC

FIGURE 10-10 T-8 collaboration
and the hapten-carrier effect.
A monovalent
protein conjugated
to a hapten is internalized
by a
hapten-specific
B cell that processes the antigen and presents the
linear peptide or "carrier determinant"
on class II MHC molecules
to an activated helper T cell, which then triggers the B cell via a
CD40L-CD40
interaction.
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10-11
Mechanisms
of helper T cell-mediated
B cell activation.
Dendritic
cells initially display processed
peptides
derived
from
endocytosed
protein antigens and express the costimulators
B7-1 and B7-2. Helper T cells recognize the antigen (in the form of peptideMHC complexes) and the costimulatorsand
are stimulated to express CD40 ligand and to secrete cytokines. CD40 ligand on activated helper
T cells then binds to CD40 on B cells and initiates B cell proliferation
and differentiation.
Cytokines bind to cytokine receptors on the B cells
and also stimulate B cell responses.
FIGURE

tion of transcription factors, including NF-KB and AP-l.
Similar signaling pathways are activated by TNF receptors (see Chapter 2). CD40-induced transcription factor
induction is crucial for subsequent germinal center formation and also contributes to the expression of the
gene encoding activation-induced deaminase (AID), an
enzyme that is critical for somatic mutation and isotype
switching, as will be discussed below. T cell-mediated
DC and macrophage activation also involves the interaction of CD40L on T cells with CD40 on DCs and
macrophages (see Chapter 13). Thus, this pathway of
contact-mediated
cellular responses is a general mechanism for the activation of target cells by helper T lymphocytes and is not unique to antibody production.
The importance of the CD40L-CD40 pathway is
demonstrated in CD40 or CD40L gene knockout mice.
The mice exhibit profound defects in antibody production, isotype switching, affinity maturation, and
memory B cell generation in resporse to protein antigens. Similar abnormalities are found in humans with
mutations in the CD40L gene, which results in a disease
called the X-linked hyper-IgM syndrome (see Chapter
20).
Interestingly, a DNA virus called the Epstein-Barr
virus (EBV) infects human B cells and induces their proliferation. This may lead to immortalization of the cells
and the development of lymphomas (see Chapter 17,
Box 17-2). The cytoplasmic tail of a transforming protein
ofEBV called LMPI (latent membrane protein I) associates with the same TRAF molecules as does the cytoplasmic domain of CD40, and this apparently triggers B
cell proliferation. Thus, EBV LMPI is functionally
homologous to a physiologic B cell signaling molecule,
and EBV has apparently co-opted a normal pathway of
B lymphocyte activation for its own purposes, which are
to promote survival and proliferation of cells that the
virus has infected.

Activated helper T lymphocytes secrete cytokines that
act in concert with CD40L to stimulate B cell proliferation and production of antibodies of different isotypes.
We have mentioned cytokines previously as important
secreted products ofT lymphocytes and other cells of the
immune system, and they will be discussed in more
detail in Chapter 12. The roles of these proteins in
humoral immunity have been most clearly established
by showing that various aspects of antibody responses
can be inhibited by cytokine antagonists or are deficient
in mice in which particular cytokine genes are knocked
out.
Cytokines serve two principal functions in antibody
responses: they increase B cell proliferation and differ-

entiation (which were initiated by CD40 signals), and
they promote switching to different heavy chain isotypes. Different cytokines play distinct but often overlapping roles in antibody production, and their actions
may be synergistic or antagonistic. Antigen recognition
by B cells enhances the expression of receptors for
cytokines, and, as we have described earlier, B cells in
direct contact with helper T lymphocytes are exposed to
high concentrations of these secreted proteins. As a
result, antigen-specific B cells respond to cytokines
more than do bystander B cells that are not specific for
the initiating antigen but happen to be close to the
antigen-stimulated lymphocytes. Helper T cell-derived
cytokines, most notably interleukin-2 (lL-2), IL-4, and
IL-2I, can enhance B cell proliferation and differentiation, as do the TNF family cytokines BAFF and APRIL. IL6, which is produced by macrophages, T cells, and many
other cell types, is a growth factor for already differentiated, antibody-secreting B cells. The effects of specific
cytokines on isotype switching are described later.
The activation of B cells by T cells via CD40L and
cytokines contributes to the initial formation of extrafollicular foci of activated B cells that may undergo
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some degree of differentiation and isotype switching.
Each such focus may contain about 100 to 200 shortlived antibody secreting plasma blasts and plasma cells.
In the spleen, extrafollicular foci occur in the T cell-rich
periarteriolar lymphoid sheath (PALS).and these collections of cells are often called PALS foci. This generation
of PALSfoci has been shown to be T cell dependent. The
small amount of low-affinity antibody generated in
these foci may contribute to the formation of immune
complexes (containing antigen, antibody, and complement) that are trapped by FOCs in follicles in secondary
lymphoid organs. It is believed that this deposition of
immune complexes is a necessary prelude to the release
of chemokines from FOCs that draw in a few (often only
one or two) activated B cells from the extrafollicular
focus into the follicle, in order to initiate the germinal
center reaction.
The Germinal

Center

Reaction

A number of events that are characteristic of helper T
cell-dependent antibody responses, including affinity
maturation, isotype switching, and the generation of
memory B cells, occur primarily in the germinal centers
of lymphoid follicles. As we discussed earlier, the initial
B cell response to protein antigens occurs at the boundaries between lymphoid follicles and T cell zones (see
Fig. 10-8). Within 4 to 7 days after antigen exposure,
some of the activated B cells migrate deep into the follicle and begin to proliferate rapidly, forming the lightly
staining central region of the follicle, called the germinal
center (Fig. 10-12). Within the germinal center is a "dark
zone" that contains rapidly proliferating B cells. The
doubling time of these proliferating germinal center B
cells, also called centro blasts, is estimated to be 6 to 12
hours, so that within 5 days, a single lymphocyte may
give rise to almost 5000 progeny. Each fully formed germinal center contains cells derived from only one or a
few antigen-specific B cell clones. The progeny of the
proliferating B cells in the germinal center are smaller
cells, sometimes called centrocytes, that undergo differentiation and selection processes in the "light zone," as
described below.
The architecture of lymphoid follicles and the germinal center reactions within follicles depend on the
presence of follicular dendritic cells (FDCs). FOCs are
found only in lymphoid follicles and express complement receptors (CRI, CR2, and CR3) and Fe receptors.
All of these molecules are involved in the selection of
germinal center B cells, as described below. FOCs do not
express class II MHC molecules. The origin of FOCs is
unclear. They are not derived from the bone marrow,
and they are clearly different from the class II MHCexpressing OCs that capture antigens in tissues and
transport them to secondary lymphoid organs where
they present peptide antigens to T lymphocytes, and
may make antigen available to naive B cells as
well. The long cytoplasmic processes of FOCs form a
meshwork around which germinal centers are formed.
Proliferating B cells accumulate in the histologically
identifiable dark zone of the germinal center, which has

few FDCs. The small nondividing progeny of the B cells
migrate to the adjacent light zone, where they come into
close contact with the processes of the abundant FOCs,
and this is where subsequent selection events occur (see
Fig. 10-12). The rim of naive B cells in the follicle, surrounding the germinal center, is called the mantle zone.
The formation of germinal centers depends on the
presence of helper T cells and the interactions between
CD40L and CD40 and is therefore observed only in antibody responses to helper T cell-dependent protein antigens. Germinal center formation is impaired in humans
and in mice with genetic defects in T cell development
or activation (see Chapter 20) or with mutations of either
C040 or its ligand. This is partly because, as we discussed earlier, C040:C040L interactions are required
during the early events of helper T cell-dependent B cell
activation, and only activated B cells migrate from
extrafollicular foci back into follicles to form germinal
centers. In addition, germinal centers contain small
numbers of helper T cells, which express C040L and
may stimulate the proliferation and selection of germinal center B cells by C040 engagement.
Heavy Chain Isotype

(Class)

Switching

In response to CD40 engagement and cytokines, some of
the progeny of activated IgM- and IgD-expressing B cells
undergo the process of heavy chain isotype (class)
switching, leading to the production of antibodies with
heavy chains of different classes, such as y, a, and E (Fig.
10-13). Isotype switching occurs in peripheral lymphoid
tissues, in B cells that are activated at the edges of the follicles, and in germinal centers. The requirement for C040
signaling to promote isotype switching in B cells is well
documented by analysis of mice and humans lacking
C040 or its ligand. In all these cases, the antibody
response to protein antigens is dominated by IgM antibodies, and there is limited switching to other isotypes.
Cytokines play essential roles in regulating switching
to particular heavy chain isotypes. For instance, IL-4,
which is produced mainly by C04+ T cells, is the principal switch factor for IgE in all species examined, and the
production of IgG2a in mice is dependent on interferony (IFN-y). which is secreted byT cells and by natural killer
(NK) cells.
o Addition of IL-4 or IFN-y induces specific isotype
switching in cultures of mature IgM- and IgDexpressing B cells stimulated with antigens or polyclonal activators (Table 10-1).
o IgE responses to antigen-specific or polyclonal stimulation are inhibited by antibodies that neutralize
IL-4, and IgG2a responses are blocked by antibodies
that neutralize IFN-y.
o IL-4-deficient mice created by gene knockout have
no serum IgE, and IFN-y knockout mice have greatly
reduced serum IgG2a.
o Some individuals with a selective deficiency of
19Aproduction (as well as patients with Combined
Variable Immunodeficiency) inherit mutant versions
of the TAC!gene (see Chapter 20). This gene encodes
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FIGURE 10-12 Germinal center reactions in T cell-dependent antibody responses. A. Schematic diagram of germinal center reactions
in a lymph node. B cells that have been activated by helper T cells at the edge of a primary follicle migrate into the follicle and proliferate,
forming the dark zone. Somatic mutations of Ig V genes occur in these B cells, and they migrate into the light zone where they encounter
follicular dendritic cells displaying antigen. B cells with the highest affinity Ig receptors are selected to survive, and they differentiate
into
antibody-secreting
or memory B cells. B. Histology of a secondary follicle with a germinal center in a lymph node. The germinal center
is contained within the follicle and includes a basal dark zone and an adjacent light zone. The mantle zone is the parent follicle within
which the germinal center has formed. (Courtesy of Dr. James Gulizia, Department
of Pathology, Brigham and Women's Hospital, Boston.)
C. Cellular components
of the germinal center. A secondary follicle has been stained with an anti-CD23 antibody (green). which brightly
stains follicular dendritic cells in the light zone and dimly stains naive B cells in the mantle zone. Anti-Ki67 (red). which detects cycling
cells, stains mitotically
active B cell blasts in the dark zone. (Adapted from Liu YJ, GO Johnson, J Gordon, and IC Maclennan.
Germinal
centres in T-cell-dependent
antibody responses. Immunology
Today 13:17-21, Copyright 1992, with permission from Elsevier.)
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induced deaminase that is crucial for both isotype
switching and somatic mutation. While CD40 is the
major signaling receptor that contributes to the induction of AID, cytokines induce transcription factors that
identify which Ig heavy chain loci will be the target of
isotype switching mediated by AID in a given activated
B cell. Cytokines may initiate transcription and create

The major mechanism by which CD40 signals induce
isotype switching is the induction of the AID gene downstream of CD40. AID, as we shall see, is an activation-

Table 10-1. Heavy Chain Isotype Switching Induced by Cytokines
B cells cultured

with

Ig isotype secreted
totallg produced)

(percent

of

Cytokine

IgM

IgG1

IgG2a

IgE

IgA

LPS

None

85

2

<1

<1

<1

LPS

IL-4

70

20

<1

5

<1

LPS

IFN-y

80

2

10

<1

<1

LPS

TGF-~

75

2

<1

<1

15

Polyclonal

Activator

+ IL-5

to

Addition of various cytokines to purified IgM+lgD+ mouse B cells cultured with the polyclonal
activator lipopolysaccharide
(LPS) induces switching to different heavy chain isotypes (bold).
The values of the isotypes shown are approximations
and do not add up to 100% because not
all were measured.
(Courtesy of Dr. Robert Coffman, Dynavax Technologies
Corp., California)
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single-stranded DNA segments in specific Ig loci that
can be targets of AID-induced DNA deamination for
class switching (discussed below).
The capacity of B cells to produce different antibody
isotypes provides a remarkable plasticity in humoral
immune responses by generating antibodies that
perform distinct effector functions and are involved in
defense against different types of infectious agents (see
Fig. 10-13). Isotype switching in response to different
types of microbes is regulated by the types of helper T
cells that are activated by these microbes. For instance,
the major protective humoral immune response to bacteria with polysaccharide-rich capsules consists of IgM
antibodies, which bind to the bacteria, activate the complement system, and induce phagocytosis of the
opsonized bacteria. Polysaccharide antigens, which do
not elicit T cell help, stimulate mainly IgM antibodies,
with little, if any, isotype switching to some IgG subclasses. The response to many viruses and bacteria consists of production of IgG antibodies, which block entry
of the microbes into host cells and also promote phagocytosis by macrophages. Viruses and many bacteria

activate helper T cells of the TH I subset, which produce
the cytokine IFN-y, the main inducer of B cell switching
to opsonizing and complement-fixing IgG subclasses.
The immune response to many helminthic parasites
is mainly production of IgE, which participates in
eosinophil-mediated
killing of the helminths (see
Chapter 15); IgE antibodies also mediate immediate
hypersensitivity (allergic) reactions (see Chapter 19).
Helminths activate the TII2subset ofhelperT cells, which
produces IL-4, the cytokine that induces switching to
IgE. (We will discuss the development and functions of
helper T cell subsets in more detail in Chapter 13.)
In addition, B cells in different anatomic sites switch to
different isotypes. Specifically, B cells in mucosal tissues
switch to 19A,which is the antibody class that is most efficiently transported through epithelia into mucosal secretions, where it defends against microbes that try to enter
through the epithelia. Switching to 19Ais stimulated by
transforming growth factor-~ (TGF-~), which is produced
by many cell types in mucosal and other tissues. The TNF
family cytokine receptor TACI (which can be recognized
by both APRIL and BAFF) is also a critical player in 19A
class switching but may contribute mainly to AID induction for T cell-independent activation of 19A responses
(discussed later in this chapter). These examples of
isotype switching illustrate how helper T cells function as
controllers of immune responses-these
T cells secrete
different cytokines in response to distinct microbes, and
the cytokines stimulate antibody responses that are best
at combating those microbes.
The principal molecular mechanism
of isotype
switching is a process called switch recombination, in
which the rearranged VOJ (variable-diversity-joining)
gene segment in a B cell recombines with a downstream
C region gene and the intervening DNA is deleted.
These DNA recombination events involve nucleotide
sequences called switch regions, which are located in the
J-C introns at the 5' ends of each CHlocus. Switch regions
are 1 to 10 kilo bases long, contain numerous tandem
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repeats of GC-rich DNA sequences, and are found
upstream of every heavy chain gene other than the 0
gene. Upstream of each switch region is a small exon
called the I exon (for initiator of transcription) preceded
by an I region promoter. CD40 and cytokines trigger
isotype switching by increasing the accessibility of the
DNA at a specific C region and then inducing transcription through the I exon, switch region, and CII exons.
These transcripts, known as germline transcripts since
they do not encode specific proteins, participate in
switching in a major way.
Germline transcription is accompanied by accessibility of a particular C gene to DNA breaks and repair, as
explained below. As a result, the rearranged VOJ exon
just upstream of the fl switch region in the B cell recombines with the transcriptionally active downstream C
region. For instance, IL-4 induces germ line transcription
through the IE-SE-CE
locus, and IFN-y induces germline
transcription in mice through the lyZa-SyZa-CyZalocus
(see Fig. 10-14). This leads first to the production of
germline £ or y2a transcripts in an IgM-expressing B cell
(depending on which cytokine is present, IL-4 or IFN-y)
and then to switch recombination and the production of
IgE or IgG2a, respectively, with the same VOJ exon as that
of the original IgM produced by that B cell. Knockout of
the I exon or switch region for any heavy chain isotype
leads to an inability to switch to that isotype.
The key enzyme known to be required for isotype
switching and affinity maturation is activation-induced
deaminase (AID). Humans with a deficiency of this
enzyme develop a disease similar to the hyper-lgM syndrome caused by mutations in CD40L, and knockout
mice lacking this enzyme have profound defects in
isotype switching and affinity maturation. AID is a DNA
deaminase that deaminates cytosines in single-stranded
DNA templates converting C residues to uracil (U)
residues (Fig. 10-15). The requirement for transcription
at Ig loci for subsequent switching is linked to the generation of single-stranded DNA templates for AID. Transcription always results in a small single-stranded DNA
bubble as the RNA polymerase complex slides down the
coding strand. Since the DNA in the bubble is single
stranded, AID can convert Cs to Us in the bubble region.
More importantly switch transcripts tend to form very
stable DNA-RNA hybrids involving the coding (top)
strand of DNA, thus freeing up the bottom or nontemplate strand, which forms an open single-stranded DNA
loop called an R loop. The R loop is where a large number
of C residues in the switch DNA sequence are converted
to U residues by AID. An enzyme called uracil Nglycosylase removes the U residues, leaving abasic sites.
The Apel endonuclease cleaves these abasic sites, generating a nick at each position. Nicks on both strands
contribute to double-strand breaks both at the Sfl region
as well as at the downstream switch locus that is
involved in a particular isotype switch event. The existence of double-strand breaks in two switch regions
results in the deletion of the intervening DNA and
joining together of the two broken switch junctions
using the machinery involved in double-strand break
repair/nonhomologous
end joining. This latter machin-
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isotypes (in this example, IgEL These stimuli initiate germline transcription through the I,-S,-C,locus. The proximal CH genes are deleted in
a circle of DNA, leading to recombination
of the VDJ complex with the C, gene. Switch regions are indicated by circles labeled S~ or Sy. Iy
represents an initiation site for germline transcription.
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Affinity Maturation:
Somatic
Mutations in Ig Genes and Selection
High-Affinity B Cells

of

Affinity maturation is the process that leads to increased
affinity of antibodies for a particular antigen as a Tdependent humoral response progresses, and is the

result of somatic mutation of Ig genes followed by selective survival of the B cells producing the antibodies with
the highest affinities (Figs. 10-16 and 10-17). The process
of affinity maturation generates antibodies with increasing capacity to bind antigens and thus to more efficiently
bind to, neutralize, and eliminate microbes. Helper T
cells and CD40: CD40L interactions are required for
affinity maturation to proceed, and therefore affinity
maturation occurs only in antibody responses to helper
T cell-dependent protein antigens. As discussed earlier,
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regions. Germline transcripts form DNA RNA hybrids in the switch
region freeing up the nontemplate
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Two nicks roughly opposite each other
contribute to a double-strand
break. The mechanism
of generation
of the nick in the template strand is less well understood.

the need for CD40 reflects the ability of this receptor to
induce AID in B cells when triggered.
In proliferating dark zone germinal center B cells, the
Ig Vgenes undergo point mutations at an extremely high
rate. This rate is estimated to be 1 in 1Q3Vgene base pairs
per cell division, which is 103to 104times higher than the
spontaneous rate of mutation in other mammalian
genes. (For this reason, mutation in Ig V genes is also
called hypermutation.) The V genes of expressed heavy
and light chains in each B cell contain a total of about
700 nucleotides; this implies that mutations will accumulate in expressed V regions at an average rate of
almost one per cell division. Ig V gene mutations continue to occur in the progeny of individual B cells. As a
result, any B cell clone can accumulate more and more
mutations during its life in the germinal center. It is
estimated that as a result of somatic mutations, the
nucleotide sequences of IgG antibodies derived from
one clone of B cells can diverge as much as 5% from the

original germline sequence. This usually translates to
up to 10 amino acid substitutions. The importance of
somatic hypermutation in the process of affinity maturation is well established.
o Analysis of the Ig genes of B cell clones isolated at
different stages of antibody responses to proteins or
hapten-protein conjugates first showed the accumulation of point mutations in the V regions of the antibodies (Fig. 10-16). Several features of these
mutations are noteworthy. First, the mutations are
clustered in the V regions, mostly in the antigenbinding
complementarity-determining
regions.
Second, there are more mutations in IgG than in IgM
antibodies. Third, the presence of mutations correlates with the increasing affinities of the antibodies
for the antigen that induced the response.
o Mutations in Ig genes were also found in clones of
B cells isolated from germinal centers microdissected
from the spleens of mice that had been immunized
with an antigen. Analyses of these 19 genes showed
that the progeny of a single antigen-specific B cell
clone progressively accumulate mutations with time
after immunization.
The mechanisms underlying somatic mutation in 19
genes are poorly understood.
It is clear that the
rearranged Ig VOJ DNA becomes highly susceptible to
mutation, suggesting enhanced susceptibility of this
region to DNA-binding factors that promote mutation.
It is not known whether germinal center T cells provide
specific contact-mediated signals or cytokines that stimulate somatic hypermutation in B cells. The enzyme AID,
discussed above, plays an essential role in affinity maturation. It is a DNA deaminase that converts C residues
to U residues at hotspots for mutation. The Us may be
changed to Ts when DNA replication occurs, thus generating a common type of C ~ T mutation, or the U may
be excised by uracil N-glycosylase, and the abasic site
repaired by an error-prone repair process, thus generating all types of substitutions at each site of AID-induced
cytidine deamination.
On the basis of the studies described, it is believed
that repeated stimulation by T cell-dependent protein
antigens leads to increasing numbers of mutations in
the Ig genes of antigen-specific germinal center B cells.
Some of these mutations are likely to be useful because
they will generate high-affinity antibodies. However,
many of the mutations may result in a decline or even in
a loss of antigen binding. Therefore, the next and crucial
step in the process of affinity maturation is the selection
of the useful, high-affinity B cells.
FDCs in the germinal centers display antigens, and
the B cells that bind these antigens with high affinity are
selected to survive (see Fig. 10-17). The early response to
antigen results in the production of antibodies, some of
which form complexes with residual antigen and may
activate complement. FDCs express receptors for the Fe
portions of antibodies and for products of complement
activation, including C3b and C3d. These receptors bind
and display antigens that are complexed with antibodies or complement products. Antigen may also be dis-
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FIGURE 10-16 Somatic mutations in Ig V genes. Hybridomas were produced from spleen cells of mice immunized 7 or 14 days previously with a hapten, oxazolone, coupled to a protein, and from spleen cells obtained after secondary and tertiary immunizations
with the
same antigen. Hybridomas
producing oxazolone-specific
monoclonal antibodies were isolated, and the nucleotide sequences of the V genes
encoding the Ig heavy and light chains were determined.
Mutations
in V genes increase with time after immunization
and with repeated
immunizations
and are clustered in the complementarity-determining
regions (CDRs). The location of CDR3 in the heavy chains is approximate. The affinities of the antibodies produced also tend to increase with more mutations, as indicated by the lower dissociation
constants
(Kd) for hapten binding. (Adapted from Berek C, and C Milstein. Mutation drift and repertoire shift in maturation of the immune response.
Immunological
Reviews 96:23-41,
1987, Blackwell Publishing.)

played in free form in the germinal center. Meanwhile,
germinal center B cells that have undergone somatic
hypermutation migrate into the FOC-rich light zone of
the germinal center. These B cells die by apoptosis
unless they are rescued by recognition of antigen. Therefore, the B cells that specifically recognize the antigen
displayed by FOCs are selected to live. Helper T cells in
the germinal center may also playa role in the selection
of B cells. High-affinity B cells will be better able to bind
antigens and present pep tides to T cells, and will thus be
the preferential recipients of T cell help. As more antibody is produced, more of the antigen is eliminated and
less is available in the germinal centers. Therefore, the B
cells that will be able to specifically bind this antigen and
to be rescued from death need to express antigen receptors with higher and higher affinity for the antigen. As a
result, as the antibody response to an antigen progresses, the B cells that are selected in germinal centers
produce Ig of increasing affinity for the antigen. This
selection process results in affinity maturation of the
antibody response. Because somatic mutations also
generate many B cells that do not express high-affinity
receptors for antigen and cannot, therefore, be selected
to survive, the germinal centers are sites of tremendous
apoptosis.
Somatic mutation occurs in the basal dark zone of
germinal centers in centroblasts that contain nuclear
AID, and then mutated cells migrate from the basal dark
zone to the apical light zone, where they differentiate
into centrocytes, may be selected on FOCs, and may
undergo additional isotype switching. The cells then exit

the germinal center and either develop into memory B
cells or differentiate
into high-affinity
antibodysecreting plasma cells outside the germinal centers.
B Cell Differentiation
Antibody-Secreting

into
Plasma

Cells

Some of the progeny of the B cells that have proliferated
in response to antigen and T cell help differentiate into
antibody-secreting plasma cells. Antibody synthesis and
secretion in response to protein antigens, like B cell proliferation, are stimulated by C040-mediated signals and
cytokines. Both stimuli activate transcription factors
that enhance the transcription of Ig genes and therefore
Ig synthesis. Cytokines may also affect RNA processing
to increase the amount of transcripts encoding the
secretory form of Ig. Multiple cytokines, including IL-2,
IL-4, and IL-6, have been shown to stimulate antibody
synthesis and secretion by activated B lymphocytes.
Within lymphoid organs, antibody-secreting plasma
cells are found mainly in extrafollicular sites, such as the
red pulp of the spleen and the medulla of the lymph
nodes. Plasma cells are morphologically distinct, terminally differentiated B cells committed to abundant antibody production (see Chapter 3). They are generated
following the activation of B cells via the BCR, C040,
TLRs, and other receptors including cytokine receptors.
Development of plasma cells depends on the induction
of a key transcription factor called BLIMP-l that orchestrates the process of differentiation. There are two types
of plasma cells. Short-lived plasma cells are generated
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during Tl responses early during a T cell-dependent
response in B cell foci such as the PALS foci described
earlier. These cells are generally found in secondary lymphoid organs and in peripheral non-lymphoid tissues.
Following the germinal center reaction, plasma cells
acquire the ability to home to the bone marrow, where
they are maintained via a receptor of the BAFF family
called BCMA, and these plasma cells are called longlived plasma cells. Typically 2 to 3 weeks after immunization with a T cell-dependent
antigen, the bone
marrow becomes a major site of antibody production.
Plasma cells in the bone marrow may continue to secrete
antibodies for months or even years after the antigen is

4'>

Antigen
with bound
C3b/C3d
CR1/CR2
Follicular
dendritic cell

~
High-affinity
B cell

no longer present. These antibodies can provide immediate protection if the antigen, such as a microbe, is
encountered later. It is estimated that almost half the
antibody in the blood of a healthy adult is produced by
long-lived plasma cells and is specific for antigens that
were encountered in the past. Secreted antibodies enter
the circulation and mucosal secretions, but antibodyproducing cells do not circulate.
The differentiation
of B cells from antigenrecognizing cells that express membrane Ig receptors for
antigens into effector cells that actively secrete antibodies involves major morphologic alterations, especially of
components of the endoplasmic reticulum and secretory
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pathway, and also involves a change in 19 heavy chain
gene expression from the membrane to the secreted
form. Membrane and secreted Ig molecules differ in
their carboxyl termini (see Chapter 4, Fig. 4-6). For
instance, in secreted IgM, the C~4domain is followed by
a tail piece containing polar amino acids. In membrane
11,on the other hand, C~4 is followed by a short spacer,
26 hydrophobic transmembrane
residues, and a cytoplasmic tail of three amino acids (lysine, valine, and
lysine). The transition from membrane to secreted Ig
reflects a change in the processing of the heavy chain
messenger RNA (mRNA). The primary RNA transcript in
all IgM-producing B cells contains the rearranged VDJ
cassette, the four C~ exons coding for the constant (C)
region domains, and the two exons encoding the transmembrane and cytoplasmic domains. Alternative processing of this transcript, which is regulated by RNA
cleavage and the choice of polyadenylation sites, determines whether the transmembrane
and cytoplasmic
exons are included in the mature mRNA (Fig. 10-18). If
they are, the 11chain produced contains the amino acids
that make up the transmembrane and cytoplasmic segments and is therefore anchored in the lipid bilayer of
the plasma membrane. If, on the other hand, the transmembrane segment is excluded from the 11chain, the
carboxyl terminus consists of about 20 amino acids constituting the tail piece. Because this protein does not
have a stretch of hydrophobic amino acids or a positively
charged cytoplasmic tail, it cannot remain anchored in
the endoplasmic reticulum membrane, resides initially
in the luminal space of the secretory pathway, and is
secreted. Thus, each B cell can synthesize both membrane and secreted Ig. As differentiation proceeds, more
and more of the Ig mRNA is of the form encoding
secreted Ig. The biochemical signals initiated by antigen

binding to membrane Ig and by helperT cells that regulate this process of alternative RNA splicing are not
known. All CHgenes contain similar membrane exons,
and all heavy chains can apparently be expressed in
membrane-bound
and secreted forms. The secretory
form of the 0 heavy chain is rarely made, however, so
that IgD is usually present only as a membrane-bound
protein.

Generation
Secondary

of Memory B Cells and
Humoral Immune Responses

Some of the antigen-activated B cells emerging from
germinal centers acquire the ability to survive for
long periods, apparently without antigenic stimulation.
These are memory cells, capable of mounting rapid
responses to subsequent introduction of antigen. We do
not know exactly how some of the progeny of an antigenstimulated B cell clone differentiate into antibodysecreting cells whereas others become functionally
quiescent, long-lived memory cells, Some memory B
cells may remain in the lymphoid organ whereas others
exit germinal centers and recirculate between the spleen
and lymph nodes. Memory cells typically bear highaffinity (mutated) antigen receptors and Ig molecules of
switched isotypes more commonly than do naive B lymphocytes. The production of large quantities of isotypeswitched, high-affinity antibodies is greatly accelerated
after secondary exposure to antigens, and this can be
attributed to the activation of memory cells in germinal
centers and the rapid formation of immune complexes
that can be concentrated by FDCs.
Many of the features of secondary antibody responses
to protein antigens, and their differences from primary
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responses (see Fig. 10-2), reflect the prior activation ofB
cells by CD4+ helper T cells. Thus, heavy chain class
switching, which is typical of secondary responses, is
induced by helper T cells and their cytokines. Affinity
maturation, which increases with repeated antigenic
stimulation, is also secondary to helper T cell-induced B
cell activation and somatic mutation. These features are
usually seen in responses to protein antigens because
only protein antigens stimulate specific helper T cells.
High-affinity antibodies are required to neutralize the
infectivity of many microbes and the pathogenicity of
microbial toxins. Therefore, effective vaccines against
these microorganisms must induce affinity maturation
and memory B cell formation, and both these events will
occur only if the vaccines are able to activate helper T
cells. This concept has been applied to the design ofvaccines for some bacterial infections in which the target
antigen is a capsular polysaccharide, which is incapable
of stimulating T cells. In these cases, the polysaccharide
is covalently linked to a foreign protein to form the
equivalent of a hapten-carrier conjugate, which does
activate helper T cells. Such vaccines, which are called
conjugate vaccines, more readily induce high-affinity

Table 10-2. Properties of Thymus-Dependent

Thymus-dependent

antigen

Chemical
nature

Features
anitbody
response
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antibodies and memory than do polysaccharide
cines without linked proteins.
ANTIBODY

RESPONSES TO

T CELL-INDEPENDENT

ANTIGENS

Many nonprotein antigens, such as polysaccharides and
lipids, stimulate antibody production in the absence of
helper T cells, and these antigens and the responses they
elicit are termed thymus-independent
or T-independent. These antibody responses differ in several respects
from responses to T cell-dependent
protein antigens
(Table 10-2). As we have discussed in the previous sections, antibody responses to protein antigens require the
participation of helper T cells, and helper T cells stimulate isotype switching, affinity maturation, and longlived memory. In contrast, the antibodies that are
produced in the absence of T cell help are generally of
low affinity and consist mainly of IgM with limited
isotype switching to some IgG subtypes.
The most important TI antigens are polysaccharides,
membrane glycolipids, and nucleic acids, all of which
induce specific antibody production in T cell-deficient

and Thymus-Independent

Antigens

Thymus-independent

antigen

Polymeric
antigens,
especially
polysaccharides;
also glycolipids,
nucleic
acids

of

Isotype
switching

Yes

Little or no: may be some IgG

IgG

IgM

vac-

IgG
IgM

Affinity
maturation

Yes

No

Secondary
response
(memory
B cells)

Yes

Only seen with
some antigens
(e.g., polysaccharides)
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animals. These antigens cannot be processed and presented in association with MHC molecules, and therefore they cannot be recognized by helper T cells. Most TI
antigens are polyvalent, being composed of multiple
identical antigenic epitopes. Such polyvalent antigens
may induce maximal cross-linking of the BCR complex
on specific B cells, leading to activation without a
requirement for cognate T cell help. In addition, many
polysaccharides activate the complement system by the
alternative pathway, generating C3d, which binds to the
antigen and augments B cell activation (see Fig. 10-5). B
cell responses to TI antigens also depend on additional
signals from BAFF family receptors that respond to
growth factors produced by DCs and macro phages, and
from TLRs.
Antibody responses to TI antigens occur at particular
anatomic sites in lymphoid tissues. TI responses may be
initiated in the spleen, bone marrow, peritoneal cavity,
and mucosal sites. Macrophages located in the marginal
zones surrounding lymphoid follicles in the spleen are
particularly efficient at trapping polysaccharides when
these antigens are injected intravenously. Marginal zone
B cells are a distinct subset of B cells that mainly respond
to polysaccharides and produce IgM following activation and differentiation into short-lived plasma cells. TI
antigens may persist for prolonged periods on the surfaces of marginal zone macrophages, where they are
recognized by specific B cells. Another lineage of B cells
that responds readily to TI antigens is the B-1 B cell
lineage. Most B-1 B cells are derived from fetal liver stem
cells and are exposed to antigen mainly in the peritoneum and in mucosal sites.
The practical significance ofTI antigens is that many
bacterial cell wall polysaccharides belong to this category, and humoral immunity is the major mechanism of
host defense against infections by such encapsulated
bacteria. For this reason, individuals with congenital or
acquired deficiencies of humoral immunity are especially susceptible to life-threatening
infections with
encapsulated bacteria, such as Pneumococcus, Meningococcus, and Haemophilus. In addition, TI antigens contribute to the generation of natural antibodies, which
are present in the circulation of normal individuals and
are apparently produced without overt exposure to
pathogens. Most natural antibodies are low-affinity anticarbohydrate antibodies, postulated to be produced by
B-1 peritoneal B cells stimulated by bacteria that colonize the gastrointestinal tract and by marginal zone B
cells in the spleen. Antibodies to the A and B glycolipid
blood group antigens are examples of these natural
antibodies.
Some T cell-independent
nonprotein antigens do
induce Ig isotypes other than IgM. In humans, the dominant antibody class induced by pneumococcal capsular
polysaccharide is IgG2. In mice engineered to lack CD40,
IgE and many IgG isotypes are barely detectable in the
serum, but IgG3 (which resembles human IgG2) and IgA
levels in serum are only reduced to about half
their normal levels. In the absence of T cells, BAFF and
APRIL on cells of myeloid origin, such as DCs and
macrophages, can induce the synthesis of AID in

antigen-activated B cells. This may be further facilitated
by the activation of TLRs on these B cells. In addition,
cytokines such as TGF-p that help mediate the 19A
switch are secreted by many nonlymphoid cells at
mucosal sites and may contribute to the generation of
19Aantibodies directed against non-protein antigens.
Despite their inability to specifically activate helper T
cells, many polysaccharide vaccines, such as the pneumococcal vaccine, induce long-lived protective immunity. Rapid and large secondary responses typical of
memory (but without much isotype switching or affinity
maturation) do occur on secondary exposure to these
carbohydrate
antigens. The phenomenon
of IgM
memory has been clearly demonstrated in the mouse,
and in both mice and humans TI memory B cells can be
phenotypically defined by specific cell surface markers.
In humans these memory cells express high levels of
CD27 and IgM or IgD, whereas in mice peritoneal IgM
memory cells, also known as B-1b B cells, express high
levels of IgM and the Mac-l integrin.

ANTIBODY
OF HUMORAL

FEEDBACK:

REGULATION

IMMUNE

RESPONSES

BY Fc RECEPTORS

Secreted antibodies inhibit continuing B cell activation
by forming antigen-antibody
complexes that simultaneously bind to antigen receptors and Fer receptors on
antigen-specific B cells (Fig. 10-19). This is the explanation for a phenomenon called antibody feedback, which
refers to the down-regulation of antibody production
by secreted IgG antibodies. IgG antibodies inhibit B cell
activation by forming complexes with the antigen, and
these complexes bind to a B cell receptor for the Fe portions of the IgG, called the Fey receptor II (FeyRlIB, or
CD32). (The biology of Fe receptors is discussed in
Chapter 14.) The cytoplasmic domain of FeyRIIB contains a six-amino
acid (isoleucine-x-tyrosine-x-xleucine) motif shared by other receptors in the immune
system that mediate negative signals, including
inhibitory receptors on NK cells (see Chapter 2). By
analogy to ITAMs, this inhibitory motif is called the
immunoreceptor
tyrosine-based
inhibition
motif
(lTIM). When the Fey receptor of B cells is engaged, the
ITIM of the receptor is phosphorylated
on tyrosine
residues, and it forms a docking site for the inositol 5phosphatase SHIP (SH2 domain-containing
inositol
phosphatase). The recruited SHIP hydrolyses a phosphate on the signaling lipid intermediate PIP3. By this
mechanism, engagement of FeyRII terminates the B cell
response to antigen. The antigen-antibody complexes
simultaneously
interact with the antigen receptor
(through the antigen) and the FeyRIIB (through the antibody), and this brings the inhibitory phosphatases close
to the antigen receptors whose signaling is blocked.
Fe receptor-mediated
antibody feedback is a physiologic control mechanism in humoral immune responses
because it is triggered by secreted antibody and blocks
further antibody production. We have stated earlier in
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FIGURE 10-19 Regulation of B
cell activation by Ig Fc receptors.
Antigen-antibody complexes can
simultaneouslybind to membrane
Ig (through antigen) and the
FcyRllB receptor through the Fc
portion of the antibody. As a consequence of this simultaneous ligation of receptors, phosphatases
associated with the cytoplasmic
tail of the FcyRllBinhibit signaling
by the BCR complex and block B
cell activation.
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the chapter that antibodies can also amplify antibody
production by activating complement and generating
C3d. It is not clear under which circumstances secreted
antibodies provide complement-mediated
amplification or Fc receptor-mediated
inhibition. A likely scenario is that early in humoral immune responses, IgM
antibodies (which activate complement but do not bind
to the Fey receptor) are involved in amplification,
whereas increasing production of IgG leads to feedback
inhibition.
The importance of FeyRIIB mediated inhibition is
demonstrated by the uncontrolled antibody production
seen in mice in which the gene encoding this receptor
has been knocked out. A polymorphism in the FcyRIIB
gene has been linked to susceptibility to systemic lupus
erythematosus
(SLE) in humans. Also, intraveous
immunoglobulin
(lVIG) is a treatment for various
inflammatory diseases that was devleoped empirically.
It is postulated now that at high concentrations, the
administered
antibodies, which contain substantial
amounts of aggregated IgG, engage FeyRIIB on B cells
sufficiently to deliver inhibitory signals.
B cells express another inhibitory receptor called
CD22. CD22 is an a2,6 sialic acid-binding lectin; its

Block in B cell
receptor signaling

natural ligand is not known, and we do not know how it
is engaged during physiologic B cell responses. However,
knockout mice lacking CD22 show greatly enhanced B
cell activation, as do mice in which CD22 has been
mutated so that it can no longer bind a2,6 sialic
acid-containing
ligands. The cytoplasmic tail of this
molecule contains an ITIM, which, when phosphorylated, binds the SH2 domain of the SHP-l tyrosine phosphatase. SHP-l removes phosphates from the tyrosine
residues of the Iga and Ig~ ITAMs and thus abrogates
BCR signaling. A mouse strain called motheaten, which
develops severe autoimmunity with uncontrolled B cell
activation and autoantibody production, has a naturally
occurring mutation in SHP-l.

SUMMARY

. Inactivated
humoral immune responses, B lymphocytes are
by antigen and secrete antibodies that
act to eliminate the antigen. Both protein and
nonprotein
antigens can stimulate
antibody
responses. B cell responses to protein antigens
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of CD4+ helper T cells

B cell activation is initiated by the clustering of
antigen receptors (membrane IgM and IgD on
naive B cells) by the binding of multivalent
antigen. Membrane Ig-associated signaling molecules Iga and IgP transduce signals on antigen
binding to the Ig, and these signals lead to activation of transcription factors and expression of
various genes.

.

Helper T cell-dependent
B cell responses to
protein antigens require initial activation of naive
T cells in the T cell zones and ofB cells in lymphoid
follicles in lymphoid organs. The activated lymphocytes migrate toward one another and interact
at the edges of follicles, where the B cells present
the antigen to helper T cells.

. Activated helper T cells express CD40L,which
engages CD40 on the B cells, and the T cells secrete
cytokines that bind to cytokine receptors on the
B cells. The combination of CD40 and cytokine
signals stimulates initial B cell proliferation and
differentiation and the formation of extrafollicular
foci of antibody-secreting cells.

. Germinalcenters are formed inside the folliclesof
peripheral lymphoid organs when activated B cells
migrate into the follicles and proliferate. The late
events in T cell-dependent
antibody responses,
including affinity maturation and generation of
memory B cells, as well as extensive isotype switching, take place within germinal centers.
.

HelperT cell-derived signals, including CD40L and
cytokines, induce isotype switching in B cells by a
process of switch recombination, leading to the
production of various Ig isotypes. Isotype switching requires the induction of AID, a cytidine
deaminase that converts cytosine to uracil in
single-stranded
DNA, and different cytokines
allow AID to access distinct downstream heavy
chain loci. Different isotypes mediate different
effector functions.

. Affinitymaturation leads to increased affinityof
antibodies during the course of a T cell-dependent
humoral response. Affinity maturation is a result of
somatic hypermutation of Ig heavy and light chain
genes followed by selective survival of the B cells
that produce the high-affinity antibodies and bind
to antigen displayed by FDCs in the germinal
centers.

. Some of the progeny of germinal center B cells
differentiate into antibody-secreting plasma cells
that migrate to extrafollicular regions of secondary

lymphoid organs and to the bone marrow. Other
progeny become memory B cells that live for long
periods, recirculate between lymph nodes and
spleen, and respond rapidly to subsequent exposures to antigen by differentiating into highaffinity antibody secretors.

. TI antigens are nonprotein antigens that induce
humoral immune responses without the involvement ofhelperT cells. ManyTi antigens, including
polysaccharides,
membrane
glycolipids, and
nucleic acids, are polyvalent, can cross-link multiple membrane Ig molecules on a B cell, and activate complement, thereby activating the B cells
without T cell help. TI antigens stimulate antibody
responses in which there is limited or no heavy
chain class switching, affinity maturation,
or
memory B cell generation because these features
are dependent on helperT cells, which are not activated by nonprotein antigens.

. Antibody feedback is a mechanism by which
humoral immune responses are down-regulated
when enough antibody has been produced and
soluble antibody-antigen complexes are present. B
cell membrane Ig and the receptor on B cells for
the Fc portions ofIgG, called FcyRIIB, are clustered
together by antibody-antigen complexes. This activates an inhibitory signaling cascade through the
cytoplasmic tail of FcyRIIB that terminates the
activation of the B cell.
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of t~eir own (self)
that recognize self
antigens are killed or inactivated, o~ change their
specificity (Fig. II -1). All individualsl inherit essentially the same antigen receptor genes, and these
genes recombine and are expressed ih lymphocytes
as the lymphocytes arise from stem cJlls. The molecular mechanisms that produce funJtional antigen
receptor genes from germline sequen~es are random
and are not influenced by what is fo~eign or self for
each individual. It is not surprising that during this
process of generating a diverse repertoire, some
developing T and B cells in every individual may
express receptors capable ofrecogniziAg normal molecules in that individual, Le., self antigens. Therefore,
there is a risk for lymphocytes reacting against that
individual's cells and tissues, and c~using damage.
The mechanisms
of immunologic tolerance are
designed to prevent such reactions.
I

Immunological tolerance is defined as unresponsiveness to an antigen that is induced by previous exposure
to that antigen. When specific lymphocytes encounter
antigens, the lymphocytes may be activated, leading to
immune responses, or the cells may be inactivated or
eliminated, leading to tolerance. Different forms of the
same antigen may induce an immune response or tolerance. Antigens that induce tolerance are called toIerogens, or tolerogenic antigens, to distinguish them from
immunogens,
which generate immunity. A single
antigen may be an immunogen or a tolerogen depending on how it is recognized by specific lymphocytes.
Tolerance to self antigens, also called self-tolerance,
is a fundamental
property of the normal immune
system. In this chapter, we discuss immunological tolerance mainly in the context of self-tolerance and summarize how self-tolerance may fail. We also mention the
relevance of this phenomenon to unresponsiveness to
foreign antigens. We conclude with a discussion of the

The importance of self-tolerance for the health of
individuals was appreciated from the early days of
immunology. In Chapter I, we introduced the
concept of self-nonself discrimination, which is the
ability of the immune system to recognize and
respond to foreign antigens but not to self antigens.
Burnet added to his clonal selection hypothesis the
corollary that lymphocytes specific for self antigens
are eliminated to prevent immune reactions against
one's own antigens. As we shall see later in this
chapter, self-tolerance is maintained by several different mechanisms that prevent the maturation and
activation of potentially harmful self-reactive lymphocytes. Failure of self-tolerance results in immune
reactions against self (autologous) antigens. Such
reactions are called autoimmunity, and the diseases
they cause are called autoimmune diseases. The
pathogenesis
and clinicopathologic
features of
autoimmune diseases will be discussed in Chapter 18.
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FIGURE 11-1 Fates of lymphocytesafter encounter with antigens. In a normal immune response, microbes stimulate the proliferation
and differentiation
of antigen-specific
lymphocytes.
(Microbial antigens are typically recognized by lymphocytes
in the presence of costimulators and innate immune responses. which are not shown.) Self antigens may induce functional unresponsiveness
or death of antigenspecific lymphocytes
or a change in the specificity of the receptors, making these cells incapable of responding to the antigen (self-tolerance).
Some antigens elicit no response (ignorance), but the lymphocytes
are able to respond to subsequent
antigen challenge (not shown). This
illustration depicts B lymphocytes;
the same general principles apply to T lymphocytes.

Defining the mechanisms of self-tolerance is the key
to understanding the mechanisms of autoimmunity.
.

Foreign antigens may be administered in ways that
inhibit immune responses by inducing tolerance in
specific lymphocytes. Some microbes and tumors
may evade immune attack by inducing unresponsiveness in specific lymphocytes. Many of the mechanisms of tolerance to foreign antigens are similar to
those of self-tolerance in mature lymphocytes. Effective immunization methods are designed to enhance
the immunogenicity of antigens by administering
them in ways that promote lymphocyte activation
and prevent tolerance induction.

.

The induction of immunological tolerance may be
exploited as a therapeutic approach for preventing
harmful immune responses. A great deal of effort is
being devoted to the development of strategies for
inducing tolerance to treat autoimmune and allergic
diseases and to prevent the rejection of organ transplants. Tolerance induction may also be useful for
preventing immune reactions to the products of
newly expressed genes in gene therapy protocols and
preventing reactions to injected proteins in patients
with deficiencies of these proteins (e.g., hemophiliacs
treated with factor VIII).

GENERAL

FEATURES

IMMUNOLOGICAL

AND MECHANISMS

OF

TOLERANCE

There are several characteristics of self-tolerance in T
and B lymphocyte populations, and many of these are
also features of tolerance to foreign antigens.

.

Tolerance results from the recognition of antigens by
specific lymphocytes. The key advances that allowed
immunologists to study tolerance were the ability to
induce this phenomenon in animals by exposure to
defined antigens under various conditions, and later
to analyze the functions of the lymphocytes that
had encountered tolerogenic antigens. The earliest
studies of tolerance showed that it could be induced
by recognition of antigens during fetal or neonatal
life. These initial studies also demonstrated that the
phenomenon of tolerance exhibited one of the main
characteristics of lymphocytes, namely specificity for
antigens.
o The results that definitively established tolerance as
an immunologically specific phenomenon that could
be induced experimentally came from studies of graft
rejection in inbred mice done by Peter Medawar and
colleagues in the 1950s. An adult mouse of strain A
will reject a skin graft from an allogeneic mouse of
strain B that differs from strain A at the major histocompatibility complex (MHC). If the strain A mouse
is injected with blood cells of strain B during neon atal life (the blood cells serving as a source of strain B
antigens), the injected cells will not be rejected
(because the neonate is immunodeficient), and small
numbers will survive indefinitely in the recipient,
which now becomes a chimera. This strain A recipient will accept a graft from strain B even after it
becomes an adult. However, the strain A recipient will
reject skin grafts from all mouse strains whose MHC
is different from that of strain B.Thus, tolerance to the
graft is immunologically specific. Such experiments
led to the concept that exposure of developing lymphocytes to foreign antigens induces tolerance to

Chapter 11 -IMMUNOLOGICAL TOLERANCE

these antigens. The persistence of allogeneic lymphoid cells in a host is called hematopoietic
micro chimerism, and it is being studied as a possible
approach for preventing graft rejection in humans.
The mechanism of this form of tolerance remains
poorly defined.

for unresponsiveness to antigens that are expressed
only in peripheral tissues. Tolerance to such tissuespecific self antigens is maintained by peripheral
mechanisms.
.

. Self-tolerance may be induced in immature selfreactive lymphocytes in generative lymphoid organs
(central tolerance), or in mature lymphocytes in
peripheral sites (peripheral tolerance) (Fig. 11-2).
Central tolerance ensures that the repertoire of
mature lymphocytes cannot recognize self antigens that are present in the generative lymphoid organs (the thymus for T cells and the bone
marrow for B lymphocytes, also called "central"
lymphoid organs). Such antigens include ubiquitous,
or widely disseminated,
self antigens as well as
some peripheral tissue antigens that are expressed
in generative lymphoid organs, specifically the
thymus. However, central tolerance cannot account

Central tolerance occurs because during their maturation in the generative lymphoid organs, all lymphocytes pass through a stage in which encounter
with antigen leads to cell death or the expression of
new antigen receptors or a change in functional
capabilities. The only antigens normally present in
the thymus and bone marrow are self antigens
because foreign antigens that enter from the external
environment are not transported to the thymus
but rather are captured and transported to peripheral
lymphoid organs, such as the lymph nodes, spleen,
and mucosal lymphoid tissues. Therefore, in the generative lymphoid organs, developing lymphocytes
normally encounter only self antigens at high concentrations. This interaction of immature lymphocytes with self antigens has several possible
outcomes-the
cells may die by apoptosis (called

Apoptosis
(deletion)

.

FIGURE 11-2 Central and peripheral tolerance to self antigens. Immature lymphocytes
specific for self antigens may encounter these
antigens in the generative lymphoid organs and
are deleted. change their specificity (B cells

oW

only). or (in the case of CD4+ T cells) develop into

regulatory lymphocytes (central tolerance).
Some self-reactive lymphocytes may mature
and enter peripheral tissues and may be inactivated or deleted by encounter with self antigens
in these tissues. or are suppressed by the regulatory T cells (peripheral tolerance), (Note that T
cells recognize antigens presented by antigenpresenting cells. which are not shown,)

.

Anergy
I

Change in
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(receptor
editing;
B cells)

I
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clonal deletion, see Chapter 8); many immature B
cells do not die but change their receptors and stop
recognizing the self antigen (called receptor editing);

but many aspects of the processes are common to both
lineages.

and some CD4+ T cells differentiate into regulatory T
cells, which migrate to the periphery and prevent
responses to the self antigens (see Fig. 11-2). Both
clonal deletion and receptor editing represent mechanisms of negative selection during lymphocyte
development.
.

Peripheral tolerance occurs when mature lymphocytes that recognize self antigens become incapable of
responding to that antigen, or lose their viability and
become short-lived cells, or are induced to die by
apoptosis. Peripheral tolerance is most important for
maintaining unresponsiveness to self antigens that
are expressed in peripheral tissues and not in the generative lymphoid organs, and for tolerance to self
antigens that are expressed in adult life, after mature
lymphocytes have been generated. The mature lymphocyte repertoire contains cells capable of recognizing such self antigens, and the responses of the
mature lymphocytes to these antigens are tightly regulated to maintain self-tolerance.

.

Some self antigens may be ignored by the immune
system, so that lymphocytes encounter the self
antigen but fail to respond in any detectable way and
remain viable and functional. The importance of this
phenomenon of "ignorance" for the maintenance of
self-tolerance is not established, and we will not
discuss it further.

We do not know how many or which self antigens
induce central or peripheral tolerance (or are ignored).
This is mainly because study of self-tolerance has been
difficult; lymphocytes specific for self antigens either are
not present in a normal individual or experimental
animal or are functionally silent. In either case, these
cells cannot be identified by examining their responses
to a self antigen. Experimental approaches, especially
the creation of transgenic knockout and knockin mice,
and the identification of genes that are mutated in some
autoimmune diseases, have provided valuable models
for analyzing self-tolerance, and many of our current
concepts are based on studies with such models (Box
ll-I). A general principle that has emerged from these
studies is that the choice between lymphocyte activation
and tolerance is determined by the properties of the
antigens, by the state of maturation of the antigen-specific lymphocytes, and by the types of stimuli received
when these lymphocytes encounter self antigens. In the
sections that follow, we will discuss central and peripheral tolerance first in T cells and then in B lymphocytes,

T LYMPHOCYTE

TOLERANCE

Tolerance in CD4+ helper T lymphocytes is an effective
way of preventing immune responses to protein antigens because helper T cells are necessary inducers of
both cell-mediated and humoral immune responses to
proteins. This realization has been the impetus for a
large amount of work on the mechanisms of tolerance in
CD4+T cells. Immunologists have also developed experimental models for studying tolerance in CD4+ T cells
that have proved to be quite informative. Also, many of
the therapeutic strategies that are being developed to
induce tolerance to transplants and auto antigens are
targeted to these T cells. Much less is known about tolerance in CDa+T cells.

Central Tolerance

in T Cells

During their maturation in the thymus, many immature T cells that recognize antigens with high avidity are
deleted (Fig. 11-3). This process of deletion, or negative
selection, ofT lymphocytes was described in Chapter 8,
when the maturation of T cells in the thymus was discussed. The two main factors that determine if a particular self antigen will induce negative selection of
self-reactive thymocytes are the concentration of that
antigen in the thymus and the affinity of the thymocyte
T cell receptors (TCRs) that recognize the antigen. Self
proteins are processed and presented in association
with MHC molecules on thymic antigen-presenting cells
(APCs). The self antigens that are present in the thymus
include many circulating and cell-associated proteins.
In addition, some proteins that were thought to be
restricted to peripheral tissues are also expressed in
thymic epithelial cells under the control of the autoimmune regulator (AIRE) gene (see later). The AIRE protein
may function as a transcription factor to promote the
expression of selected tissue antigens in the thymus
and/or to stimulate production of proteins that are
involved in the presentation of these antigens. Among
the immature T cells that arise from precursors in the
thymus are some whose receptors specifically recognize
selfpeptide-MHC complexes with high affinity. Ifimmature thymocytes with such high-affinity receptors
encounter self antigens in the thymus, one result is
apoptotic death of the cells. Deletion may occur in
double-positive T cells in the thymic cortex or newly
generated single-positive cells in the medulla. The death
sensitivity of immature lymphocytes suggests that
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The experimental
analysis of self-tolerance
is confounded
ent forms (secreted,
membrane
bound, and cytoby two important technical problems. First, it is not posplasmic) and thus to analyze tolerance to different
types of self antigens.
sible to identify self-reactive
lymphocytes
by functional
assays because these cells are normally deleted or funcI
particular
immunoregulatory
mole· Genes encoding
tionally inactive (anergic). Second, in normal animals or
cules, such as costimulators
and cytokines, may be
humans, it has been difficult or impossible to define the
coexpressed
with antigens, thus modeling the conself antigens that actually induce and maintain tolerance
sequences of local alterations in the tissues where
in T and B lymphocytes.
For these reasons, much of our
particular self antigens are present. In addition, by
early understanding
of tolerance was based on adminisbreeding antigen receptor transgenics
with approtering tolerogenic
forms of foreign antigens to animals
priate knockout mice, investigators
have generated
and studying subsequent
immune responses to immunomice in which lymphocytes
of known specificities
genic forms of the same antigens. Conclusions
about
lack genes encoding lymphocyte
regulatory moleself-tolerance
were largely extrapolations
from these
cules, such as CTLA-4 and FasL. The same types of
studies with foreign antigens.
Transgenic
technology
studies have been done in mice with mutated or
has provided a valuable tool for studying self-tolerance
deleted AIRE and FOXP3 genes. All of these mutain mice. Rearranged
antigen receptor
genes can be
tions result in selective defects in lymphocyte selecexpressed as transgenes in T or B lymphocytes.
Because
tion or regulation (see text).
these antigen
receptor
genes
inhibit recombination
Experimental
systems using transgenic and knockout
at other, endogenous,
antigen receptor gene loci (the
phenomenon
of allelic exclusion),
a large fraction of
mice have allowed investigators
to analyze the types of
antigens that induce central and peripheral tolerance in T
the T or B lymphocytes
in these mice express the
introduced,
transgene-encoded
antigen receptor. Thereand B cells, the mechanisms
of these pathways of tolerfore, lymphocytes
with a known specificity
may be
ance, and the genetic control of self-tolerance.
Experidetected
and followed
quantitatively
for the life of a
mental
protocols
have been developed
to compare
the
mouse. The second application of transgenic technology
consequences
of self antigen recognition by immature or
is to express known proteins in different tissues. These
mature lymphocytes.
For instance, as described in the
text, by mating one mouse expressing
a transgenic
transgene-encoded
antigens are present throughout
the
development
of the animal, and therefore they are effecantigen receptor with another mouse expressing
the
tively self antigens for the mouse. Transgenic technology
antigen, in the offspring the immature lymphocytes
are
is often combined
with spontaneous
or induced singleexposed to the antigen throughout
development.
Altergene mutations or deletions (knockouts) that give rise to
natively, mature lymphocytes
expressing
the antigen
autoimmunity.
Although autoimmunity
caused by abnorreceptor may be transferred
into mice expressing
the
antigen as a self protein, and the consequences
of this
malities in single genes is rare, these models have been
very informative
for elucidating the mechanisms
of selfencounter may be analyzed.
Despite the value of transgenic
technology,
several
tolerance.
Transgenic
approaches
may be used to study selfimportant
caveats
should be mentioned.
Expression
of a
single antigen
receptor
markedly
limits the normal
lymtolerance in many ways.
phocyte repertoire. Transgene-encoded
protein antigens
· It is possible to express transgenic antigen recepmay be expressed at higher concentrations than are
tors specific
for self antigens
that are targets
of
autoimmune
diseases.
Examples
include
mice
expressing
a TCR specific
for a protein in pancreatic
islet p cells (a target for autoreactive
T cells in type
1 diabetes),
a TCR specific
for myelin basic protein
(which is a central nervous
system
autoantigen),
and
Ig specific
for self DNA (involved
in the autoimmune
disease
lupus).

·

Both the antigen receptors of T or B lymphocytes
and the antigen that is recognized by these receptors may be coexpressed.
Two examples
we
mention in the text are T cells specific for a viral glycoprotein expressed in islet P cells and B cells specific for HEL expressed
in different
tissues.
By
changing the promoters
used to drive transgene
expression,
it is possible to vary the site of expression of the antigen. The use of inducible promoters
allows investigators
to turn the expression
of the
antigen on and off during the life of the mouse. It is
also possible to express the same antigen in differ-

normal

self

proteins.

tory molecules

Transgene-encoded

may be expressed
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immunoregula-

at high levels and con-

stitutively
and constantly,
which
is rarely the case with
normal immunoregulatory
molecules.
Therefore,
many of
the normal controls
on lymphocyte
activation
and regulation may be lost in transgenic
mice.
Finally, the type of transgene
may influence
the result.
For instance,
in conventional
immunoglobulin
(Ig) transgenic mice, the rearranged
Ig genes are integrated
randomly
in the genome.
When
B cells in these
mice
encounter
a self antigen
(also transgenically
expressed),
the integrated
Ig light chain is not deleted,
so it appears
that the specificity
does not change.
However,
when Ig
"knock-in"
mice are made, the rearranged
Ig gene is integrated
into its own
locus.
When
immature
B cells
encounter
their cognate
antigen,
the integrated
Ig light
chain is deleted
and a new light chain is expressed.
In

fact, "knock-in"
mice have revealed that this process of
receptor editing, and not deletion, is the major mechanism of central tolerance in B cells.
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Thymus

Periphery

Negative
selection:
deletion

Development
of regulatory
Tcells

immature and mature T cells interpret antigen receptor
signals differently. However, we do not know what these
signaling differences might be or how they determine
the outcome of antigen recognition. This process affects
both class I and class II MHC-restricted T cells and is
therefore important for tolerance in both CDW and CD4+
lymphocyte populations. Negative selection of thymocytes is responsible for the fact that the repertoire of
mature T cells that leave the thymus and populate
peripheral lymphoid tissues is unresponsive to the self
antigens that are present at high concentrations in the
thymus. The importance of negative selection in self-tolerance is illustrated by the autoimmune disorders that
develop when this process fails.
o The best-defined example of autoimmunity resulting
from a defect in negative selection in the thymus is the
autoimmune polyendocrine syndrome (APS). This
group of diseases is caused by mutations in the AlRE
gene, and is characterized by antibody- and lymphocyte-mediated injury to multiple endocrine organs,
including the parathyroids, adrenals, and pancreatic
islets. A mouse model of APS has been developed by
knockout of the AIRE gene. These mice develop T cell
infiltrates in and autoantibodies against multiple
endocrine organs. In normal mice, protein antigens
thought to be restricted to these organs are expressed
in thymic epithelial cells, and immature T cells specific for these antigens are deleted in the thymus. In
the AlRE-knockout mice, these antigens are not displayed in the thymus, and T cells specific for the
antigens escape deletion, mature, and enter the
periphery, where they attack the target tissues.
o A strain of mice with a mutation in the TCRassociated kinase, ZAP-70, develops arthritis and
other manifestations of autoimmunity. The reason
for this is that the mutation decreases TCR-induced
signaling in the thymus enough to interfere with
negative selection (but not with positive selection,
which requires weaker signals; see Chapter 8). Thus,

FIGURE
11-3 Central T cell tolerance.
Recognition of self antigens by immature T
cells in the thymus may lead to death of the
cells (negative selection, or deletion) or the
development of regulatory T cells that enter
peripheral tissues.

self-reactive T cells escape deletion
autoimmunity.

and cause

o In the non-obese diabetic (NOD) mouse strain, there
is autoimmune attack against multiple organs. These
mice appear to have a defect in negative selection (in
addition to many other defects in self-tolerance), but
the underlying mechanisms and the genetic basis of
this defect are not yet known.
Some self-reactive CD4" T cells that see self antigens
in the thymus are not deleted but instead differentiate
into regulatory T cells (see Fig. II-3) that leave the
thymus and inhibit responses against self tissues in the
periphery (discussed later). Interestingly, deficiency of
the AIRE protein, which interferes with deletion ofT cells
reactive with some antigens in the thymus, does not
appear to prevent the development of regulatory T cells
specific for the same self antigens. This observation suggests that the requirements for T cell deletion and regulatOlY T cell development in the thymus are different,
but what determines the choice between cell death and
development of regulatory T cells is not known.
Peripheral

T Cell Tolerance

Peripheral tolerance is the mechanism by which mature
T cells that recognize self antigens in peripheral tissues
become incapable of subsequently responding to these
antigens. Peripheral tolerance mechanisms are responsible for T cell tolerance to tissue-specific self antigens
that are not abundant in the thymus. The same mechanisms may induce unresponsiveness
to tolerogenic
forms of foreign antigens. Peripheral tolerance is due
to anergy, deletion, or suppression of T cells (see
Fig. 11-2), and each of these mechanisms has been
defined in several experimental models. We do not
know if tolerance to different self antigens is maintained by one or another mechanism or if all these
mechanisms function cooperatively to prevent dangerous autoimmunity.
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Anergy (Functional Unresponsiveness)
Induced by Recognition of Self Antigen
Exposure of CDif" T cells to an antigen in the absence of
costimulation or innate immunity may make the cells
incapable of responding to that antigen. We previously
introduced the concept that full activation of T cells
requires the recognition of antigen by the TCR (signall)
and recognition of costimulators, mainly B7-1 and B7-2,
by CD28 (signal 2) (see Chapter 9). Prolonged signal 1
(Le., antigen recognition) alone may lead to anergy. It is
likely that self antigens are displayed to specific T cells
in the absence of innate immunity and strong costimulation. Antigen-induced anergy has been demonstrated
in a variety of experimental models.
o The first experimental demonstration ofT cell anergy
came from in vitro studies with cloned lines of mouse
CD4+T cells. If these cells are exposed to peptideMHC complexes presented on synthetic lipid membranes, on APCs that lack costimulators like B7
molecules, or on APCs that are treated with chemicals
that destroy costimulators, the T cells remain viable
but are incapable of responding to the antigen even if
it is subsequently presented by competent APCs.Similarly, normal T cells exposed to anti-TCR antibodies
in the absence of APCs or costimulation become
refractory to subsequent activating stimuli. Anergy
can be prevented if activated APCs are added to the
cultures or if costimulatory receptors on the T cells,
such as CD28, are stimulated with antibodies. The
physiologic importance of this type ofT cell anergy is
uncertain because the phenomenon has mostly been
demonstrated in vitro.
o T cell anergy can be induced by administering foreign
antigens in ways that result in antigen recognition
without costimulation or inflammation. In one experimental model, small numbers of T cells from transgenic mice expressing a TCR specific for a known
antigen are transferred into normal mice, and the
recipients are exposed to the antigen in different
forms. If the antigen is administered subcutaneously
with adjuvants (the immunogenic form). antigenspecific T cells proliferate in the draining lymph
nodes, differentiate into effector cells, and migrate
toward lymphoid follicles, where T cell-B cell interactions occur. In contrast, if a large dose of the antigen
is administered in aqueous form, without adjuvants
(the tolerogenic form), the antigen-specific T cells
remain viable but with a greatly reduced ability to
proliferate, differentiate, or migrate toward follicles
(Fig. 11-4). It is believed that in this model, the
aqueous antigen induces anergy in the antigen-specific T cells, resulting in an inability of these cells to
proliferate and differentiate in response to the
antigen. These experiments also illustrate an important principle mentioned earlier in the chapter-that
the same antigen may be immunogenic or tolerogenic, depending on how it is administered.
o An antigen, such as a viral glycoprotein, may be
expressed in the tissues of a mouse as a transgene.

IMMUNOLOGICAL
TOLERANCE

This may be done by expressing the antigen under the
control of the insulin promoter, in which case it is
produced

mainly by pancreatic

islet

P cells.

In effect,

this viral protein becomes a tissue-specific self
antigen for the mouse. If the antigen-expressing
transgenic mouse is bred with another mouse that
expresses the antigen-specific TCR as a transgene,
large numbers of the specific T cells encounter the
self antigen. These T cells may become anergic and
lose their ability to respond to the viral antigen (Fig.
11-5). Presumably, the transgene-encoded
viral
protein is presented

by the

p cells

or by APCs in the

pancreatic islets or draining lymph nodes that do not
express adequate levels of costimulators needed to
elicit T cell responses, and recognition of the antigen
leads to T cell anergy. In the same experimental
model, coexpression of the viral antigen and 87 costimulators in islet cells results in the breakdown of
anergy and immune responses against the islets. This
result illustrates how aberrant expression of costimulators may trigger autoimmune reactions, a concept
we will return to in Chapter 18.
o A protein antigen can also be expressed as a systemic,
cell-associated or secreted, self antigen in a transgenic mouse. If T cells specific for this protein
encounter the antigen, the T cells lose their ability to
respond to that antigen. In some of these models,
unresponsiveness requires continuous exposure to
the self antigen, and the cells recover if they no longer
see that antigen.
Anergy results from biochemical or genetic alterations that reduce the ability of lymphocytes to respond
to self antigens (Fig. 11-6). The process of anergy is one
in which the responsiveness of self-reactive lymphocytes is "tuned" to prevent harmful self-reactivity.
Several biochemical alterations are believed to cooperate to maintain this unresponsive state.

. Anergic cells show a block in TCR-inducedsignal
transduction. The mechanisms of this signaling block
are not fully known. In different experimental models,
it is attributable
to decreased TCR expression
(perhaps because of increased degradation; see
below) and recruitment to the TCR complex of
inhibitory molecules such as tyrosine phophatases.

. Selfantigen recognitionmay activatecellularubiquitin ligases, which may ubiquitinate TCR-associated
proteins and target them for proteolytic degradation
in proteasomes or Iysosomes. The net result is loss
of these signaling molecules and defective T cell
activation.
o One ubiquitin ligase that is important in T cells is
called Cbl-b. Mice in which Cbl-b is knocked out
show "spontaneous" T cell proliferation and manifestations of autoimmunity, suggesting that this enzyme
is involved in maintaining T cell unresponsiveness to
self antigens.

o When T cells recognize self antigens, they may engage
inhibitory receptors of the CD28 family, whose func-
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FIGURE 11-4 Induction of T cell tolerance by an aqueous antigen. T cells from transgenic mice expressing an antigen receptor specific
for a peptide of ovalbumin are transferred into normal recipient mice. and the recipients are left untreated or are exposed to the peptide in
immunogenic form (with adjuvant) or in tolerogenic form (large dose of aqueous peptide without adjuvant). A. Lymph nodes of the recipient mice are stained with an antibody that recognizes the ovalbumin-specific T cells. Untreated (naive) mice contain few of these T cells. In
mice given tolerogenic antigen (tolerant), there is some expansion in the number of T cells. but the cells fail to enter the B cell-rich lymphoid follicles (F). In mice given immunogenic antigen (primed), there is greater expansion of T cells, and these cells do enter the follicles.
(From Pape KA,ER Kearney. A Khoruts. A Mondino. R Mevica. ZM Chen. E Ingulli.J White. JG Johnson. and MKJenkins. Use of adoptive
transfer of T-cell antigen-receptor-transgenic
T cells for the study of T-cell activation in vivo. Immunological Reviews 156:67-78. 1997. Copyright 1997 by Blackwell Publishing.) B. The T cells are recovered from the transfer recipients and stimulated with ovalbumin peptide in
culture. and their proliferative responses are measured by the incorporation of 3H-thymidine into DNA (expressed as counts per minute per
T cell). Naive T cells respond to antigen. cells from primed mice show an increased response. and cells from tolerant mice fail to respond,
an indication of anergy. (From Kearney ER, KA Pape. DY Loh, and MK Jenkins. Visualization of peptide-specific T cell immunity and peripheral tolerance induction in vivo. Immunity 1:327-339. 1994. Copyright 1994, with permission from Elsevier Science.)

tion is to terminate T cell responses. Although many
such inhibitory receptors have been described, the
two whose physiologic role in self-tolerance is best
established are CTLA-4 and PD-l (see Chapter 9).
CTLA-4 competes with CD28 for B7 costimulators,
and thus excludes CD28 from the site ofT cell recognition (the "immune synapse"); in addition, CTLA-4
delivers inhibitory signals that negate the signals triggered by the TCR.
o The importance of CTLA-4 in tolerance induction is
illustrated by the finding that knockout mice lacking
CTLA-4 develop uncontrolled lymphocyte activation
with massively enlarged lymph nodes and spleen and
fatal multiorgan lymphocytic infiltrates suggestive of
systemic autoimmunity. In other words, eliminating
this one control mechanism results in a severe T cellmediated disease.
o Blocking CTLA-4 with antibodies also enhances
autoimmune diseases in animal models, such as
encephalomyelitis induced by immunization with
myelin antigens and diabetes induced by injection of

T cells reactive with antigens in the

~ cells of pancre-

atic islets.
o In the antigen-induced model of anergy described
earlier (see Fig. 11--4),T cells lacking CTLA-4 do not
become unresponsive after exposure to aqueous
protein antigen.
These findings indicate that in normal animals,
CTLA-4 functions continuously to keep T cells in check.
We do not know the factors that determine why, under
some conditions, T cells use the activating receptor
CD28 to recognize B7 molecules and induce immune
responses and, at other times, recognize the same B7
molecules with the inhibitory receptor CTLA-4 to induce
tolerance. It is possible that APCs that express low levels
of B7 normally engage CTLA-4 preferentially because
CTLA-4 binds to B7 molecules with higher affinity than
does CD28.
Another inhibitory receptor of the CD28 family is
PD-I (so called because it was originally thought to
be involved in programmed cell death, but now known
to not have a role in T cell deletion). PD-I recognizes
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Transgenic
mouse
expressing
a
TCR specific
for
a viral glycoprotein

Interbreeding
of
transgenic mice

FIGURE
11-5 T cell tolerance
induced bV a self antigen in a transgenic mouse model. Two sets of transgenic mice are created, one that
expresses a TCR specific for a viral glycoprotein antigen and another that
expresses the antigen in the P cells of
pancreatic islets. When these two mice
are interbred, in the F, offspring the T
cells encounter this islet self antigen but
do not attack the antigen-expressing
islet cells. If the T cells are recovered
and challenged with the viral antigen,
the cells fail to respond, indicating that
the cells became anergic in vivo. In
some similar experiments, the T cells fail
to respond in vivo but remain functionally responsive, indicating that they have
ignored the presence of the self antigen.
Although the T cells are shown recognizing the antigen directly on islet Pcells,
it is possible that the antigen is recognized on dendritic cells in the islets or in
draining lymph nodes.
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F1 mouse containing
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Virus-specific
T cells
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on islet ~ cells or in
draining
lymph nodes

Pancreatic

islet

Viral
antigen specific
T lymphocytes

Stimulation of
recovered virus-specific
T cells with viral
antigen

ex vivo

two Iigands that are expressed on APCs and many other
cells, and this recognition leads to inactivation of the
T cells.
o Mice in which PD-I is knocked out develop autoimmune diseases, including lupus-like kidney disease,
arthritis, and autoimmune cardiomyopathy in different strains of mice.
Dendritic cells that are resident in lymphoid organs
and nonlympllOid tissues may present self antigens to T
lymphocytes and maintain tolerance. Tissue dendritic
cells are normally in a resting (immature) state and
express few or no co stimulators. Such APCs may be
constantly presenting self antigens without activating
signals, and T cells that recognize these antigens become
anergic. Thus, dendritic cells that are activated by
microbes are the principal APCs for initiating T cell

T cells do not
respond to antigen
stimulation: anergy

responses (Chapter 6), whereas resting dendritic cells
may be tolerogenic. As we shall discuss in Chapter 18,
local infections and inflammation may activate resident
APCs, leading to increased expression of costimulators,
breakdown of tolerance, and autoimmune reactions
against the tissue antigens.
o In one experimental model, a protein antigen is targeted to resting dendritic cells by coupling the
antigen to a dendritic cell-specific antibody. The
antigen is captured and presented by resting dendritic cells, and T cells that recognize the antigen
become anergic. If, however, the dendritic cells are
activated (e.g., by engaging Toll-like receptors or by
ligating CD40), T cells that recognize the presented
antigen respond as they would in a normal immune
response to a microbe.
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Engagement of
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The characteristics of dendritic cells that make them
tolerogenic are not defined. There is great interest in
manipulating the properties of dendritic cells as a way
of enhancing or inhibiting immune responses for therapeutic purposes.
Suppression
by Regulatory

of Self-Reactive
T Cells

Lymphocytes

Regulatory
T lymphocytes
are a subset
whose function
is to suppress immune

of CDif' T cells
responses and
maintain self-tolerance (Fig. 11-7). The majority of
these CD4+ regulatoryT lymphocytes express high levels
of the interleukin-2
(lL-2) receptor a chain (CD25) but
not other markers of activation. Regulatory T cells are
generated mainly by self antigen recognition in the
thymus, but they also develop in peripheral lymphoid
organs. The generation and survival of regulatory T cells
are dependent on the cytokines TGF-~ and IL-2, and costimulation
by the 87: CD28 pathway. Exactly what these
signals do in the development
of regulatory T cells is
unclear. It is also not known what stimuli determine
if a T cell will become an effector or memory cell or a
regulatory
cell. A transcription
factor called FoxP3, a
member of the forkhead family of transcription
factors, is critical for the development and function of

FIGURE 11-6 Mechanisms
ofT
cell anergy. T cell responses are
induced when the cells recognize
an antigen presented
by a professional
antigen-presenting
cell
(APC) and activating receptors on
the T cells (such as CD28) recognize costimulators
on the APCs
(such as B7). If the T cell recognizes a self antigen without
costimulation,
the T cell becomes
unresponsive
to the
antigen
because of a block in signaling
from the TCR complex, or engagement of inhibitory receptors (such
as CTLA-4). The signaling block
may be the result of recruitment
of phosphatases
to the TCR
complex, or the activation of ubiquitin Iigases that degrade signaling
proteins. Regardless of the mechanism, the T cell remains viable
but is unable to respond to the
self antigen.

the majority of regulatory T cells.The importance of regulatory cells in maintaining self-tolerance is illustrated
by many observations in experimental animals and in
humans.

o

If CD4+ T cells

from

a normal

mouse

are depleted

ofCD25+ cells and transferred into a lymphocyte-deficient syngeneic mouse, the recipient develops multiorgan autoimmune
disease involving the thyroid,
colon, stomach, and other organs. If CD4+ CD25+ T
cells from the normal mouse are transferred together
with the CD25- cells, the induction of the disease is
prevented. The interpretation
of this experiment is
that in the normal mouse, there are T cells capable of
reacting to self antigens, and they are kept in check by

regulatory cells that have developed in response
recognition of the same self antigens. When
CD25- T cells are transferred into a recipient that
no other lymphocytes, they cannot be controlled,
this leads to autoimmunity. Cotransfer of CD25+
ulatory T cells prevents autoimmunity.

to

the
has
and
reg-

o Mice with mutations in the FOXP3 gene, or mice in
which this gene is knocked out, develop a multisystem autoimmune disease associated with an absence
of CD25+ regulatory T cells. A rare autoimmune
disease in humans called IPEX (immune dysregula-
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FIGURE 11-7 T cell-mediated
suppression.
Regulatory
T cells
are generated
by self antigen
recognition
in the thymus (sometimes called "natural"
regulatory
cells), and (probably to a lesser
extent) by antigen recognition
in
peripheral lymphoid organs (called
"adaptive"
regulatory
cells). The
development
and survival of these
regulatory T cells require IL-2 and
the transcription
factor FoxP3. In
peripheral
tissues.
regulatory
T
cells suppress the activation
and
effector
functions
of other, selfreactive and potentially pathogenic
lymphocytes.

IL-2

I

~'
of self antigen
in peripheral
tissues

W

)

Tcell

tion, polyendocrinopathy,
enteropathy, X-linked
syndrome) is also associated with deficiency of
regulatory T cells and is now known to be caused by
mutations in the FOXP3 gene.
o Mice in which the gene for IL-2 or for the a or ~chains
of the IL-2 receptor are knocked out develop autoimmunity, manifested by inflammatory bowel disease,
autoimmune
hemolytic anemia, and multiple
autoantibodies (including anti-erythrocyte and antiDNA). These mice lack CD25+regulatory T cells, and
their disease can be corrected by injecting into the IL2R knockouts normal CD25+CD4+T lymphocytes.
Regulatory T cells recognize self antigens, and are
generated by recognition of self antigens, but the range
of their receptor specificity and diversity in normal individuals is not defined. One mechanism by which these
cells control immune responses is by secreting immunosuppressive cytokines such as IL-lO, which inhibits the
function of macrophages and dendritic cells. In many
experimental models, the function of regulatory T cells
also appears to depend on the cytokine transforming
growth factor-~ (TGF-~), which inhibits the responses of
lymphocytes and macrophages. Therefore, T cells that
secrete these inhibitory cytokines may block the
activation and effector functions of other T cells. Other
mechanisms of inhibition have been suggested; some
in vitro experiments indicate that regulatory T cells
work by directly contacting APCs or responding T lymphocytes, but how they suppress is unclear. Although
we have emphasized CD4+ CD25+ FoxP3-expressing

regulatory T cells, many other populations have been
described that are able to suppress immune responses,
but the significance of these populations is not as well
established. Many attempts are being made to identify
defects in the development or function of regulatory T
cells in autoimmune diseases, such as type I diabetes
and multiple sclerosis, in humans. We still do not know
if such defects will prove to be important factors in the
pathogenesis of the autoimmune diseases. There is
enormous potential for generating regulatory cells and
using them to control abnormal immune responses, and
many attempts are ongoing to develop such therapeutic
strategies.
Deletion

of T Cells by Apoptotic

Cell Death

T lymphocytes that recognize self antigens without
inflammation
or that are repeatedly stimulated by
antigens die by apoptosis (Fig. 11-8). Cell death that
occurs as a consequence of antigen recognition has
been called activation-induced
cell death. Apoptotic
death may be induced by two biochemical pathways
(Box 11-2).

.

T cells that recognize self antigens without costimulation or an accompanying innate immune response
may activate a pro-apoptotic protein called Rim,
resulting in apoptosis by the mitochondrial pathway.
In normal lymphocyte responses, signals from the
TCR, costimulators, and growth factors stimulate the
expression of anti-apoptotic proteins of the BcI-2
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family (Bel-2, Bel-x). and these proteins promote cell
survival and subsequent proliferation. Bim is a proapoptotic member of the Bel-2 family (see Box 11-2).
Bim may be activated by self antigen recognition in
the absence of costimulation and growth factors. and
it in turn activates effector proteins that trigger death
by the mitochondrial pathway. In the absence of
strong T cell activation. growth factors such as IL-2
are not produced. and the effects of activated Bim are
not counteracted
by the anti-apoptotic
members
of the family (such as Bel-2 or Bel-x). The Bimdependent mitochondrial pathway of apoptosis has
been implicated in many situations. not just the elimination of self-reactive lymphocytes. Its role in selftolerance has been demonstrated experimentally.
o If T cells specific for a protein are injected into mice
expressing this protein in islet ~cells or in the circulation. the T cells recognize the "self" antigen and die.
Him-deficient T cells do not die under the same
conditions.
.

Repeated stimulation of T cells results in the coexpression of death receptors and their ligands, and
engagement of the death receptors triggers apoptotic
death. In C04+ T cells. the relevant death receptor is
called Fas (C09S) and its ligand is Fas ligand (FasL).
Fas is a member of the tumor necrosis factor (TNF)
receptor family, and FasL is homologous to the
cytokine TNE When T cells are repeatedly activated.
FasL is expressed on the cell surface, and it binds to
surface Fas on the same or adjacent T cells. This activates a cascade of intracellular cysteine proteases.
called caspases, which ultimately cause the apoptotic

.

Nalve

Immune response:
expression of
anti-apoptotic
(survival) proteins

o If C04+ T cells that have been recently activated in
vitro with antigen or polyclonal activators are restimulated with the same activators. the T cells undergo
apoptosis. Fas- or FasL-deficient T cells are resistant
to death under these conditions.
o If mice expressing a transgenic TCR on most of their
T cells are injected with high doses of the antigen that
is recognized by that TCR, again the T cells are first
activated and then undergo apoptosis. and death is
dependent on the presence of Fas.
Mice with defects in the expression of Fas or
mutations in FasL, and children with Fas mutations,
develop autoimmune diseases with some similarity
to systemic lupus erythematosus
(see Chapter 18).
The same pathway of apoptosis is involved in the
elimination of self-reactive B lymphocytes (discussed
later). It is not established if the autoimmune disease
associated with defects in the Fas pathway is due to
defective elimination of self-reactive helper T cells or B
cells or both.

Peripheral

IIL-~I

.:

-.

Tolerance in CDB+ T Lymphocytes

Most of our knowledge of peripheral T cell tolerance is
limited to C04+ T cells. and much less is known about
the mechanisms of tolerance in mature C08+ T cells. It

Anti-apoptotic

,

T cell

o'

death of the cells. Much of the evidence for the role of
the Fas pathway in activation-induced cell death has
come from in vitro studies and experiments with
transgenic mice.
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panel).

death of peripheral T lymphocytes. In response
to immunogenic
antigens
and growth
factors,
lymproteins
that promote
their survival
and allow immune
responses
to develop
(top panel). Self antigens
may
of pro-apoptotic
proteins
(middle panel), or by coexpression
of Fas and FasL and engagement
of Fas (lower
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Apoptosis
is a form of death in which a
a suicide
program
and characteristic
alterations
are observed
in dying and dead cells.
These changes include chromatin condensation,
nucleolar disruption,
cytoplasmic
contraction,
and membrane blebbing. This type of cell death is typically
accompanied
by the cleavage of DNA into a "ladder" of
oligonucleosome
length
fragments.
Apoptotic
cells
are systematically
dismantled
into "bite-size"
packages,
called apoptotic bodies, that are recognized and disposed
of by tissue macrophages
without the concomitant
activation of the innate immune system. This form of death
is not associated with inflammation,
and is also referred
to as "programmed
cell death"
or "physiologic
cell
death. "
Apoptosis
may be initiated in a variety of circumstances, including, but not limited to, the induction of
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DNA damage by radiation or chemical toxins, the activation of a stress response,
the withdrawal
of growth
factors, and the triggering of specific signaling receptors.
This type of cell death is of critical importance
in the
development
of every multicellular
organism.
In the
immune system, as will be discussed below, apoptosis is
an essential process during the development
of lymphocytes, in the shaping of the immune repertoire, in the regulation of immune responses,
and in the elimination
of
infected cells.
There are two major pathways that lead to apoptosis,
both of which culminate in a common death program (see
Figure). The "mitochondrial"
or "intrinsic"
pathway
involves the induction of specialized proteins that induce
mitochondrial
leakiness, leading to the release of deathinducing proteins that are normally sequestered
within
In the "death receptor"
or "extrinsic"
I mitochondria.
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family results in activation of the common

death pathway.
THE INDUCTION
OF APOPTOSIS
DEPENDS ON THE
ACTIVATION
OF CASPASES. The induction of death is
generally linked to the activation of a set of proteolytic
enzymes that are called caspases (cysteine proteases
that cleave proteins
immediately
after aspartic
acid
residues). The first such enzyme to be identified was the
Caenorhabditis
elegans cell death protein, Ced-3. Caspases exist as latent pro-enzymes
that are activated in a
cascade-like
fashion following
cleavage of a pro-piece
that ends in an aspartyl residue. All caspases contain a
QACRG motif in which the cysteine residue is a part of
the active site. Signals from the mitochondrial
pathway
and the death receptor pathway activate "initiator"
caspases, which cleave and activate" executioner"
caspases
of the common death pathway. Executioner
caspases in
turn cleave specific substrates and thus contribute to the
dismantling
and packaging of the dying cell. The caspase
that has been best characterized
in the context of the
common death pathway is caspase-3.
A number of substrates of caspase-3 have been identified. A particularly interesting
substrate is the caspaseactivated DNase (CAD). CAD is a latent nuclease that can
cleave chromosomal
DNA into nucleosome-sized
fragments but is held in check by an inhibitor called ICAD (for
inhibitor of CAD). The nuclease activity of CAD is released
by caspase-3-mediated
cleavage of two specific aspartyl
residues in ICAD. Activated
CAD is responsible
in part
for the fragmentation
of DNA that is characteristic
of
apoptosis.
THE MITOCHONDRIAL
PATHWAY
OF APOPTOSIS
AND PROTEINS OF THE Bcl-2 FAMILY. The major mechanism of apoptosis in all metazoan cells involves the regulation of mitochondrial
integrity by members of the BcI-2
family of proteins. BcI-2 was initially identified during the
molecular characterization
of a chromosomal
translocation in follicular lymphoma that brings the Ig heavy chain
locus on chromosome
14 in apposition
with the BcI-2
gene on chromosome
18. Bcl-2 represents the vertebrate
homologue of Ced-9, a C. elegans gene that inhibits apoptosis in nematodes.
Like Ced-9, BcI-2 is an inhibitor of the
mitochondrial
pathway of apoptosis.
BcI-2 family proteins can be divided into three groups.

Multidomain

anti-apoptotic

proteins

such as BcI-2 and

BcI-XL typically contain four BcI-2 homology (BH) domains
and reside in the outer mitochondrial
membrane
where
they contribute
to mitochondrial
stability. Multidomain
pro-apoptotic
proteins, such as Bax and Bak, resemble
BcI-2 in having multiple domains,
but these proteins,
when activated,
can disrupt the integrity of the outer
mitochondrial
membrane.
Single-domain
BH3-only proteins, which function
as sensors
bind to a range of pro-apoptotic

of various stresses,
can
proteins
such as Bak and

Bax and to anti-apoptotic
proteins such as Bcl-2, and regulate their functions.
A number of different
stimuli induce and activate
distinct BH3-only proteins by transcriptional
and post-

.

-....

transcriptional
means. DNA damage contributes
to the
p53-mediated
transcriptional
induction of genes encoding
BH3-only proteins called Puma and Noxa. B cell receptor
and TCR signals in developing
Band T cells activate a
BH3-only protein called Bim by several mechanisms,
including increased synthesis and posttranslational
modification by phosphorylation.
Depriving T and B cells of
necessary growth and survival factors also activates Bim.
Activation of caspase-8 by death receptors, as discussed
below, can induce the activation
of a latent BH3-only
protein called Bid by proteolytic
processing.
Generation of the active forms of BH3-only proteins
may set in train a series of events that leads to mitochondrial leakiness,
resulting in the release from this
organelle of apoptosis-inducing
proteins that inexorably
drive a cell down the common death pathway. The BH3only proteins contribute
to the disruption
of mitochondrial integrity in two major ways. They may bind to the
pro-apoptotic
Bak and Bax proteins in the cytoplasm,
cause them to change conformation,
oligomerize,
translocate to the outer mitochondrial
membrane, and generate
an increase in mitochondrial
permeability.
They may also
bind to and inhibit anti-apoptotic
proteins such as BcI-2 or
BcI-XL in the mitochondrial
outer membrane,
preventing
the latter from interacting with and antagonizing
Bak or
Bax.
The loss of mitochondrial
membrane
integrity results
in the release of key mitochondrial
inducers of apoptosis,
including cytochrome
c, Smac/Diablo,
and Omi/HtrA2
(discussed
below). Cytochrome
c released from mitochondria binds to a protein called apoptosis-activating
I
factor-l (Apaf-l). which is the vertebrate
homologue
of
Ced-4, a key regulator of apoptosis in C. elegans. The
Apaf-l-cytochrome
c complex, also known as the apoptosome, binds to and activates procaspase-9,
a key initiator caspase in the mitochondrial
pathway. Caspase-9 in
I turn activates the common death pathway.
Other released mitochondrial
proteins contribute
to
caspase activation in a less direct manner. Activated caspases in the cytosol associate with and are held in check
by a family of inhibitors, known as lAPs (for inhibitors of
apoptosis).
Two mitochondrial
proteins released during
apoptosis,
Smac/Diablo
and Omi/HtrA2,
bind to and
antagonize the activity of the lAPs and thereby promote
caspase activity and the induction of apoptosis. A number
of other mitochondrial
proteins, not discussed here, may
also contribute to the apoptotic process without directly
influencing caspase activation.

I

THE DEATH RECEPTOR
PATHWAY OF APOPTOSIS.
Several trimeric cell surface receptors of the TNF receptor family can induce apoptosis when they bind to their
physiologic
ligands. These receptors
are generically
referred to as death receptors.
The prototypic
death
receptor is Fas. FasL induced in activated CD4+ T cells
may interact with Fas on the same or neighboring
cells and contribute to the contraction
of some helper T
cell responses
and the maintenance
of self-tolerance.
FasL on activated
helper T cells also interacts
with
Fas on B cells to mediate the elimination of anergic selfreactive B cells.
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The intracellular
portion of Fas contains a proteinprotein interaction
domain known as a death domain. A
death domain-containing
adapter protein called FADD
{Fas-associated
death domain} links Fas to another initiator caspase,
procaspase-8,
on the inner face of the
plasma membrane.
Ligation of Fas by FasL leads to the
activation of caspase-8 and consequently
the induction of
apoptosis.
Although death receptor pathways can induce apoptosis without
requiring
mitochondrial
changes,
death
receptor signaling is amplified
in some cell types by a
positive
feedback
mechanism
involving
mitochondria.
In these cells, caspase-8 cleaves and activates a proapoptotic BH3-only protein called Bid, which contributes
to the mitochondrial
pathway via Bak and Bax, as discussed above.
THE ROLE OF APOPTOSIS
IN THE IMMUNE SYSTEM.
Apoptotic
death is initiated at many steps during lymphoid development
and immune
activation.
Both proapoptotic
and anti-apoptotic
mechanisms
are crucial
during the development
and activation of immune cells,
and many of the molecules that regulate these processes
are exquisitely
regulated.
Early in T cell development.
the IL-7 receptor provides
survival signals by transiently increasing the levels of BcI2. Apoptosis
is the fate of pro-B and pro-T cells that fail
to express functional antigen receptors, in part because
BcI-2 levels drop just before these pre-B receptor and preT receptor checkpoints.
Deletion of immature
lymphocytes by high-avidity self antigen recognition
in both the
thymus and the bone marrow results at least in part from
the induction of Bim, a pro-apoptotic
BH3-only protein.
Positive selection
by lower-avidity
self antigens in the
- --

---

- --

-

-

---

is possible that if CDW T cells recognize class I MHCassociated
peptides
without
co stimulation,
innate
immunity, or T cell help, the CD8+ cells become anergic.
In this situation, the CD8+ T cells would encounter signal
1 (antigen) without second signals, and the mechanism
of anergy would be essentially the same as for helper T
lymphocytes. The role of CTLA-4 and other inhibitory
receptors in inducing anergy in CD8+T cells is not established. CD25+ regulatory T cells can directly inhibit the
activation of CD8+ T cells. CD8+T cells that are exposed
to high concentrations of self antigens may also undergo
apoptotic cell death; this process may result from Bim
activation (as mentioned above) and does not appear to
involve the Fas death receptor.
Factors That Determine
Self Antigens

the Tolerogenicity

of

Studies with a variety of experimental models have
shown that many features of protein antigens determine

TOLERANCE

thymus depends on TCR-induced survival signals, and
lymphocytes that fail to be positively selected are eliminated by apoptosis. The molecular mechanisms that contribute to survival during the positive selection of T cells
are unclear, but antigen receptor signaling can activate
many pathways and molecules that protect cells from
apoptosis, including nuclear factor KB,which stimulates
expression of several anti-apoptotic proteins.
Following immune activation, the contraction phase of
immune responses involves the apoptotic loss of numerous activated lymphocytes. Much of this loss is attributed
to decreased expression of BcI-2and BcI-x,and possibly
activation of Bim, because of deprivation of growth
factor-induced survival signals. It is unclear if Fasmediated activation-induced cell death contributes to the
contraction of immune responses. The majority of activated B cells in germinal centers are also eliminated by
apoptosis, primarily because these cells fail to be positively selected by antigen.
Cytotoxic CD8+T lymphocytes and natural killer cells
synthesize perforin and granzymes, molecules that are
designed to assist in the execution of target cells byapoptosis. Granzyme B is a serine protease that, like caspases,
cleaves proteins after aspartyl residues, and can directly
activate the caspase cascade.
Finally,survival signals contribute to the generation of
memory lymphocytes, the hallmark of which is the prolonged survival of previously activated cells without continuing stimulation. The induction of anti-apoptotic BcI-2
family proteins, the induced degradation of pro-apoptotic
Bcl-2 family proteins, and the expression of caspase
inhibitors such as the lAP proteins are some of the mechanisms by which apoptosis may be held at bay in cells
that acquire a memory phenotype.

-
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-
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whether these antigens will induce T cell activation
or tolerance (Table 11-1). Self antigens have special
properties that make them tolerogenic. Some self
antigens are present at high concentrations in the generative lymphoid organs, and these antigens may induce
negative selection or the development of regulatory T
cells. In the periphery, self antigens are normally displayed to the immune system without inflammation or
innate immunity. Under these conditions. APCs express
few or no costimulators, and antigen recognition may
either elicit no response (ignorance) or induce anergy or
cell death. Because self antigens cannot be eliminated,
they are capable of chronically engaging the antigen
receptors of specific T lymphocytes, and chronic stimulation without activating signals may induce anergy or
activation-induced cell death. or promote the development of regulatory T cells. These concepts are based
largely on experimental models in which antigens are
administered to mice or are expressed as transgenes in
mice. One of the continuing challenges in this field is to
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Table 11-1.

ACTIVATION,

Factors

That

ANO REGULATION

Determine

the Immunogenicity

of Protein

Factors that favor stimulation
of immune
responses

Factors that
favor tolerance

Amount

Optimal doses vary for

High doses

immune

Portal

of entry;

location

Presence

of adjuvants

Properties
presenting

of antigencells

define the

mechanisms
self antigens

B LVMPHOCVTE

Prolonged

response)
Intravenous,
in generative

Antigens
stimulate

Antigens without
nonimmunogenic

with adjuvants:
helper T cells

High levels of costimulators

various
normally
tolerance.
especially
in

TOLERANCE

Tolerance
in B lymphocytes
is necessary for maintaining
unresponsiveness
to thymus-independent
self antigens,
such as polysaccharides
and lipids. B cell tolerance
also
plays a role in preventing
antibody
responses to protein
antigens.
Experimental
studies have led to the concept
that during B cell maturation
and activation,
there are
multiple
mechanisms
by which encounter with self antigens may abort these processes (Fig. 11-9).

Tolerance

oral; presenc e
organs

Subcutaneous,
intradermal;
absence from generative organs

by which
induce

Antigens

antigens

Short lived (eliminated by

Persistence

Central

and Tolerogenicity

Factor

different

expressed
humans.

OF LYMPHOCYTES

in B Cells

Immature B lymphocytes that recognize self antigens in
the bone marrow with high affinity either change their
specificity or are deleted. If immature B cells recognize
self antigens that are present at high concentration in
the bone marrow and especially if the antigen is displayed in multivalent form (e.g., on cell surfaces), the
B cells reactivate their RAGl and RAG2 genes and
express a new immunoglobulin
(lg) light chain, thus
acquiring a new specificity. This process is called receptor editing (see Chapter 8) and is an important mechanism for eliminating self-reactivity from the mature B
cell repertoire. If editing fails to eliminate autoreactivity,
the immature B cells may be deleted (Le., they die by
apoptosis). Weaker recognition of self antigens may lead
to functional inactivation (anergy) rather than cell
death.
o The mechanisms of self-tolerance in B lymphocytes
have been examined mainly in experimental models
using transgenic mice. In one such model (Fig.
11-10), one set of mice is created in which an Ig receptor specific for a model protein antigen, hen egg

adjuvants
or tolero genic

Low levels of costimulators
and cytokines

lysozyme(HEL).is expressed as a transgene. Most of
the B cells in these transgenic mice are HELspecific
and can be stimulated to produce anti-HEL antibody.
The antigen HEL is expressed in another set of transgenic mice; because this protein is present throughout development, in effect it is a self antigen (like the
viral protein expressed in pancreatic islets. referred to
earlier). The antigen can be expressed as a multivalent membrane protein, in which case it is recognized
with high avidity, or as a secreted protein, in which
case it is present at low valency and is recognized with
low avidity. If the Ig transgenic mice and the HEL
transgenic mice are mated, in the FI offspring, immature B cells specific for HEL are exposed to HEL.
Immature B cellsthat encounter the multivalent form
of this self antigen are killed and do not attain maturity. B cells that recognize the soluble antigen with
lower avidity do mature and exit the bone marrow,
but they decrease their expression of antigen receptors and are unable to respond to the self antigen. In
these Ig transgenics, it is difficult to assess receptor editing because the transgenic Ig is randomly
integrated in the genome and is not eliminated.
However, if the transgenic Ig is "knocked-in" to the
normal Ig locus, antigen recognition leads to deletion of the Ig light chain and expression of a new
light chain. In fact, such knock-in mice have
revealed that receptor editing is the major mechanism of tolerance in developing B cells.
o In another transgenic system, if the genes encoding
an Ig specific for a class I MHC allele are introduced
into mice expressingthat allele, B cells expressingthe
transgenic Ig fail to mature and exit the marrow. Many
of the immature B cells die, but as many as 25%
undergo receptor editing and express a new Ig light
chain, and lose their reactivity with the MHC antigen.
The class I MHC molecule is an example of a membrane-bound self antigen that is displayed on cell surfaces in a multivalent form able to cross-link B cell Ig
molecules.
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FIGURE 11-9 Central and peripheral tolerance in B cells. Immature
tosis or change the specificity of their antigen
anergic, are excluded from lymphoid follicles,

Peripheral

receptors (receptor
or die by apoptosis.

B cells that encounter self antigens in the bone marrow die by apopediting). B cells that encounter self antigens in peripheral tissues become

B Cell Tolerance

Mature B lymphocytes
that recognize self antigens in
peripheral tissues in the absence of specific helper T cells
may be rendered functionally
unresponsive
or die by
apoptosis (see Fig. 11-9). The biochemical
mechanisms
of B cell anergy are probably
similar to the process of
"tuning"
that we mentioned
earlier in our discussion
of
T cell anergy. Encounter
with self antigens reduces B cell
survival
and promotes
death
by the mitochondrial
pathway.
B cells that encounter
self antigens
in the
periphery
are less able to migrate into lymphoid
follicles
than are normal, naive B cells. A likely mechanism
of follicular
exclusion
is that chronic
antigen
recognition
leads to reduced expression
of the chemokine
receptor
(CXCR5) that normally
brings naive B lymphocytes
into
the follicles. Cells that are excluded
from follicles do not
receive necessary
survival
signals and die. If anergic B
cells do encounter
any antigen-specific
helper T cells,
the B cells may be killed by FasL on the T cells engaging
Fas on the B cells. This mechanism
of elimination
of selfreactive B lymphocytes
fails in mice and humans
with
mutations
in Fas or FasL, and such a failure may contribute to autoantibody
production.
o Many of these mechanisms
of peripheral
B cell
tolerance have been analyzed in the HEL transgenic
system mentioned
before. In such experimental
systems, HEL-specific
B cells can be transferred
into
mice expressing
the soluble
form of HEL in the
periphery
in the absence ofT cell help. The principal
fate of these self-recognizing
B cells is functional

anergy, resulting in an inability to respond to antigen.
The anergic B cells appear incapable
of activating
receptor-associated
tyrosine kinases or maintaining
sustained increases in intracellular
calcium on exposure to the antigen. The B cells also show increased
levels of the pro-apoptotic
protein Bim and increased
dependence
on survival factors such as BAFF (see
Chapter 10). As a result, the B cells that have encountered self antigen cannot compete
effectively
with
other lymphocytes
and die since they do not get adequate survival signals.

Many other mechanisms of B cell tolerance have been
demonstrated in experimental models. The inhibitory
Fey receptor, FcyRII, the phosphatase-associated
ITIMcontaining protein CD22, and some tyrosine kinases
(e.g. Lyn) all playa role in B cell self-tolerance. This is
deduced from the observation that knockout of genes
encoding any of these proteins results in autoantibody
production.
How these pathways are engaged by
encounter with self antigens is not known.
It is suspected that many diseases caused by autoantibodies are due to a failure of B cell tolerance, but
little is known about which pathway of tolerance fails
or why in any of these disorders. Normal individuals do
not produce pathogenic, high-affinity autoantibodies
against self protein antigens, and this may be due to
deletion or tolerance of helper T lymphocytes even if
functional B cells are present. In these cases, defects in
the maintenance
of T cell tolerance may result in
autoantibody production.

259

260

Section III-

MATURATION, ACTIVATION, AND REGULATION OF LYMPHOCYTES

Transgenic
mouse
expressing
HEL-specific
Ig on B cells

Transgenic
expressing

mouse
HEL

The mechanisms of tolerance in T and B lymphocytes
are similar in many respects, but there are also important differences (Table 11-2). Much has been learned
from the use of animal models, especially transgenic
mice. Application of this knowledge to understanding
the mechanisms of tolerance to different self antigens in
normal individuals, and to defining why tolerance fails,
giving rise to autoimmune diseases, is an area of active
investigation.

Interbreeding
of
transgenic
mice
TOLERANCE INDUCED BY FOREIGN
F1 mouse containing
HEL-specific
B cells
and HEL as
self antigen

+
Immature
HELspecific B cells
encounter
membranebound or
soluble HEL
in bone marrow

High-avidity
antigen recognition

HEL-specific
B IYmPh

immature

~
~
OC:.-

-

l J

-'~

Low-avidity
antigen recognition

Reduced
antigen receptor
expression
and anergy

PROTEIN ANTIGENS
Foreign antigens may be administered in ways that
preferentially induce tolerance rather than immune
responses. In general, protein antigens administered
subcutaneously or intradermally with adjuvants favor
immunity, whereas high doses of antigens administered
systemically without adjuvants tend to induce tolerance
(see Fig. 11-4). The likely reason for this is that adjuvants
stimulate innate immune responses and the expression
of co stimulators on APCs, and in the absence of these
second signals, T cells that recognize the antigen may
become anergic or die. Tolerogenic antigens may also
activate regulatoryT cells, but the signals that lead to the
development of regulatory T lymphocytes in response to
such antigens are not yet defined. Many other features
of antigens, and how they are administered, may influence the balance between immunity and tolerance (see
Table 11-1).
The oral administration of a protein antigen often
leads to suppression of systemic humoral and cellmediated immune responses to immunization with the
same antigen. This phenomenon is called oral tolerance.
It has been postulated that the physiologic importance of
oral tolerance may be as a mechanism for preventing
immune responses to food antigens and to bacteria that
normally reside as commensals in the intestinal lumen
and are needed for digestion and absorption. Different
doses of orally administered antigens may induce anergy
in antigen-specific T cells or may induce suppressor cells
that produce cytokines, such as TGF-~, that inhibit
immune responses. It is unclear why oral administration
of some antigens, such as soluble proteins in large doses,
induces systemic T cell tolerance, whereas oral immunization with other antigens, such as attenuated polio
virus vaccines, induces protective T cell-dependent antibody responses and long-lived memory.
HOMEOSTASIS IN THE IMMUNE SYSTEM:

FIGURE 11-10 B cell tolerance in a transgenic mouse model. A
transgenic mouse expressing an Ig specific for the antigen HEL is
bred with another transgenic
mouse that produces HEL as a self
antigen. In the "double-transgenic"
F, mouse, most B cells express
HEL-specific
receptors that recognize the self HEL. When immature
B cells recognize the antigen in the bone marrow, the B cells may
change their receptors, be deleted by apoptosis, or leave the bone
marrow with greatly reduced levels of receptor expression.
Receptor editing is seen only if the Ig transgene is expressed in the normal
Ig locus in the genome.

TERMINATION OF NORMAL
IMMUNE RESPONSES

So far in this chapter, we have mainly discussed how
the immune system becomes unresponsive to self antigens. Lymphocyte death and inactivation are also important for maintaining a steady number of these cells
throughout the life of an individual, despite the constant
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Table 11-2. Self-Tolerance

Feature

in T and B Lymphocytes

T lymphocytes

B lymphocytes

I

I

Principal

sites

tolerance

of

I

Thymus

(cortex);

periphery

Bone

marrow;

periphery

induction

Tolerance-sensitive
stage of maturation

Stimuli

TOLERANCE

for tolerance

induction

Principal
mechanisms
of tolerance

CD4+CD8+

(double

positive)

Immature

Central: high-avidity
antigen
in thymus

recognition

Central
tolerance:
deletion
(apoptosis);
development
regulatory
T cells

Peripheral
apoptosis,

APCs,

B lymphocyte

Central:
recognition
of multivalent
antigen
in bone marrow
............................................h
----------------------- ---- ....._--...............-........................................ --.----....
Peripheral:
antigen
presentation
by
Peripheral:
antigen
recognition
APCs lacking
costimulators;
without
T cell help or second
signals
repeated
stimulation
by self antigen

of

...........................................................................

Abbreviations:

(lgM+lgD-)

thymocyte

antigen-presenting

tolerance:
suppression

anergy,

of

Central
tolerance:
deletion
(apoptosis);
receptor
editing
.............................................................................

Peripheral
tolerance:
block in signal
transduction
(anergy);
failure to
enter lymphoid
follicles;
apoptosis

cells.

production of new lymphocytes in the generative lymphoid organs and the tremendous clonal expansion that
may occur during responses to potent immunogenic
antigens. The maintenance of constant numbers of cells
is called homeostasis.
In the following section, we
discuss the known mechanisms that function to maintain homeostasis after lymphocyte activation.
Immune responses to foreign antigens are selflimited and wane as the antigens are eliminated,
returning the immune system to its basal resting state.
In previous chapters. we discussed the expansion of T
and B lymphocytes after stimulation with antigens and
other signals and the differentiation of these lymphocytes into effector and memory cells. Following elimination of the antigen, there is a phase of contraction, in
which most of the cells that have responded to the
antigen are lost. This contraction phase is largely
because of apoptotic death of previously activated
lymphocytes. Antigens, costimulators, and cytokines
(growth factors) produced during immune responses
prevent lymphocytes from dying and allow clonal
expansion and differentiation of the lymphocytes into
effector cells. Survival stimuli for lymphocytes function
mainly by inducing the expression of anti-apoptotic
proteins, the most important of which are members of
the Bcl-2 family. The effector cells that develop during
adaptive immune responses function to eliminate
the antigen, as a result of which the innate immune
response also subsides. Therefore, the clones of lymphocytes that were activated by the antigen are deprived
of essential survival stimuli. and they die by apoptosis
(Fig. II-II). Apoptosis is mainly the result of activation
of death sensors such as Bim and reduced levels of survival proteins such as Bcl-2 and Bcl-x (see Box 11-2).
Thus, homeostasis is restored after the antigen is elimi-

nated, and the only sign of the earlier immune response
is the persistence of long-lived but functionally quiescent memory lymphocytes.
In addition to this contraction of immune responses
because of cell death. antigens may trigger active regulatory mechanisms that also serve to terminate immune
responses. 1\vo of these mechanisms have been mentioned before as mechanisms of peripheral T cell tolerance. Activated T cells begin to express CTLA-4, which
interacts with B7 molecules and inhibits continued lymphocyte proliferation. CTLA-4 appears after 3 or 4 days
of T cell activation. and this may herald the decline of
the T cell response. Thus. CTLA-4 may be a physiologic
terminator of T cell activation. Other inhibitory receptors such as PO-I may serve a similar function. Activated
T cells may also express death receptors such as Fas and
ligands for these receptors, and the interaction of these

molecules results in apoptosis (see Box 11-2). Because
coexpression of Fas and FasL and Fas-mediated apoptosis are induced by repeated antigen stimulation, they are
most likely to be triggered in situations of persistent
antigen exposure (e.g.. with self antigens, or during
chronic infections). However, inhibitory receptors such
as CTLA-4 and death receptors appear to be more
important for tolerance to self antigens than for terminating normal immune responses to foreign antigens,
such as microbial proteins. Similarly. we do not know
whether regulatory T cells play a role in limiting
responses to most immunogens.
The responses of B lymphocytes are also actively controlled because IgG antibodies produced by the B cells
form complexes with the antigen, and the complexes
bind to Fey receptors on the B cells and inhibit these
cells. This process of antibody feedback was described
in Chapter 10.
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Another mechanism for regulating adaptive immune
responses was proposed by Niels Ierne in the 1970s as
the network hypothesis. This idea is based on the fact
that lymphocyte antigen receptors are extremely diverse
and that receptors of anyone specificity have amino acid
sequences different from the receptors of all other specificities. These unique sequences form determinants,
called idiotypes, that may be recognized by other lymphocytes with complementary, or anti-idiotypic, specificities (see Chapter 4, Box 4-3). Thus, lymphocytes may
respond to the unique antigen receptors of other lymphocytes; such responses are said to be anti-idiotypic.
The basic tenet of the network hypothesis is that complementary interactions involving idiotypes and antiidiotypes reach a steady state at which the immune
system is at homeostasis. When a foreign antigen enters
the system, one or a few clones of lymphocytes respond,
their idiotypes
are expanded,
and anti-idiotype
responses are triggered that function to shut off the
antigen-specific
(idiotype-expressing)
lymphocytes.
Although this concept remains an intriguing idea, it has
not been proved experimentally that idiotypic networks
are actually involved in regulating physiologic immune
responses.

SUMMARY

.

O

Activated T cells
are deprived of
antigen and
other stimuli.__

Immunological tolerance is unresponsiveness to
an antigen induced by the exposure of specific
lymphocytes to that antigen. Tolerance to self antigens is a fundamental property of the normal
immune system, and the failure of self-tolerance
leads to autoimmune diseases. Antigens may be
administered in ways that induce tolerance rather
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FIGURE 11-11 Mechanisms of the
decline of normal immune responses
(homeostasis). T lymphocytes proliferate and differentiate in response to
antigen. As the antigen is eliminated,
many of the activated T cells die by
apoptosis. At the end of the immune
response. memory cells are the only
surviving cells. Although many active
regulatory mechanisms have been
suggested as mechanisms for termination of normal immune responses,
apoptosis is probably the principal
mechanism for the decline of both T
cell and B cell responses (only T cells
are shown).

than immunity, and this may be exploited for the
prevention and treatment of transplant rejection
and autoimmune and allergic diseases.
. Central tolerance is induced in the generative lymphoid organs (thymus and bone marrow) when
immature lymphocytes encounter self antigens
present in these organs. Peripheral tolerance
occurs when mature lymphocytes recognize self
antigens in peripheral tissues under particular
conditions.

. In T lymphocytes, central tolerance (negative
selection) occurs when immature thymocytes with
high-affinity receptors for self antigens recognize
these antigens in the thymus. Some immature
T cells that encounter self antigens in the
thymus die and others develop into CD4+CD25+
regulatory T lymphocytes, which function to
control responses to self antigens in peripheral
tissues.

. Severalmechanisms account for peripheral tolerance in mature T cells. In CD4+ T cells, anergy is
induced by antigen recognition without adequate
costimulation or with engagement of inhibitory
receptors like CTLA-4 and PD-l. Regulatory T cells
inhibit immune responses in part by producing
immunosuppressive
cytokines. T cells that
encounter self antigens without other stimuli or
that are repeatedly stimulated die by apoptosis.

. In B lymphocytes, central tolerance is induced
when immature B cells recognize multivalent self
antigens in the bone marrow. The usual result is
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apoptotic death of the B cells or the acquisition of
a new specificity, called receptor editing. Mature B
cells that recognize self antigens in the periphery
in the absence of T cell help may be rendered
anergic or are excluded from lymphoid follicles,
cannot be activated by antigen, and ultimately die
by apoptosis.

. Immune responses to foreign antigens decline
with time after immunization.
This is mainly
because of apoptotic death of activated lymphocytes that are deprived of survival stimuli as the
antigen is eliminated and innate immunity wanes.
Various active mechanisms of lymphocyte inhibition may also function to terminate immune
responses.
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Effector Mechanisms
Immune Responses

T

of

he physiologic function of all immune responses is to eliminate microbes and
other foreign antigens. The mechanisms by which specific lymphocytes recognize and respond to foreign antigens (i.e., the recognition and activation
phases of adaptive immune responses) were discussed in Sections II and III.
Section IV is devoted to the effector mechanisms that are activated during
immune responses and to how these mechanisms function in host defense.
In Chapter 12 we describe cytokines, the soluble mediators of innate and
adaptive immunity and the mechanisms by which leukocytes communicate
with one another and with other cells. In Chapter 13 we describe the effector
cells of cell-mediated immunity, namely T lymphocytes and macrophages,
which function as defense mechanisms against intracellular microbes.
Chapter 14 is devoted to the effector mechanisms of antibody-mediated
humoral immunity, including the complement system, which are involved in
host defense against extracellular microbes.
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Cytokines are proteins secreted by the cells of innate and
adaptive immunity that mediate many df the functions
of these cells. Cytokines are produced In response to
microbes and other antigens, and different cytokines
stimulate diverse responses of cells invqlved in immunity and inflammation. In the activation phase of adaptive immune responses, cytokines stimulate the growth
and differentiation of lymphocytes, andlin the effector
phases of innate and adaptive immunity, they activate
different effector cells to eliminate microbes and other
antigens. Cytokines also stimulate the development of
hematopoietic cells. In clinical medicinJ, cytokines are
important as therapeutic agents and as targets for specific antagonists in numerous immune knd inflammatory diseases.
The nomenclature of cytokines is often based on
their cellular sources. Cytokines that are produced
by mononuclear
phagocytes were originally called
monokines, and those produced by IYlliphocytes were
called Iymphokines. With the developm~nt
of anticyto4
kine antibodies and molecular probes, it became clear
that the same protein may be synthesiz~d by lymphocytes, monocytes, and a variety of tissue cells, including
endothelial cells and some epithelial cells. Therefore, the
generic term cytokines is the preferred name for this
class of mediators. Because many cytokines are made by
leukocytes (e.g., macrophages or T cells) and act on
other leukocytes, they are also called interleukins. This
term is imperfect because many cytokines that are synthesized only by leukocytes and that act only on leukocytes are not called interleukins, for historical reasons,
whereas many cytokines called interleukins are made by
or act on cells other than leukocytes. Nevertheless, the
term has been useful because as new cytokines are molecularly characterized, they are assigned an interleukin
(lL) number (e.g., IL-I, IL-2, and so on) to maintain a
standard nomenclature. Cytokines are also increasingly
used in clinical situations and in animal studies to
stimulate or inhibit inflammation,
immunity, and
hematopoiesis.
In this setting, cytokines are often
referred to as biologic response modifiers. Throughout
this book, we use the term cytokine, which does not
imply restricted cellular sources or biologic activities. We
~
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SECTIONIV

EFFECTOR MECHANISMS OF IMMUNE RESPONSES

have discussed many different cytokines in previous
chapters, which are important in innate immunity, and
in the development, activation, trafficking, and effector
functions of lymphocytes. In this chapter, we will present a comprehensive overview of cytokine biology, including the structure, production, and biologic actions
of cytokines. Before describing the individual molecules,
we begin with a summary of the general properties of
cytokines.

GENERAL

.

PROPERTIES OF CYTOKINES

Cytokines are polypeptides produced in response to
microbes and other antigens that mediate and regulate
immune and inflammatory
reactions (Fig. 12-1).
Although cytokines are structurally diverse, they share
several properties.

. Cytokine secretion is a brief, self-limited event.
Cytokines are not usually stored as preformed molecules, and their synthesis is initiated by new gene
transcription as a result of cellular activation. Such
transcriptional activation is transient, and the mes-

Innate immunity

@

I

Natural
killer cell

~.

The actions of cytokines are often pleiotropic and
redundant (Fig. 12-2). Pleiotropism refers to the
ability of one cytokine to act on different cell types.
This property allows a cytokine to mediate diverse
biologic effects, but it greatly limits the therapeutic
use of cytokines because administration of a cytokine
for a desired clinical effect may result in numerous
unwanted side effects. Redundancy refers to the
property of multiple cytokines having the same functional effects. Because of this redundancy, antagonists against a single cytokine or mutation of one
cytokine gene may not have functional consequences, as other cytokines may compensate.
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MaCrOPhage~
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senger RNAs encoding most cytokines are unstable,
so cytokine synthesis is also transient. The production of some cytokines may additionally be controlled
by RNA processing and by posttranslational mechanisms, such as proteolytic release of an active product
from an inactive precursor. Proteolytic processing is
important, for example, in production of active tumor
necrosis factor (TNF), IL-l, and transforming growth
factor-~ (TGF-~). Once synthesized, cytokines are
rapidly secreted, resulting in a burst of release when
needed.

Inflammation

0

CD4+
T lymphocytes

I

NeutroPhilSO

\
Macrophage
activation
FIGURE 12-1 Functions of selected cytokines in host defense. In
mediate the early inflammatory
proliferation
and differentiation
erties of the cytokines shown

Antibody secretion;
isotype switching

CTL
differentiation

innate immunity, cytokines produced by macrophages
and NK cells
reactions to microbes and promote the elimination of microbes. In adaptive immunity, cytokines stimulate
of antigen-stimulated
lymphocytes
and activate specialized effector cells, such as macrophages.
The propin this figure are discussed later in this chapter. APC, antigen-presenting
cell.
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Cytokine actions may be local and systemic. Most
cytokines act close to where they are produced, either
on the same cell that secretes the cytokine (autocrine
action) or on a nearby cell (paracrine action). T cells
often secrete cytokines at the site of contact with
antigen-presenting
cells (APCs), the so-called
immune synapse (see Chapter 9). This may be one
reason why cytokines often act on cells that are in
contact with the cytokine producers. When produced
in large amounts, cytokines may enter the circulation
and act at a distance from the site of production
(endocrine action). TNF is an example of a cytokine
that has important local and systemic effects.

to specific

membrane receptors on target cells. Receptors for
cytokines often bind their ligands with high affinities,
with dissociation constants (K.Jvalues) in the range of

Proliferation
I

I

Increased expression
of class I MHCmolecules
on many cell types

Macrophage
activation
Inhibition of
macrophage
activation

Cytokines often influence the synthesis and actions of
other cytokines. The ability of one cytokine to stimulate production of others leads to cascades in which
a second or third cytokine may mediate the biologic
effects of the first. Two cytokines may antagonize
each other's action, produce additive effects, or, in
some cases, produce greater than anticipated, or synergistic, effects (see Fig. 12-2).

.I

CD4+

>B~
IIL-41 '

.

. Cytokinesinitiate their actions by binding

/

-.IIL-41,.

)
FIGURE
12-2 Properties
of
cytokines.
Selected
examples
are
shown to illustrate the following properties of cytokines:
pleiotropism,
one
cytokine
having multiple
effects
on
diverse cell types; redundancy,
multiple cytokines having the same or overlapping actions; synergy, two or more
cytokines having greater than additive
effects; and antagonism,
one cytokine
inhibiting the action of another.
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10-10 to 1O-12M. (For comparison, recall that antibodies typically bind antigens with a K.Jof 10-7 to
10-11M and that T cell antigen receptors bind MHCassociated pep tides with a K.Jof 10-5to 10-7M.) Therefore, only small quantities of a cytokine are needed to
occupy receptors and elicit biologic effects. Most cells
express low levels of cytokine receptors (on the order
of 100 to 1000 receptors per cell), but this is adequate
for inducing responses.
. External signals regulate the expression of cytokine
receptors and thus the responsiveness of cells to
cytokines. For instance, stimulation of T or B lymphocytes by antigens leads to increased expression
of cytokine receptors. For this reason, during an
immune response, the antigen-specific lymphocytes
are the preferential responders to secreted cytokines.
This is one mechanism for maintaining the specificity
of immune responses, even though cytokines themselves are not antigen specific. Receptor expression is
also regulated by cytokines themselves, including the
same cytokine that binds to the receptor, permitting
positive amplification or negative feedback.
o The cellular responses to most cytokines consist of
changes in gene expression in target cells, resulting in
the expression of new functions and sometimes in the
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proliferation of the target cells. Many of the changes
in gene expression induced by cytokines result in differentiation ofT and B lymphocytes and activation of
effector cells such as macrophages. For instance,
cytokines stimulate switching of antibody isotypes
in B cells, differentiation of helper T cells into Till
and TII2 subsets, and activation of microbicidal
mechanisms in phagocytes. Exceptions to the rule
that cytokines work by changing gene expression
patterns are chemokines, which elicit rapid changes
in integrin affinity and cytoskeletal reorganization
that favor migration, and a cytokine called TNF,
which can induce apoptosis by activating cellular
enzymes, without new gene transcription or protein
synthesis.
.

Cellular responses to cytokines are tightly regulated,
and feedback inhibitory mechanisms exist to turn
down these responses. These mechanisms include
cytokine induction of genes encoding inhibitors of
the cytokine receptors or the downstream signaling
pathways activated by the receptors. The inhibitors
include decoy cytokine receptors expressed on the
cell surface, molecules that block interactions of
signaling kinases, phosphatases that counteract the
effects of activating kinases, and molecules that block
productive interactions of cytokine-induced
transcription factors with DNA.

Functional

Categories

of Cytokines

For our discussion, we classify cytokines into three main
functional categories based on their principal biologic
actions:

1. Mediators and regulators of innate immunity are
produced mainly by mononuclear
phagocytes
in response to infectious agents (Table 12-1).
Pathogen-associated
molecular patterns, such as
bacterial lipopolysaccharide
(LPS) and viral
double-stranded
RNA (dsRNA), bind to Toll-like
receptors (TLRs) on the cell surface or in endosomes of macrophages and stimulate the synthesis and secretion of some of the important
cytokines of innate immunity (see Chapter 2).
The same cytokines may also be secreted by
macro phages that are activated by antigenstimulated T cells (Le., as part of adaptive cellmediated immunity). Most members of this group
of cytokines act on endothelial cells and leukocytes
to stimulate the early inflammatory reactions to
microbes, and some function to control these
responses. Natural killer (NK) cells and NK-T cells
also produce cytokines during innate immune
reactions.
2. Mediators and regulators of adaptive immunity
are produced mainly byT lymphocytes in response
to specific recognition of foreign antigens (see
Table 12-1). Some T cell cytokines function primarily to regulate the growth and differentiation of
various lymphocyte populations and thus play
important roles in the activation phase of T
cell-dependent
immune responses.
Other T
cell-derived cytokines recruit, activate, and regulate specialized effector cells, such as mononuclear phagocytes, neutrophils, and eosinophils,
to eliminate antigens in the effector phase of
adaptive immune responses.

Table 12-1. Comparative Features of the Cytokines of Innate and Adaptive Immunity
I

Features

I

Innate immunity

Examples

TNF,

Major

Macrophages,

cell source

Principal
functions

physiologic

IL-1,

IL-12,

IFN-y*

NK cells

Mediators of inflammation
(local and systemic)

Adaptive immunity
I

IL-2,

IL-4,

IL-5,

IFN-y*

T lymphocytes
Regulation of lymphocyte growth and
differentiation; activation of effector cells
(macrophages,

Stimuli

eosinophils,

LPS (endotoxin), bacterial peptidoglycans,
viral RNA, T cell-derived cytokines (IFN-y)

Protein antigens

May be high; detectable in serum

Generally

Local or systemic
effects

Both

Usually

Roles

Systemic diseases (e.g., septic shock)

Local tissue
inflammation)

Corticosteroids

Cyclosporine,

Amounts

produced

in disease

Inhibitors

*IFN-y plays important roles in innate and adaptive immunity.
Abbreviations:
IFN, interferon; IL, interleukin;
LPS, lipopolysaccharide;
NK, natural killer; TNF, tumor necrosis factor

low;
local

usually

mast

cells)

undetectable

only

injury

(e.g.,

FK-506

granulomatous

in serum

Chapter12- CYTOKINES

3. Stimulators of hematopoiesis are produced by
bone marrow stromal cells, leukocytes, and other
cells, and stimulate the growth and differentiation
of immature leukocytes.

cytokine receptors can be divided into several families
(Fig. 12-3 and Table 12-2).

.

In general, the cytokines of innate and adaptive
immunity are produced by different cell populations and
act on different target cells (see Table 12-1). However,
these distinctions are not absolute because the same
cytokine may be produced during innate and adaptive
immune reactions, and different cytokines produced
during such reactions may have overlapping actions.
Cytokine

Receptors

and

Signaling

Before we describe the functions of individual cytokines,
it is useful to summarize the characteristics of cytokine
receptors and how they transduce signals as a consequence of the binding of the cytokines. All cytokine
receptors consist of one or more transmembrane proteins whose extracellular portions are responsible for
cytokine binding and whose cytoplasmic portions are
responsible for initiating intracellular signaling pathways. These signaling pathways are typically activated by
ligand-induced receptor clustering, bringing together
the cytoplasmic portions of two or more receptor molecules in a process analogous to signaling by T and B cell
receptors for antigens (see Chapters 9 and 10).
There are several criteria by which cytokine receptors
are classified. The most widely used classification is
based on structural homologies of the extracellular
cytokine-binding domains and shared intracellular signaling mechanisms. According to this classification,

TYpe I cytokine receptors, also called hemopoietin
receptors, contain one or more copies of a domain
with two conserved pairs of cysteine residues and a
membrane proximal sequence of tryptophan-serineX-tryptophan-serine (WSXWS), where X is any amino
acid. These receptors typically bind cytokines that
fold into four a-helical strands, called type I cytokines. The conserved features of the receptors form
structures that bind four a-helical cytokines, but the
specificity for individual cytokines is determined by
amino acid residues that vary from one receptor to
another. These receptors consist of unique ligandbinding chains and one or more signal-transducing
chains, which are often shared by receptors for different cytokines (Fig. 12-3B). All the type I cytokine
receptors engage Jak-STAT signaling pathways, described later in this chapter, that induce new gene
transcription.

.

TYpe II cytokine receptors are similar to type I receptors by virtue of two extracellular domains with conserved cysteines, but type II receptors do not contain
the WSXWS motif. These receptors consist of one
ligand-binding polypeptide chain and one signaltransducing chain. All the type II cytokine receptors
engage Jak-STAT signaling pathways.

. IL-l family receptors share a conserved cytosolic
sequence, called the Toll-like/IL-l receptor
domain, and engage similar signal transduction
ways that induce new gene transcription.

(TIR)
path-

Table 12-2. Signal Transduction Mechanisms of Cytokine Receptors
Signal transduction

pathway
Jak-STAT

pathway

Cytokine receptors
using this pathway

Signaling mechanism

Type I and type II cytokine recptors

Jak-mediated

phosphorylation

of STAT transcription

and activation

factors (See Box 12-2)

TNF receptor family: TNR-RII, CD40

Binding of TRAF family adapter proteins,
activation of transcription factors (see Box 12-1)

TNF receptor
signaling
by death domains

TNF receptor family: TNF-RI, Fas

Binding of death domain family adapter
proteins, caspase activation (see Box 12-1)

TI R-domain/I
pathway

IL-1 and IL-18 receptors

Binding of IRAK family kinases to TIR domains,
activation of transcription factors

TNF receptor
by TRAFs

signaling

RAK

Receptor-associated
kinases

TGF-~ receptor, M-CSF receptor,
stem cell factor receptor

G protein

Chemokine

Abbreviations:

signaling

GTP,

guanosine

triphosphate;

M-CSF,
monocyte
colony-stimulating
TNF, tumor necrosis
factor; TNF-RI,
TRAF,

TNF

receptor-associated

IL-1 receptor-associated

factor; STAT, signal
type I TNF receptor;

factor

factors

GTP exchange and dissociation
of Ga
from G~'Y, Ga . GTP activates various
cellular enzymes

receptors

IRAK,

Intrinsic kinase activity in receptor, activation
of transcription

transducer

TNF-RII,

kinase;

and activator

Jak,

Janus

kinase;

of transcription;

type II TNF receptor;

TIR, Toll-IL-1

receptor;

. GTP
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Cytokine

receptor

families

Type I cytokine
(hemopoietin)
receptors

Type II cytokine
receptors

TNF receptor

family

Seven
transmembrane
G-protein-coupled
receptors

IL-1 receptor
family

G-proteins

~

Receptors for:
IFN-a/p, IFN-y,
IFN-A, IL-10, IL-20,
IL-24, IL-2B

Receptors for:
IL-2, IL-3, IL-4, IL-5,
IL-B IL-7 IL-9 IL-11
IL-; 2, IL-13, IL-15, '
GM-CSF, G-CSF

Receptors for:
TNF-a, TNF-p, LT,
CD40, Fas,
OX40, GITR
nerve growth factor

Receptors
IL-1,IL-18

Receptors for:
Chemokines

for:

- - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Subunit
composition
of cytokine
Common y chain family

receptors
GM-CSF receptor family
(common p chain)

p
Yc

a

Yc

p

Yc

IL-B receptor family
(common gp130 subunit)
gp130

gp130

gp130

a

p

p

a

IL-2
IL-15
IL-4
(also: IL-7, (L-9, IL-21, IL-27)

GM-CSF

IL-5

g

IL-B
(also:

I~

IL-11

I U ,

.
~

IL-27

LlF, CNTF)

FIGURE
12-3 Structure of cytokine receptors.
A. Receptors for different cytokines are classified into families on the basis of conserved
extracellular
domain structures and signaling mechanisms.
The cytokines or other ligands that bind to each receptor family are listed below
the schematic drawings. WSXWS. tryptophan-serine-X-tryptophan-serine. B. Groups of cytokine receptors share identical or highly homologous subunit chains. Selected examples of cytokine receptors in each group are shown.

.

are part of a large family of proteins
(some of which are not cytokine receptors) with
conserved
trimeric,
cysteine-rich
extracellular
domains, and shared intracellular signaling mechanisms that induce apoptosis and! or stimulate gene
expression.

.

Seven-transmembrane
a-helical receptors are also
called serpentine receptors, because their transmembrane domains appear to "snake" back and forth
through the membrane, and G protein-coupled
receptors, because their signaling pathways involve
guanosine triphosphate (GTP)-binding proteins (G
proteins). The mammalian genome encodes many

TNF receptors

such receptors involved in many types of cellular
responses. In the immune system, members of this
receptor class mediate rapid and transient responses
to chemokines and several different inflammatory
mediators.
Members of a family defined by extracellular domains
usually engage similar signal transduction pathways,
although there are exceptions. We describe the principal
features of the different signaling pathways that cytokine
receptors utilize when we consider the individual
cytokines.
With this introduction to the shared properties of
cytokines, we proceed to discussions of individual

Chapter12-

CYTOKINES

cytokines. We conclude each section with an overview of
the roles of the cytokines in the relevant host response.

CYTOKINES
REGULATE

THAT MEDIATE
INNATE

AND

IMMUNITY

An important component of the early innate immune
response to viruses and bacteria is the secretion of
cytokines, which mediate many of the effector functions
of innate immunity (see Chapter 2). In this section, we
first describe the individual cytokines of innate immunity (Table 12-3), and then we summarize how these
cytokines function in host defense and inflammation.
One cytokine, IFN-y, plays important roles in both
innate and adaptive immunity; it is discussed later in
this chapter.
Tumor Necrosis

Factor

TNF is the principal mediator of the acute inflammatory response to gram-negative bacteria and other infectious microbes and is responsible for many of the
systemic complications of severe infections. The name of
this cytokine derives from its original identification as a
serum factor that caused necrosis of tumors. TNF is also
called TNF-a to distinguish it from the closely related
TNF-~, also called Iymphotoxin (LT).
Production,

Structure,

and Receptors

The major cellular source ofTNF is activated mononuclear phagocytes, although antigen-stimulated
T cells,
NK cells, and mast cells can also secrete this protein. The
most potent stimulus for eliciting TNF production by
macro phages is TLR engagement with LPS and other
microbial products, and large amounts of this cytokine
may be produced during infections by gram-negative
bacteria, which release LPS. IFN-y, produced by T
cells and NK cells, augments TNF synthesis by LPSstimulated macro phages.
In mononuclear phagocytes, TNF is synthesized as a
nonglycosylated type II membrane protein with an
intracellular amino terminus and a large extracellular
carboxyl terminus. Membrane TNF is expressed as a
homotrimer and is able to bind to type II TNF receptor
(TNF-RII), described below. The membrane form ofTNF
is cleaved by a membrane-associated
metalloproteinase,
releasing a 17-kD polypeptide. Three of these polypeptide chains polymerize to form the 51-kD circulating
TNF protein. Secreted TNF assumes a triangular
pyramid shape. each side of the pyramid being formed
by one subunit (Fig. 12-4). The receptor-binding sites
are at the base of the pyramid. allowing simultaneous
binding of the cytokine to three receptor molecules.
There are two distinct TNF receptors of molecular
sizes 55 kD (type I TNF receptor [TNF-RI]) and 75 kD
(TNF-RIl). The affinities of TNF for its receptors are
unusually low for a cytokine, the K.Jbeing only -1 x
1O-9M for binding to TNF-RI and approximately 5 x

FIGURE 12-4 Structure of the TNF receptor with bound LT.The
ribbon structure depicts a top view of a complex of three TNF receptors (TNF-RI) and one molecule of the bound cytokine, revealed by
x-ray crystallography. LTis a homotrimer in which the three subunits
are colored dark blue. The LT homotrimer forms an inverted threesided pyramid with its base at the top and its apex at the bottom.
Three TNF-RI molecules, colored magenta, cyan, and red, bind one
homotrimer of LT.with each receptor molecule interacting with two
different LTmonomers in the homotrimer complex. Disulfide bonds
in the receptor are colored yellow. TNF is homologous to LTand presumably binds to its receptors in the same way. (From Banner OW,
A O'Arcy, W Jones, R Gentz, HJ Schoenfeld, C Broger, H Loetscher,
and W Lesslauer. Crystal structure of the soluble human 55kd TNF
receptor-human TNFbeta complex; implications for TNF receptor
activation. Cell 73:431-445, 1993. Copyright 1993, with permission
from Elsevier Science.)

lO-IOMfor binding to TNF-RII. Both TNF receptors are
present on most cell types. The TNF receptors are
members of a large family of proteins, many of which
are involved in immune and inflammatory responses.
These receptors exist as trimers in the plasma membrane, even before binding ofTNF (Box 12-1). Cytokine
binding to some TNF receptor family members, such as
TNF-RI, TNF-RII, and CD40 leads to the recruitment
of proteins, called TNF receptor-associated
factors
(TRAFs). to the cytoplasmic domains of the receptors.
The TRAFs activate transcription
factors. notably
nuclear factor KB (NF-KB) and activation protein-I (API). Cytokine binding to other family members, such as
TNF-RI, leads to recruitment of an adapter protein that
activates caspases and triggers apoptosis. Thus, different
members of the TNF receptor family can induce gene
expresson and cell death, and some can do both. TNFRI knockout mice show more impaired host defense
than do TNF-RII knockout mice, suggesting that TNF-RI
is more important for the function of the cytokine,
Biologic Actions
The principal physiologic function ofTNF is to stimulate
the recruitment of neutrophils and monocytes to sites
of infection and to activate these cells to eradicate
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Table 12-3. Cytokines of Innate Immunity
Cytokine

Size (kD)

Principal cell source

Principal cellular targets
and biologic effects

Tumor
factor

17 kD; 51 kD
homotrimer

Macrophages,

Endothelial cells: activation (inflammation,
coagulation)
Neutrophils:
activation
Hypothalamus:
fever
Liver: synthesis of acute phase proteins
Muscle, fat: catabolism
(cachexia)
Many cell types: apoptosis

17 kD mature form;
33 kD precursors

Macrophages,
endothelial
cells, some epithelial cells

Endothelial cells: activation (inflammation,
coagulation)
Hypothalamus:
fever
Liver: synthesis of acute phase proteins

8 -12 kD

Macrophages,
endothelial
cells, T cells, fibroblasts,
platelets

Leukocytes:
migration

Interleukin-12
(lL-12)

Heterodimer
of 35 kD
+ 40 kD subunits

Macrophages,
dendritic cells

T cells: T H1 differentiation
NK cells and T cells: IFN-y synthesis,
increased cytotoxic activity

Type IIFNs
(IFN-a,
IFN-~)

IFN-a: 15-21
IFN-~: 20-25

IFN-a: macrophages
IFN-~: fibroblasts

All cells: antiviral state, increased
MHC expression
NK cells: activation

Interleukin-10
(IL-10)

Homodimer
of
34-40 kD;
18 kD subunits

Macrophages,
T cells
(mainly regulatory T cells)

Macrophages,
dendritic cells: inhibition of
IL-12 production and expression
of
costimulators
and class II MHC molecules

Interleukin-6
(IL-6)

19-26

Macrophages,
cells, T cells

endothelial

Liver: synthesis of acute phase proteins
B cells: proliferation
of
antibody-producing
cells

Interleukin-15
(IL-15)

13 kD

Macrophages,

others

NK cells: proliferation
T cells: proliferation
(memory

Interleukin-18
(IL-18)

17 kD

Macrophages

NK cells and T cells: IFN-y synthesis

Interleukin-23
(IL-23)

Heterodimer
of unique
19 kD subunit and
40 kD subunit of IL-12

Macrophages
and
dendritic cells

T cells: maintenance
producing T cells

I nterleukin-27
(IL-27)

Heterodimer
of 28 kD
and 13 kD subunits

Macrophages
and
dendritic cells

T cells: inhibition of T H1 cells;
role in T H1 differentiation?
NK cells: IFN-y synthesis

necrosis
(TN F)

Interleukin-1

(I L -1 )

Chemokines
(see Table

12-4)

Abbreviations:

IFN,

interferon;

kD
kD

kD

kD, kilodalton;

MHC,

major

microbes (Fig. 12-5). TNF mediates these effects by
several actions on vascular endothelial cells and
leukocytes.

. TNF
induces vascular endothelial
adhesion molecules that make

cells to express
the endothelial
surface adhesive for leukocytes, initially for neutrophils and subsequently
for monocytes and
lymphocytes. The most important of these adhesion
molecules are selectins and ligands for leukocyte
integrins (see Chapter 2, Boxes 2-2 and 2-3).
The sequence of events in the recruitment of

T cells

histocompatibility

complex;

chemotaxis,
into tissues

NK, natural

activation;

class I

CD8+ cells)

of IL-17

killer.

leukocytes to sites of infection
Chapter 2.

was described

in

. TNF stimulates endothelial cells and macro phages to
secrete chemokines (discussed later) that enhance
the affinity of leukocyte integrins for their ligands and
induce leukocyte chemotaxis and recruitment. TNF
also acts on mononuclear phagocytes to stimulate
secretion of lL-l, which functions much like TNF
itself (see later). This is an example of a cascade
of cytokines that have similar or complementary
biologic activities.
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The TNF family of proteins includes secreted cytokines
and membrane proteins that share sequence homologies
and fold into homotrimeric
triangular
pyramidal
complexes, which bind to structurally
similar cell surface
receptors. Members of this family include TNF, LT (TNF~). C040 ligand, Fas ligand, GITR ligand, OX40, RANK
ligand, TNF-related apoptosis-inducing
ligand (TRAIL). and

several other proteins.
The cell surface
receptors
for the
TNF family of proteins
are type I membrane
proteins
that
can also be grouped
into a family, called the TNF-R family,
on the basis of sequence
homology
in their cysteine-rich

extracellular
ligand-binding
domains.
Members
of the
TNF-R family include TNF-RI, TNF-RII, Iymphotoxin-~
receptor (LT-~R). Fas, C040, OX40 ligand, RANK, and

I
~

@
Gene expression

Binding of
signaling
intermediates
(TRAF, RIP)

Generation of active transcription
factors (AP-1, NF-KB)

i

~

MAP kinase

cascade

~

Active
JNK --JIo
"..-

~

Active

~~AP-1

\
Cross-linking
of TNF-RI
by TNF

Binding of
adapter protein
(TRADD)

Gene
transcription:
production
of
inflammatory
mediators,
survival proteins

..

I

NF-KB

If

IKBkinase--JIo
cascade

",.-

.:)! /
p

~"Death
domain"

)
TRADD

.-r'\
~
Active

NF-KB

IiID@

)

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Apoptosis
Binding of
FADD and
activation of
caspase-8

Activation
of effector
caspases

)

Apoptosis
I

I

,
~
~
FADD

~
,
.

Caspase-8,
precursor form

Signal transduction by TNF receptors. TNF-RI may stimulate gene expression (A)or induce apoptosis (B). These distinct effects
are both initiated by the binding of the adapter protein TRADD followed by either TRAF and RIp, leading to new gene expression,
or binding of the adapter protein FADD, leading to apoptosis. The cytoplasmic tails of other members of the TNF-R family may
directly bind FADD(e.g., Fas). leading to apoptosis, or directly bind TRAFs (e.g., TNF-RIIor CD40). leading to gene expression. The
genes induced by TNF-R family members encode mainly mediators of inflammation and anti-apoptotic proteins.
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I
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Box 12-1

0

I

associated death domain), and RIP (receptor interacting
~

l
I
I

I

protein).
The second type of motif that plays a key role in signaling by several TNF-R family members binds to one of
a family of molecules
called TNF receptor-associated
factors
(TRAFs). TNF-RII,
LT-~R, and C040 all bind TRAF
proteins.

To date,

seven

i

Multiple different
interactions
of death domain proteins and TRAFs are known to occur in the signaling
pathways
associated
with the different
TNF-R family
members. In the case of TNF-RI, TNF may lead to either
apoptosis or inflammatory
responses
(see Figure). The
death domain protein TRAOO binds directly to the TNF-

others. The binding of TNF family members
to their
respective receptors initiates a wide variety of responses.
Many of these responses
are proinflammatory
and
depend on activation of the NF-KB and AP-1 transcription
factors leading to new gene transcription.
In contrast,
some TNF-R family members
(TNF-RI and Fas) deliver
signals that cause apoptotic
cell death. The specific
responses
to the cytokines
depend on the particular
receptor and cell type. Many of the molecular details of
the signaling pathways engaged by TNF-R family molecules are now known. Although
the members
of this
receptor family share structural features in their extracellular ligand-binding
regions, they have widely divergent
cytoplasmic
domain structures.
Nonetheless,
there are
shared features in the signaling pathways associated with
these receptors.
We discuss signaling by the TNF-R
family, with an emphasis on how a protypical member of
the family, TNF-RI, can induce anti-apoptotic
and inflammatory responses in some circumstances
or apoptosis in
others (see Figure).
As is the case with many membrane receptors in the
immune system, the cytoplasmic tails of the TNF-R family
members do not contain intrinsic enzymatic activities, but
they do contain structural motifs that bind to cytoplasmic
signaling molecules and promote the assembly of signaling complexes.
One of these structural motifs is called
the death domain, and it binds, by homotypic
interactions, to death domains in a variety of cytoplasmic
signaling/adapter
molecules.
The cytoplasmic
tails of both
TNF-RI and Fas contain death domains, and mutation or
deletion of this region prevents TNF-RI or Fas molecules
from delivering
apoptosis-inducing
signals.
However,
death domain interactions
are also essential for the antiapoptotic, proinflammatory
signaling pathways. The cytoplasmic signaling molecules that contain death domains
and that are involved in TNF-R signaling include TRAOO
(TNF receptor-associated
death domain),
FAOO (Fas-

I

u

IN DEPTH: SIGNALING BY THE TNF-R FAMILY (Continued)

TRAFs

have

been

identified,

and

they are called TRAF-1 to TRAF-7. All TRAFs share a Cterminal region of homology called a TRAF domain, which
mediates binding to the cytoplasmic
domains of TNF-R
family members,
and TRAFs 2 to 6 have RING and zinc
finger motifs that are involved in signaling.

RI death

I

domain

and acts

as a pivotal

adapter

molecule

leading to one of two different signaling cascades. In one
of these pathways, the death domain protein FAOO binds
to TRAOO, and the aspartyl-directed
cysteine protease
caspase-8 binds to FAOO. Caspase-8 binding initiates the
activation
of a cascade of caspases
that eventually
causes apoptosis. In response to Fas ligand binding, Fas
mediates apoptosis by a similar pathway, but in this case,
FAOO binds directly to the cytoplasmic
tail of Fas (see
Chapter 11, Box 11-2). The alternative
proinflammatory
and anti-apoptotic
pathway involves the binding of TRAF2 and RIP-1 to TRAOO and results in NF-KB- and AP1-dependent
gene transcription.
Both TRAF-2 and RIP-1
are involved in the activation
of IKB kinases, which
mediate the initial steps in NF-KB activation. TRAF-2 also
activates
the mitogen-activated
protein
kinase (MAP
kinase) cascade that leads to JNK activation, phosphorylation of c-Jun, and formation
of the AP-1 transcription
factor. The combination
of NF-KB and AP-1 activation
promotes the transcription
of a variety of genes involved
in inflammation,
including
endothelial
adhesion
molecules, cytokines, and chemokines.
Furthermore,
NF-KB
also enhances expression of a family of cellular inhibitors
of apoptosis (clAPs), which block the function of caspases. Therefore, when the proinflammatory
pathway is
engaged,
there is active inhibition
of the apoptotic
pathway. It is still unclear what determines
whether TNF
binding to TNF-R1 will activate the inflammatory
or apoptotic signaling pathways.
Other members
of the TNF-R family use TRAFdependent signaling pathways that lead to NF-KB and AP1 activation similar to the TNF-RI pathway, but in contrast
to TNF-RI, these other receptors directly bind TRAFs to
their cytoplasmic
tails. TRAF-1 and TRAF-2 interact with
TNF-RII, TRAF-2 and TRAF-3 interact with C040, and
TRAF-4 interacts with LT-~R. C040 delivers activating
signals to B cells and macrophages
through TRAF binding
(see Chapters 10 and 13). Interestingly,
one of the transforming gene products of the Epstein-Barr virus encodes
a self-aggregating
TRAF domain-containing
protein that
binds TRAF molecules,
and therefore
infection
by the
virus mimics TNF- or C040-induced
signals.

I
~

I

..---.........-..-----

.

TNF stimulates
the microbicidal
trophils
and macrophages.

activities

of neu-

The actions of TNF on endothelium
and leukocytes
are critical for local inflammatory
responses to microbes.
If inadequate
quantities
of TNF are present
(e.g., in
animals treated with neutralizing
anti- TNF antibodies
or

in TNF gene knockout mice), a consequence may be
failure to contain infections. TNF also contributes to local
inflammatory reactions that are injurious to the host
(e.g.,in autoimmune diseases) (see Chapter 18). Neutralizing antibodies to TNF and soluble TNF receptors are in
clinical use to reduce inflammation in patients with
rheumatoid arthritis and inflammatory bowel disease.
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FIGURE 12-5 Biologic actions
of TNF. At low concentrations, TNF
acts on leukocytes and endothelium to induce acute inflammation.
At moderate concentrations,
TNF
mediates the systemic effects of
inflammation. At high concentrations, TNF causes the pathologic
abnormalities of septic shock.
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TNF also induces apoptosis of some cell types in vitro;
the physiologic role of this activity is not known.
In severe infections, TNF is produced in large amounts
and causes systemic clinical and pathologic abnormalities. If the stimulus for TNF production is sufficiently
strong, the quantity of the cytokine produced is so large
that it enters the blood stream and acts at distant sites as
an endocrine hormone (see Fig. 12-5). The principal systemic actions ofTNF are the following:
.

TNF acts on the hypothalamus to induce fever and is
therefore called an endogenous (Le., host-derived)
pyrogen (to distinguish it from LPS, which functions
as an exogenous, microbe-derived, pyrogen). Fever
production in response to TNF (and IL-I) is mediated
by increased synthesis of prostaglandins by cytokinestimulated hypothalamic cells. Prostaglandin synthesis inhibitors, such as aspirin, reduce fever by
blocking this action ofTNF and IL-l.

.

TNF acts on hepatocytes to increase synthesis of
certain serum proteins, such as serum amyloid A
protein and fibrinogen. The increase in hepatocytederived plasma proteins induced by TNF and by IL-I
and IL-6, two other cytokines of innate immunity,
constitutes the acute-phase response to inflammatory stimuli (see Chapter IS, Box IS-I).

.

Septic shock
Heart

J~...

IL-1,
chemokines

J-..

D

Systemic effects
Brain

Endothelial cell

Adhesion
molecule

High quantities
(plasma conc. ~10-7 M)

Moderate
quantities

Prolonged production of TNF causes wasting of
muscle and fat cells, called cachexia. This wasting

~mia

results from TNF-induced
appetite
suppression
and
reduced
synthesis
of lipoprotein
lipase, an enzyme
needed to release fatty acids from circulating
lipoproteins so that they can be used by the tissues.
.

.

.

When
large amounts
of TNF are produced,
with
serum
concentrations
reaching
10-7 M or more,
myocardial
contractility
and vascular smooth muscle
tone are inhibited,
resulting
in a marked fall in blood
pressure, or shock.
TNF causes intravascular
thrombosis,
mainly
as a
result of loss of the normal anticoagulant
properties
of the endothelium.
TNF stimulates
endothelial
cell
expression
of tissue factor, a potent activator
of coagulation, and inhibits
expression
of thrombomodulin,
an inhibitor
of coagulation.
The endothelial
alterations are exacerbated
by activation
of neutrophils,
leading to vascular plugging
by these cells. The ability
of this cytokine
to cause necrosis of tumors, which is
the basis of its name, is mainly a result of thrombosis
of tumor blood vessels.
High circulating
levels ofTNF
disturbances,
such as a fall in
trations to levels incompatible
overuse of glucose by muscle
to replace the glucose.

A complication
sepsis

is a syndrome

cause severe metabolic
blood glucose concenwith life. This is due to
and failure of the liver

of severe gram-negative
bacterial
called septic shock (or endotoxin
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shock). which is characterized by vascular collapse, disseminated intravascular coagulation, and metabolic
disturbances. This syndrome is due to LPS-induced
production ofTNF and other cytokines, including IL-12,
IFN-y, and IL-l. The concentration of serum TNF may be
predictive ofthe outcome of severe gram-negative infections. This is one of the few examples of a disorder in
which measuring levels of a circulating cytokine is
informative. Septic shock can be reproduced in experimental animals by administration of LPS or TNF (see
Chapter 15, Box 15-1). Antagonists ofTNF can prevent
mortality in the experimental models, but clinical trials
with anti-TNF antibodies or with soluble TNF receptors
have not shown benefit in patients with sepsis. The
cause of this therapeutic failure is not known, but it may
be because other cytokines elicit the same responses as
TNF, an example of redundancy.
There are many cytokines and membrane proteins
belonging to the TNF- TNF receptor families, and they
serve important functions in innate and adaptive
immune responses. Two TNF family membrane proteins
expressed on activated T lymphocytes are CD40 ligand
and Fas ligand. CD40 ligand mediates activation of
macrophages and B cells (see Chapters 10 and 13), and
Fas ligand is involved in killing of some cell types (see
Chapter 11). BAFF and APRIL are TNF family members
that play critical roles in B cell survival and differentiation (see Chapter 10). Glucocorticoid-induced
TNFrelated (GITR) ligand and OX40 ligand are TNF family
molecules that may be involved in regulation of T cell
responses. Another member of the TNF- R family is a
protein called receptor activator of NF-KB (RANK).
The receptor is expressed on osteoclasts and some
macrophages and dendritic cells. The cytokine that
is the ligand for this receptor, called RANK ligand,
is made by activated T cells. Production of this
cytokine activates osteoclasts and thus plays an important role in bone resorption in many disease states,
notably rheumatoid arthritis.
Interleukin-1
The principal function of lL-l, similar to that ofTNF, is
as a mediator of the host inflammatory response to
infections and other stimuli. IL-l works together with
TNF in innate immunity and inflammation.
Production,

Structure,

and Receptors

The major cellular source of IL-l, like that ofTNF, is activated mononuclear phagocytes. IL-l production by
mononuclear phagocytes is induced by bacterial products such as LPS and by other cytokines such as TNF.
Unlike TNF, IL-l is also produced by many cell types
other than macro phages, such as neutrophils, epithelial
cells (e.g., keratinocytes). and endothelial cells.
There are two forms of IL-l, called IL-la and IL-lp,
that are less than 30% homologous to each other, but
they bind to the same cell surface receptors and have the
same biologic activities. Both IL-l polypeptides are synthesized as 33-kD precursors and are secreted as
17-kD mature proteins. The active form of IL-lp is the

cleaved product, but IL-la is active either as the 33-kD
precursor

or as the smaller cleaved product.

IL-l

p is pro-

teolytically cleaved by the cysteine protease caspase-l
(also called IL-lp-converting enzyme) to generate the
biologically active secreted protein. Caspase-l was the
first described mammalian member of the caspase
family, many other members of which are involved in
apoptotic death in a variety of cells (see Chapter 11, Box
11-2). IL-l is secreted by a nonclassical pathway, since,
unlike most secreted

proteins,

neither

IL-l a nor IL-l

p

have hydrophobic signal sequences to target the nascent
polypeptide to the endoplasmic reticulum.
lL-l mediates its biologic effects through a membrane receptor called the type 1 IL-l receptor, which
engages signal transduction pathways that activate NF1dJandAP-l transcription factors. The type I IL-l receptor is a member of a family of integral membrane
proteins that contain an extracellular ligand-binding Ig
domain and a TIR signaling domain in the cytoplasmic
region. The TIR domain was described in reference to
TLRs in Chapter 2. Another member of this family is the
IL-18 receptor (IL-18 is discussed later in this chapter).
The signaling events that occur when IL-l binds to the
type I IL-l receptor are similar to those associated with
TLRs. Upon IL-l binding, the adapter protein MyD88 is
recruited to the TIR domain, followed by two protein
kinases, IL-l receptor-associated kinase-4 (IRAK4) and
IRAK, and another adapter protein, TRAF-6. Downstream signaling involves several phosphorylation
events and formation of new complexes with other
kinases and adapter proteins, eventually leading to the
activation of NF-KB.
Biologic Actions
The biologic effects of IL-l are similar to those of TNF
and depend on the quantity of cytokine produced.

. When secreted at lowconcentrations, IL-l functions
as a mediator of local inflammation. It acts on
endothelial cells to increase expression of surface
molecules that mediate leukocyte adhesion, such as
ligands for integrins.
. When secreted in larger quantities, IL-l enters the
blood stream and exerts endocrine effects. Systemic
IL-l induces fever, synthesis of acute-phase plasma
proteins by the liver, directly and indirectly through
stimulation of IL-6 production, and neutrophil and
platelet production by the bone marrow.
The similarities between IL-l actions and those of
TNF appear surprising at face value because the
cytokines and their receptors are structurally different.
The likely explanation for the similar biologic effects is
that receptors for both cytokines signal by homologous
proteins and activate the same transcription factors (see
Box 12-1). However, there are several differences
between IL-l and TNF. For instance, IL-l does not
induce the apoptotic death of cells, and even at high
systemic concentrations, by itself it does not cause the
pathophysiologic changes of septic shock.
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Mononuclear phagocytes produce a natural antagonist of IL-l that is structurally homologous to the
cytokine and binds to the same receptors but is biologically inactive, so that it functions as a competitive
inhibitor of IL- I. It is therefore called IL-l receptor
antagonist (IL-lra). IL-lra may be an endogenous regulator of IL-l action. IL-lra is used to treat systemic juvenile rheumatoid arthritis. Regulation of IL-l- mediated
inflammation may also occur by expression of the type
II receptor, which binds IL-l, but does not transduce
activating signal. The major function of this receptor
may be to act as a "decoy" that competitively inhibits
IL-l binding to the type I signaling receptor.
Chemokines
Chemokines are a large family of structurally homologous cytokines that stimulate leukocyte movement and
regulate the migration of leukocytes from the blood to
tissues. The name chemokine is a contraction of"chemotactic cytokine." Some chemokines may be produced
by various cells in response to inflammatory stimuli
and recruit leukocytes to sites of inflammation; other
chemokines are produced constitutively in various
tissues and recruit leukocytes (mainly lymphocytes) to
these tissues in the absence of inflammation.
Structure,

Production,

and Receptors

There are about 50 human chemokines, all of which are
8- to 12-kD polypeptides that contain two internal disulfide loops. The chemokines are classified into four families on the basis of the number and location of
N-terminal cysteine residues. The two major families are
the CC chemokines, in which the cysteine residues are
adjacent, and the CXC family, in which these residues
are separated by one amino acid. These differences
correlate with organization of the subfamilies into separate gene clusters. A small number of chemokines have
a single cysteine (C family) or two cysteines separated by
three amino acids (CX3C). Chemokines were originally
named on the basis of how they were identified and what
responses they triggered. More recently, a standard
nomenclature is being used based in part on which
receptors the chemokines bind to (Table 12-4).
The chemokines of the CC and CXC subfamilies are
produced by leukocytes and by several types of tissue
cells, such as endothelial cells, epithelial cells, and
fibroblasts. In many of these cells, secretion of
chemokines is induced by microbes, via TLR signaling,
and by inflammatory cytokines, mainly TNF and IL-l.
Several CC chemokines are also produced by antigenstimulated T cells, providing a link between adaptive
immunity and recruitment of inflammatory leukocytes.
Chemokines that are produced constitutively (Le.,
without any inflammatory stimulus) in lymphoid organs
are involved in the physiologic traffic of lymphocytes
through the organs. Chemokines bind to heparan sulfate
proteoglycans on endothelial cells and are displayed in
this way to circulating leukocytes that have bound to the
endothelial surfaces via selectin-dependent interactions

(see Chapter 2). The endothelial display provides a high
local concentration of chemokines, which causes activation of leukocyte integrins, thereby strengthening
adhesion, and stimulation of leukocyte motility and
transmigration through the blood vessel wall.
The receptors for chemokines are G protein-coupled
receptors
with
seven-transmembrane
a-helical
domains. When occupied by ligand, these receptors act
as GTP exchange proteins, catalyzing the replacement of
bound guanosine diphosphate (GDP) by GTP.The GTPassociated form ofthese G proteins can activate a variety
of cellular enzymes that modulate cytoskeletal protein
configuration and integrin affinity. Chemokine receptors may be rapidly down-regulated by exposure to the
chemokine, and this is a likely mechanism for terminating responses. At least 10 distinct receptors for CC
chemokines (called CCRI through CCRIO) and six for
CXC chemokines (called CXCRI through CXCR6) have
already been identified, and this list may be incomplete
(see Table 12-4). Chemokine receptors are expressed on
leukocytes, with the greatest number and diversity seen
on T cells. The receptors exhibit overlapping specificity
for chemokines within each family, and the pattern of
cellular expression of the receptors determines which
cell types respond to which chemokines. Certain
chemokine receptors, notably CCR5 and CXCR4, act as
coreceptors for the human immunodeficiency
virus
(HIV) (see Chapter 20). Some activated T lymphocytes
secrete chemokines that bind to CCR5 and block infection with HIV by competing with the virus.
Biologic Actions
Chemokines involved in inflammatory
reactions are
produced by leukocytes in response to external stimuli,
and chemokines that regulate cell traffic through tissues
are produced constitutively by various cells in these
tissues. Chemokines were discovered on the basis of
their activities as leukocyte chemoattractants,
but we
now know that they serve many important functions in
the immune system and in other systems.
.

Chemokines recruit the cells of host defense to sites of
infection. Leukocyte recruitment is regulated by
several sequential actions of chemokines on these
cells. Chemokines bound to heparan sulfate proteoglycans on endothelial cells act on leukocytes rolling
on the endothelium and increase the affinity of leukocyte integrins for their ligands (see Chapter 2, Fig.
2-7). This step of integrin activation is critical for the
firm adherence of the leukocytes to the endothelium,
as a prelude to subsequent migration into extravascular tissue. Recall that TNF and IL-l stimulate
expression of integrin ligands on endothelium, and
thus these two cytokines and chemokines act cooperatively in the process of leukocyte migration.
Chemokines induce movement of leukocytes and
their migration toward the chemical gradient of the
cytokine by stimulating alternating polymerization
and depolymerization
of actin filaments. Different
chemokines act on different cells and, in coordina-
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Table 12-4. Chemokines and Chemokine Receptors
I

Original name

Chemokine
I

Major function

Chemokine receptor
I

I

CC chemokines

CCL1
1-309
- - -- -.- CCL2
MCP-1
CCL3MIP-1a
CCL4
MIP-1p

CCR8

CCL5

CCL 19

Eotaxin
Unknown
MCP-4
HHC-1
MIP-10
HHC-4
TARC
DC-CK1
MIP-3pJELC

CCR1, CCR3,
CCR1, CCR2,
CCR3, CCR5
CCR1
CCR3
CCR2
CCR2, CCR3
CCR1, CCR5
CCR1, CCR3
CCR1, CCR2
CCR4
?
CCR7

CCL20
CCL21

MIP-3a
SLC

CCR6
CCR7

CCL22
CCL23

MDC
MPIF-1
Eotaxin-2
TECK
Eotaxin-3
CTACK
MEC

CCR4
CCR1
CCR3
CCR9
CCR3
CCR10
CCR10

GROa
GROp

CXCR2
CXCR2

GROy
PF4
ENA-78

CXCR2
CXCR3B
CXCR2

GCP-2

CXCR1,
CXCR2
CXCR1,

-

Monocyte

CCR2
CCR1,

recruitment

and endothelial

cell migration

Mixed leukocyte recruitment
Mixed leukocyte recruitment
T cell, dendritic cell, monocyte, and NK recruitment;

CCR5

CCR5

HIV co receptor
RANTES
MCP-3
MCP-2

CCL7

CCL8
CCL9/CCL

10

CCL 11
CCl12

CCL 13
CCL 14
CCL 15

CCL 16
CCL 17
CCL

18

CCL24
CC~25
CCL26
CCL27
CCL28
CXC

CCR5
CCR3

Mixed leukocyte recruitment
Mixed leukocyte recruitment
Mixed leukocyte recruitment
?
Eosinophil,
basophil, and T H2 recruitment
Mixed leukocyte recruitment
Mixed leukocyte recruitment
?
Mixed leukocyte recruitment
?
T cell and basophil recruitment
Lymphocyte
and dendritic cell homing
T cell and dendritic cell migration into parafollicular
zones of lymph nodes
?
T cell and dendritic cell migration into parafollicular
zones of lymph nodes
T cell and basophil recruitment
?
Eosinophil,
basophil, and T H2 recruitment
Astrocyte migration
Eosinophil,
basophil, and T H2 recruitment
Dermal cell migration
Dermal cell migration

chemokines

CXCL 1
CXCL2

-

--

C_X_CL_3

CXQL4
CXCL.5

---___

-9~C~6_

__

CXCLZ

_

_ ... u
.. CXCL8

_

_

QXQL9
CXCL 10

--

CXCll1

I-~- . -- - CXCL 12

CXCL 13
CXCL
CXCL

14
16

_

-

--

NAP-2
IL-8

Mig

Neutrophil recruitment
Neutrophil recruitment
Neutrophil recruitment
Platelet aggregation
Neutrophil recruitment
Neutrophil recruitment
Neutrophil recruitment
Neutrophil recruitment

CXCR2
CXCR2

CXCR3
CXCR3, CXCR3B

Effector T cell recruitment
Effector T cell recruitment

I-TAC
SDF-1 alp
BCA-1
BRAK
-

CXCR3
CXCR4
CXCR5

Effector T cell recruitment
Mixed leukocyte recruitment;
B cell migration into follicles
?
?

Lymphotactin

XCR1
XCL1

T cell and NK cell recruitment

CX3CR1

T cell, NK cell, and macrophage
CTL and NK cell activation

IP-10

CXCR6

HIV coreceptor

C chemokines
?<-,g~l
XCL2
CX3C

CX3CL
The

known

SCM-1

P

?

chemokines

1
chemokines

Fractalkine
and

the receptors

they

bind

to are listed.

Only

selected

major functions

of the chemokines

recruitment;
are included.
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tion with the types of adhesion molecules expressed,
thus control the nature of the inflammatory infiltrate.
For example, in the CC family, CCL2 (MCP-l) is
mainly involved in attracting monocytes in inflammatory sites, while CCLll (eotaxin) acts mainly on
eosinophils. In the CXC family, chemokines that
contain a glutamate-leucine-arginine
motif (CXCL-l,
CXCL-2, CXCL-3, and others) are mainly involved in
neutrophil recruitment to inflammatory sites, while
those lacking this motif (CXCL-9, CXCL-lO, and
CXCL-11) act on Till cells.
o Chemokines regulate the traffic of lymphocytes and
other leukocytes through peripheral
lymphoid
tissues. Some of the most intriguing and surprising
discoveries about chemokines have been their roles
in the normal migration of immune cells into lymphoid organs. In Chapter 3, we mentioned the role of
different chemokines in promoting the migration ofT
cells, B cells, and dendritic cells to different regions of
peripheral lymphoid organs (see Chapter 3, Fig.
3-10). Various chemokines also promote migration of
previously activated effector and memory T cells to
nonlymphoid tissues, including mucosal organs and
skin. The selectivity of different cell types for different
anatomic sites depends to a large extent on which
chemokines are produced in the sites and which
chemokine receptors are expressed on the cell types.

. Chemokines promote angiogenesis and wound
healing. These activities are associated mostly with
CXC family chemokines, and involve both proangiogenic chemokines, expressed early after tissue injury,
and anti-angiogenic chemokines, expressed later in
the healing process. The angiogenic effects may be a
combination of chemokine-induced
production of
angiogenic factors in inflammatory cells and fibroblasts, and direct effects of chemokines on vascular
cells, such as endothelial cells, which express the
CXCR2 receptor.
o Chemokines are also involved in the development of
diverse nonlymphoid organs. Knockout mice lacking
the CXCR4 receptor have fatal defects in the development of the heart and the cerebellum. These roles of
chemokines raise the possibility of many other as yet
undiscovered functions in morphogenesis.
Interleukin-12
IL-12 is a principal mediator of the early innate
immune response to intracellular microbes and is a
key inducer of cell-mediated immunity, the adaptive
immune response to these microbes. IL-12 was originally
identified as an activator of NK cell cytotoxic function,
but its most important actions are to stimulate IFN-y
production by T cells and NK cells, and to support differentiation of naive CD4+ helper T cells to the IFN-yproducing (Till) subset.

Structure, Production, and Receptors
IL-12 exists as a disulfide-linked heterodimer of 35-kD
(p35) and 40-kD (p40) subunits. The p35 subunit has

a four-a-helical globular domain structure, which is
shared by several different cytokines of the type I or
hematopoietic cytokine family (see Fig. 12-3). The p40
subunit is homologous to the extracellular portion of the
IL-6 receptor a chain. IL-12 belongs to a family of at least
five heterodimeric cytokines whose subunits are homologous to either or both the IL-12 p35 and p40 chains.
Two members ofthis family, IL-23 and IL-27, play important roles, along with IL-12, in protective and pathologic
T cell-mediated immune responses (discussed later).
The principal sources ofIL-12 are activated dendritic
cells and macrophages. Many cells appear to synthesize
the p35 subunit, but only phagocytes and dendritic cells
produce the p40 component and therefore the biologically active cytokine. During innate immune reactions to
microbes, IL-12 is produced in response to TLR signaling induced by many microbial stimuli, including LPS,
infection by intracellular bacteria (such as Listeria and
mycobacteria).
and virus infections. In addition,
antigen-stimulated helperT cells induce the production
of IL-12 from macrophages and dendritic cells, mainly
by CD40 ligand on the T cells engaging CD40 on the
macrophages and dendritic cells. Thus, IL-12 is produced by APCs when they present antigens to T cells,
during the induction and effector phases of cellmediated immune responses (see Chapter 13). IFN-y
produced by NK cells or T cells also stimulates
IL-12 production.
The receptor for IL-12 (lL-12R) is a member of the
type I cytokine receptor family (see Fig. 12-3). It is a heterodimer composed of pI and p2 subunits, both of
which are homologous to gp130, a subunit of the IL-6
receptor. (gp30 or homologous proteins are also part of
the receptors for IL-Il, IL-23 and IL-27, cytokines that
will be discussed later in this chapter.) IL-12 p40 binds
to the IL-12Rpl subunit, and IL-12 p35 binds to IL-12Rp2
subunit. Both chains are required for high-affinity
binding of the cytokine, and for signaling. The IL-12
receptor signals through a Jak-STAT pathway, in which
cytokine binding to the receptor activates receptorassociated protein tyrosine kinases called Janus kinases
Oaks), and ultimately leads to the activation of transcription factors called signal transducers and activators
of transcription (STATs). Many cytokines use Jak-STAT
pathways to induce responses in target cells, and different cytokines activate different combinations of Jaks and
STATs (Box 12-2). In the case of the IL-12 receptor, the
Janus kinase Tyk2 associates with the pI subunit, Jak2
associates with the p2 subunit, and the major STAT
protein involved, which is required for most of the biologic effects ofIL-12, is STAT4.Expression of the p2 chain
of the IL-12 receptor is itself enhanced by cytokines,
mainly IFN -y (whose production is stimulated by IL-12),
and this is an example of a positive amplification loop in
immune responses.
Biologic Actions
IL-12 is critical for initiating a sequence of responses
involving macro phages, NK cells, and T lymphocytes
that results in the eradication of intracellular microbes
(Fig. 12-6).
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CD40

IIFN-y I

IIFN-y I

IIFN-y
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Macrophage
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killing of phagocytosed
microbes

. IL-12 stimulates

I

Increased
cytotoxic
activity

FIGURE 12-6 Biologic actions of IL-12. IL-12 is

Killing of
infected cell

the production of IFN-r by NK

cells and T lymphocytes. Macrophages and dendritic
cells produce IL-12 in response to many microbes. Secreted IL-12 stimulates NK cells and T
cells to produce IFN-y, which then activates the
macro phages to kill the phagocytosed microbes.
Thus, innate immunity against many microbes is
mediated by cytokines acting in the following
sequence: microbes ~ macrophage and dendritic cell
response ~ IL-12 ~ IFN-y ~ macrophage activation
~ killing of microbes. Large amounts ofIL-12 are produced in severe gram-negative sepsis, resulting in the
production of IFN-y, which synergizes with bacterial
LPS to stimulate macrophage production ofTNF, the
principal mediator of septic shock. IL-12 antagonists
prevent lethality in some experimental models of
LPS-induced septic shock. We will return to IFN-y
when we discuss the cytokines of adaptive immunity.

.

CD40L

IL-12, together with IFN-y, promotes the differentiation of CD4+ helper T lymphocytes into IFN-yproducing Till cells. The Tu1 subset of helper T cells

produced by macrophages
and dendritic cells that
respond to microbes or to T cell signals such as
CD40 ligand engaging CD40. IL-12 acts on T lymphocytes and NK cells to stimulate IFN-y production and cytotoxic activity, both of which function
to eradicate intracellular microbes.

activates phagocytes in cell-mediated immunity. This
effect of IL-12 will be discussed more fully in Chapter
13.
. IL-12 enhances the cytotoxic functions of activated
NK cells and CD8+ cytotoxic T lymphocytes (CTLs).
This action ofIL-12 is also important in cell-mediated
immunity (see Chapter 13).
Studies with gene knockout mice and the phenotype
of rare patients with mutations in the IL-12 receptor
support the conclusion that IL-12 is important for IFNyproduction, Tu1 cell differentiation, and host resistance
to intracellular microbes. For example, patients with
mutations in the IL-12 receptor ~1 subunit have been
described and they are highly susceptible to infections
with intracellular bacteria, notably Salmonella and atypical mycobacteria. However, the interpretation of many
of these genetic defects is complicated by the fact that
the mutated gene products are also involved in the function ofIL-23, because IL-23 contains the same p40 chain
as IL-12 and the IL-23 receptor contains the IL-12R~1
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V 'TH~ Jak-STAT
Cytokine receptors of the type I and type II receptor families engage signal transduction
pathways
that involve
enzymes called Janus kinases and transcription
factors
called signal transducers
and activators of transcription
(STATs). Studies of these pathways have revealed direct
links between
cytokine binding to receptors
and transcriptional activation of target genes.
The discovery of the Jak-STAT pathways came from
biochemical
and genetic analyses of IFN signaling. The
promoter
regions of genes responsive
to IFNs contain
sequences that bind cellular proteins that are phosphorylated upon IFN treatment
of the cells. These proteins
were
shown
to activate
transcription
of cytokineresponsive
genes, and they were therefore called STAT
proteins.
Mutant cell lines were generated
that were
unresponsive
to IFNs. Some of these mutant cell lines
were found to lack particular STAT proteins, and introduction
of the STATs by gene transfection
restored
cytokine responsiveness
in the cells. This established the
essential roles of the STATs in responses to the cytokines.
Other mutant cell lines were found to be deficient in one
or more related tyrosine
kinases, which were called
Janus kinases after the two-headed
Roman god because
of the presence of two kinase domains (only one of which
is active). Subsequent
studies,
including
analyses of
knockout mice lacking the various STATs and Jaks, have
shown that Jak-STAT pathways are involved in responses
to many cytokines
(see Table). There are four known
Janus kinases (Jak1-3 and TYK2) and seven STATs
(STAT1-4, 5a, 5b, and 6).

cytokine(s)

Phenotype

of knockout

Involved

STAT1

IFN-aJ~,

STAT2

IFN-aJ~

Defective

immunity

STAT3

IL-6, IL-10

Embryonic

lethal

STAT4

IL-12

Defect

Defect

in innate

immunity;

no reponse

to IFNs

to viruses

in T H1 development,

IFN-y

production

Prolactin

ST A T5b

Growth

ST A T5a and

ST A T5b

IL-2, IL-7, IL-9 (also see
Prolactin and GH)

Lactation
defect, dwarfism,
and defective
proliferation
in response
to IL-2

STAT6

IL-4

Defect in T H2 development,
IL-4-dependent
Ig isotypes

Jak1

IFN-aJ~, IFN-y, cytokines using
yc and gp130 (e.g., IL-2, IL-4,
IL-6)

Perinatal
possible

Jak2

Epo, IL-3, IFN-y

Embryonic

Jak3

Cytokines using Yc chain (IL-7,
IL-2, IL-4)

Defect

Tyk2

IFN-aJ~, IFN-y, IL-10, others

Defective
immunity

Lactation
(GH)

Abbreviations:
IFN, interferon; IL, interleukin;
transducer
and activator of transcription.

-

.]

mice

ST A T5a

hormone

PATHWAY

The sequence
of events in the Jak-STAT signaling
pathways is now well defined (see Figure). Inactive Jak
enzymes are noncovalently
attached to the cytoplasmic
domains of type I and type II cytokine receptors. When
two receptor molecules are brought together by binding
of a cytokine
molecule,
the receptor-associated
Jaks
become active through transphosphorylation,
and they
phosphorylate
tyrosine residues in the cytoplasmic
portions of the clustered receptors.
Some of these phosphotyrosine
moieties of the receptors are recognized by
Src homology 2 (SH2) domains of monomeric
cytosolic
STAT proteins, which become attached to the receptors.
The STAT proteins
are then phosphorylated
by the
receptor-associated
Jak kinases. The SH2 domain of
one STATprotein is able to bind to the phosphotyrosine
residues of another STAT protein. As a result, two STAT
proteins bind to each other and dissociate from the receptor. The STAT dimers migrate to the nucleus, where they
bind to DNA sequences
in the promoter
regions of
cytokine-responsive
genes and activate gene transcription. After each round, new STAT proteins can bind to the
cytokine receptor, become phosphorylated,
dimerize, and
again migrate to the nucleus.
An intriguing
question
is how the specificity
of
responses to many different cytokines is achieved, given
the limited numbers
of Jaks and STATs used by the
various cytokine
receptors.
The likely answer is that
unique amino acid sequences
in the different cytokine
receptors provide the scaffolding for specifically binding,
and thereby activating, different combinations
of Jaks and

Jak/STAT

IFN-y
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defect

Dwarfism

lethal;
defect

and production

T cell

of

defective
innate immunity,
in neuronal
viability

lethal,

hematopoietic

failure

in T cell maturation
IL-12 response
to viruses

Jak, Janus

kinase;

of NK cells,

STAT,

defective

signal
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Cytokine-mediated
receptor dimerization;
Jak-mediated
phosphorylation
of receptor chains

Cytokine
receptors

Jak-mediated
phosphorylation
and
dimerization
of STATs

Recruitment
of STATs to
cytokine
receptor

Active

8T A T

Nucleus

Cytokine

signaling

by the Jak-STAT

pathway.

Cytokine-induced

receptor chains, attachment
of inactive STATs, phosphorylation
tion to the nucleus, and stimulation
of gene transcription.
STATs.

The SH2 domains

of different

STAT proteins

clustering

selec-

tively bind to the phosphotyrosine
residues and flanking
regions of different
cytokine receptors.
This is largely
responsible
for the activation
of particular
STATs by
various cytokine receptors and therefore
for the specificity of cytokine signaling. Several type I and type II
cytokine
receptors
are heterodimers
of two different
polypeptide
chains, each of which binds a different Jak.
Furthermore,
two different
STATs may heterodimerize
upon phosphorylation.
Therefore,
there is a significant
amount of combinatorial
diversity in the signaling that can
be generated from a limited number of Jak and STAT pro-teins. In addition, cytokines activate signaling pathways
and transcription
factors other than STATs. For instance,
the IL-2 receptor ~ chain activates Ras-dependent
MAP
kinase pathways that may be involved in gene transcription and growth stimulation.
ather cytokine receptors

_ __

_

of receptors

leads

to Jak-mediated

phosphorylation

of the bound STATs (also by the Jaks), dimerization

of the

of STATs and migra-

may similarly activate other signaling pathways in concert
with the Jak-STAT pathways to elicit biologic responses
to the cytokines.
Several mechanisms
of negative regulation
of JakSTAT pathways have been identified. Proteins called suppressors of cytokine signaling (SaCS) are a family of STAT
pathway inhibitors. Members of this family are identified
by the presence of an SH2 domain and a conserved
4Q-amino acid C-terminal region called a sacs box. Eight
different sacs proteins have been identified; in addition,
other sacs box-containing
proteins that do not have SH2
domains
also exist. sacs
proteins
inhibit cytokine
actions by binding to phosphotyrosines
in the cytoplasmic regions of cytokine receptors, or by binding to and
inhibiting the kinase activity of Jaks. In addition, sacs
proteins facilitate E3 ubiquitin ligase targeting of Jak proteins

__ _ _ __ _ _ _ -1
--

for proteasomal

degradation.

sacs

genes

are not

Continued

on following

page
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expressed
in resting cells, but are rapidly induced by
cytokines
via Jak-STAT signaling pathways.
In addition,
other stumuli such as TLR ligands can induce sacs
expression.
In this way, sacs
serve as negative feedback regulators of the cytokine activation of cells. sacs
gene knockout
mice have provided information
on the
physiologic role of this family of inhibitors. SOCS-1 knockout mice, for example, die at 3 weeks of age because of
excessive
actions of IFN-y, and the phenotype
can be
corrected
by crossing
the mice with IFN-y knockout
mice. Other studies suggest that SOCS-2 inhibits signaling by the receptors for growth hormone and insulin-like

subunit.
Furthermore,
IFN -y synthesis
is not completely
abrogated
in IL-12-deficient
mice, probably
because of
the actions
of other compensatory
cytokines
(notably
IL-18, described
later). IL-12 knockout
mice also have
defects in NK cell function.
IL-12 is an important
link between
innate and adaptive immunity,
being
produced
during
early innate
immune
reactions
against
intracellular
microbes
and
promoting
adaptive
immune
responses that protect the
host against these microbes.
This illustrates
a concept,
introduced
in Chapter
1, that innate immune
reactions
stimulate
and direct
subsequent
adaptive
immune
responses.
IL-12 is in clinical
trials to boost protective
cell-mediated
immune
responses
in patients
with
cancer.

Type I Interferons
Type I interferons (IFNs) are a large family of structurally related cytokines that mediate the early innate
immune response to viral infections. The term interferon
derives from the ability of these cytokines to interfere
with viral infection. There are many type I IFNs, all of
which have considerable structural homology and are
encoded by genes in a single cluster on chromosome 9.
In humans, the type I IFNs include IFN-a (which can be
further subdivided into 13 different subtypes), IFN-~,
IFN-E, IFN-lC,and IFN-<.o.

Structure,

Production,

and Receptors

Plasmacytoid dendritic cells and mononuclear phagocytes are the major sources of IFN-a. IFN-~ is a single
protein produced by many cells, such as fibroblasts, and
it is sometimes called fibroblast IFN. The plasmacytoid
dendritic cell, which circulates in human blood and is
present in various tissues, is a particularly important
source of type I IFNs early in the innate response to most
viruses. The most potent stimuli for type I IFN synthesis
are viral nucleic acids, which bind to various intracellular receptors or sensors that are linked to signaling
pathway that activate the interferon regulatory factor
(lRF) family of transcription factors. TLR3, TLR7, and
TLR9, all in endosomal membranes, recognize dsRNA,

CYTOKINES

growth factor, whereas SOCS-3 regulates IL-6signaling.
Other inhibitors of Jak-STAT signaling include tyrosine
phosphatases, such as SHP-1 and -2, which can dephosphorylate and therefore deactivate Jak molecules.
Another family of inhibitory proteins, called protein inhibitors of activated STAT(PIAS!.were originally defined
as negative regulators of STATs.PIAS proteins bind phosphorylated STATsand prevent their interaction with DNA.
It is now known that PIAS proteins also interact with, and
block the function of, other transcription factors associated with cytokine signaling, including IRFs, NF-lCB,and
SMADs.

single-stranded
RNA, and unmethylated
CpG DNA,
respectively, leading to IRF activation and type I IFN
gene expression. The cytoplasmic sensors RIG-I and
MDA-5 recognize viral RNA (see Chapter 2), and also
induce type I IFN expression via IRF activation. Antigenactivated T cells stimulate mononuclear phagocytes,
through the CD40-CD40 ligand pathway, to synthesize
type I IFNs.
All the type I IFNs bind to the same cell surface receptor and induce similar biologic responses. The type I IFN
receptor is a member of the type II cytokine receptor
family composed of a heterodimer of two structurally
related polypeptides, IFNARI and IFNAR2, which are
associated with the Janus family tyrosine kinases Tyk2
and Jakl, respectively. Upon type I IFN binding to the
receptor, these kinases become activated and lead to
STATl and STAT2phosphorylation, heterodimer formation, and recruitment of IRF9 (Fig. 12-7). The resulting
STAT-l/2: IRF9 complex translocates to the nucleus and
binds to nucleic acid sequences called IFN-stimulated
response elements (lSREs) that are present in many different genes, thereby inducing their transcription. In
addition to this "classical pathway" of type I IFN receptor signaling, several other signaling pathways initiated
by the type I IFN receptor also contribute to the biologic
response of cells to type I IFNs. For example, STATl
phosphorylation
leads to formation of STATl homodimers that bind to different nucleic acid sequences,
called IFN-y-activated sites (GAS), which are present in
some of the same genes containing ISREs, as well as in
different genes. Type I IFN regulation of gene transcription is further regulated by several different coactivator
proteins, which form complexes with STAT dimers
bound to ISRE and GAS sequences. The type I IFN receptor also activates G protein-dependent
mitogenactivated
protein
(MAP) kinase
pathways
and
phosphatidylinositol-3
(PI-3) kinase pathways, both of
which are believed to contribute to the biologic
responses of cells to type I IFNs.
Biologic Actions
The actions of type I IFNs protect against viral infections
and promote cell-mediated immunity against intracellular microbes (see Fig. 12-7).
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Type IIFN inhibits viral replication. IFN causes cells
to synthesize a number of enzymes that interfere with
transcription of viral RNA or DNA and viral replication. These include dsRNA-activated serine/threonine protein kinase (PKRI6), which blocks viral
transcriptional
and translational events, and 2',5'
oligoadenylate synthetase and RNase LI8. 19, which
promote viral RNA degradation. The antiviral action
of type I IFN is primarily a paracrine action, in that a
virally infected cell secretes IFN to protect neighboring cells that are not yet infected. A cell that has
responded to IFN and is resistant to viral infection is
said to be in an "antiviral state." IFN secreted by an

STAT

proteins

JIai

CTLkilling of
I

Active

12-7

of type IIFNs.

Biologic actions
Type

IIFNs

(IFN-a,

IFN-~) are produced
by virusinfected cells in response to intracellular TLR signaling and other
sensors of viral RNA. Type I IFNs
bind to receptors on neighboring
un infected cells, and activate JakSTAT signaling pathways,
which
induce
expression
of genes
whose
products
interfere
with
viral replication. Type I IFNs also
bind to receptors
on infected
cells, and induce expression
of
genes whose products enhance
the cell's susceptibility
to CTLmediated killing.

infected cell may also act in an autocrine fashion to
inhibit viral replication in that cell.
.

Type I IFN increases expression of class 1 MHC molecules. Because CD8+ CTLs recognize foreign antigens
bound to class I MHC molecules, type I IFN enhances
the recognition of class I-associated viral antigens
on infected cells and therefore the efficiency of
CTL-mediated killing of these cells. Type I IFN also
increases the cytotoxic activity of NK cells.

. Type I IFN stimulates the development ofTul cells in
humans. This effect is mainly due to the ability of type
I IFN to promote in T cells the expression of func-
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tional receptors for the majorTHl-inducing
IL-12.

cytokine

.

Type I IFNs promote sequestration of lymphocytes in
lymph nodes, thus enhancing lymphocyte activation
by antigens concentrated in the nodes, especially in
viral infections (see Chapter 3).

.

Type I. IFN i.nhibits the proliferation of many cell
types, mcludmg lymphocytes, in vitro. This is likely
due to induction of the same enzymes that block viral
replication, but it may also involve other enzymes
that alter the metabolism of amino acids such as tryptophan.

Thus, the principal activities of type I IFN function in
concert to eradicate viral infections. Knockout mice
~ackin.gthe receptor for type I IFN are susceptible to viral
~nfectIO?s. IFN-a is in clinical use as an antiviral agent
m certam forms of viral hepatitis, and as a treatment for
some hematologic malignancies. IFN-~ is used as a
therapy for multiple sclerosis, but the mechanism of its
beneficial effect in this disease is not known.
Interleukin-10
IL-I0 is an inhibitor of activated macrophages and
~endrit!c cells and ~ thus involved in the control of
mnate lmmune reactIOns and cell-mediated immunity.
So far, we have described cytokines that stimulate innate
immunity. IL-lO, in contrast, is an inhibitor of host
immune responses, particularly responses involving
macrophages.
Production,

Structure,

and Receptors

1~-lO ~s a me'!lber of a family of noncovalently linked
dImenc cytokmes, each chain of which contains a sixhelix bundle domain that intercalates with that of the
other chain. Other members of the family include IL-19,
IL-20, IL-22, IL-24, and IL-26. The IL-lO receptor belongs
to the type II cytokine receptor family and consists of
two chains, which associate with Jak1 and Tyk2 Janus
family kin~ses. STAT3is the major downstream signaling
mo.lecule mduced by IL-lO. IL-lO is produced mainly by
actIvated macrophages and regulatoryT cells. Because it
~s?oth produced by and inhibits macrophage functions,
It ISan. excellent example of a negative feedback regulator. It IS not clear whether different stimuli may act on
macr~ph~ges to induce the production of a regulatory
cytokme lIke IL-10 or effector cytokines like TNF and IL12, or whether the same stimuli elicit production of
all these cytokines but with different kinetics. IL-10 is
also produced by some nonlymphoid cell types (e.g.,
keratinocytes) .
Biologic Actions
!h~ ~iologic effects of IL-lO result from its ability to
mhlblt many of the functions of activated macrophages.
As we have discussed previously, macrophages respond

to ~icrobes by secreting cytokines and by expressing
co stImulators that enhance T cell activation and cellmediated immunity. IL-IO acts on the activated
macro phages to terminate these responses and return
the system to its resting state as the microbial infection
is eradicated.
.

IL-lO inhibits the production of IL-12 by activated
macrophages and dendritic cells. Because IL-12 is a
critical stimulus for IFN -y secretion and is an inducer
of innate and cell-mediated
immune reactions
against intracellular microbes, IL-10 functions to
down-regulate all such reactions. In fact, IL-lO was
discovered as an inhibitor of IFN-y production.

.

IL-I0 inhibits the expression of costimulators and
class II MHC molecules on macrophages and dendritic cells. Because of these actions, IL-IO serves to
inhibit T cell activation and terminate cell-mediated
immune reactions.

Knockout mice lacking IL-IO develop inflammatory
bowel disease, probably as a result of uncontrolled activation of macro phages reacting to enteric microbes.
These mice also show excessive inflammation and tissue
injury in response to chemical irritants.
The Epstein-Barr virus contains a gene homologous
to human IL-lO, and viralIL-lO has the same activities
a~ ~he natural cyt:o.kine. This raises the intriguing possibIlIty that acqUIsItIOn of the IL-10 gene during the evolution of the virus has given the virus the ability to inhibit
host immunity and thus a survival advantage in the
infected host.
Other Cytokines

of Innate

Immunity

IL-6 is a cytokine that functions in both innate and
adaptive immunity. It is synthesized by mononuclear
phagocytes, vascular endothelial cells, fibroblasts, and
other cells in response to microbes and to other
cyt?kines, notably IL-l and TNE It is also made by some
actIvated T cells. The functional form of IL-6 is a homodimer, with ~ach subunit forming a four-a-helical globular domam. The receptor for IL-6 consists of a
cytoki~e-binding
pr.otein and a signal-transducing
subumt, both of whIch belong to the type I cytokine
~eceptor family. The 130-kD signal-transducing subunit
IScalled gp130; which is also the signaling component of
other cytokine receptors, as discussed earlier (see Fig.
~2-3B). The major IL-6-induced signaling pathway
mvolves Jakl and STAT3 activation, and leads to transcription of many different genes.
. I~-6 has several diverse actions. In innate immunity,
It stImulates the synthesis of acute-phase proteins by
hepatocytes and thus contributes to the acute-phase
response. IL-6 stimulates production of neutrophils
from bone marrow progenitors, usually acting in concert
with colony-stimulating factors (discussed later in this
chapter). In adaptive immunity, IL-6 stimulates the
growth of B lymphocytes that have differentiated into
antibody producers. IL-6 similarly acts as a growth factor
for neoplastic plasma cells (myelomas), and many
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myeloma cells that grow autonomously secrete IL-6 as
an autocrine growth factor. Moreover, IL-6 can promote
the growth of monoclonal antibody-producing
hybridomas, which are derived from myelomas. There is also
emerging evidence that IL-6 promotes cell-mediated
immune reactions by stimulating production of some
proinflammatory
cytokines (notably IL-17) and by
inhibiting the generation and actions of regulatory T
cells.
IL-15 is cytokine that serves important growthstimulating and survival functions for T cells and NK
cells. It is a member of the type I cytokine family and is
produced by mononuclear phagocytes and probably
many other cell types in response to viral infection, LPS,
and other signals that trigger innate immunity. IL-15 is
structurally homologous to IL-2. The receptor for IL-15
has a cytokine-binding a chain that is homologous to
but distinct from the a chain of the IL-2 receptor, and
the same signal-transducing lL-2/l5~ and Ycchains as in
the IL-2 receptor (discussed later in this chapter). The a
chain alone binds IL-15 with high affinity. IL-15
binding to its receptor activates Jak3-, STAT5-, and
Akt-dependent signaling pathways that promote cell
survival and lead to proliferative responses. The functions of IL-15, which have been inferred from the phenotypes of IL-15 and lL-15Ra knockout mice, include
the survival of memory CD8+T cells, NK cells, and NK-T
cells. In addition, lL-15 appears to be required for NK cell
differentiation and activation.
IL-18 is a cytokine structurally related to IL-l, but
unlike lL-l, its major biologic functions are enhancing
IFN-y production by T cells and promoting differentiation of lFN-y-producing (Till) CD4+T cells. These effects
oflL-18 are synergistic with IL-12. The major sources of
IL-18 are macrophages and dendritic cells, and production is dependent on caspase-l, as is IL-l. The IL-18
receptor is in the IL-I/TLR family, and signals through a
TlR domain that recruits IRAK and TRAF proteins (see
Chapter 2), leading to activation ofNF-1CBand AP-l transcription factors.
IL-23 and IL-27 are members of a family of cytokines
structurally related to both IL-6 and IL-12, and their
receptors are structurally related to the IL-6 and IL-12
receptors. Like IL-12, their functions bridge innate and
adaptive immunity. IL-23 is a heterodimeric cytokine
composed of a unique 19-kD chain (p 19) paired with the
p40 chain of IL-12. It is produced by macrophages and
dendritic cells in response to microbial infection. The IL23 receptor is expressed on T cells and NK cells, and consists of a heterodimer of a unique IL-23R chain and the
IL-12R~1 chain. Studies with knockout mice lacking the
p19 chain have revealed that IL-23 contributes to the
inflammatory
pathology of autoimmune
diseases,
including experimental allergic encephalomyelitis
(a
model of multiple sclerosis, see Chapter 18). Furthermore, IL-23 appears to be important for resistance to
some bacteria, including the gram-negative organism
Klebsiella pneumoniae. One way in which IL-23 may
influence
autoimmune
and protective
immune
responses is by promoting the differentiation or maintenance ofT cells that produce IL-17, a pro-inflammatory
cytokine discussed later in this chapter.

IL-27 is a heterodimer composed of an a-helical
subunit (IL-27 p28), bound to a subunit homologous to
the extracellular domain of the IL-6 receptor. IL-27 is
also produced by macro phages and dendritic cells in
response to pathogens, and binds to a high-affinity heterodimeric receptor, IL-27R, composed of the IL-6 gp130
chain and a second homologous chain. IL-27R is most
highly expressed by resting NK and NK-T cells, effector
and memory T cells, and regulatory T cells. Studies with
IL-27 knockout mice indicate that the influence of IL-27
on immune responses is complex, and includes both
proinflammatory and regulatory functions. Like IL-12,
IL-27 promotes Till differentiation and IFN-y production by T cells. However, IL-27R-deficent mice develop a
lethal T cell-mediated inflammatory response to certain
infectious pathogens, consistent with a role for IL-27 in
controlling ongoing T cell responses.
Several cytokines have been identified by sequence
homologies that belong to a family of IL-lO-related
cytokines. These include IL-19, IL-20, IL-22, IL-24, and
IL-26. All of these bind to type II cytokine receptors that
share various subunits. These cytokines appear to regulate inflammatory reactions in tissues, but their physiologic functions are not well understood.
Roles of Cytokines
and Inflammation

in Innate

Immunity

Now that we have discussed the individual cytokines of
innate immunity, it is useful to integrate this information and consider how these cytokines contribute to
innate immune reactions against microbes. Different
cytokines play key roles in innate immunity to different
classes of microbes. In infections by pyogenic (pusforming) extracellular bacteria, macrophages respond to
bacterial endotoxins and perhaps to other bacterial
products by producing TNF, IL-l, and chemokines (Fig.
12-8). TNF and IL-l act on vascular endothelium at the
site of the infection to induce the expression of adhesion
molecules that promote stable attachment of blood
neutrophils and monocytes to the endothelium at this
site. Chemokines produced by the macro phages and
by endothelial cells stimulate the extravasation of the
leukocytes to the infection, where the innate immune
reaction is mounted to eliminate the infectious
microbes.
IL-12 and IFNyare the most important cytokines in
innate responses to intracellular bacteria. Macrophages
and dendritic cells respond to many microbes, including
intracellular bacteria and LPS-producing bacteria, by
secreting IL-12, which induces the local production of
IFN-y from NK cells and T lymphocytes. IFN-y then
activates the macro phages to destroy phagocytosed
microbes. IL-12 also stimulates the subsequent adaptive
immune response and directs it toward Till cells, which
are the mediators of cellular immunity and the most
effective response for destroying intracellular bacteria.
These actions of IL-12 are complemented
by IL-18.
Cytokine-mediated leukocyte recruitment and activation are responsible for the injury to normal tissues that
often accompanies innate immune reactions to infections. These macrophage-derived
cytokines, especially

Chapter 12 -

I

FIGURE
12-8 Roles of cytokines
in innate
immunity
to
microbes.
This figure illustrates
the role of cytokines
in host
responses to bacteria that produce
LPS (endotoxin).
LPS acts on
macrophages
to induce the secretion of multiple cytokines,
including TNF, IL-1, and IL-12, which
can be measured in the serum of
individuals
treated
with LPS or
infected with LPS-producing
bacteria. TNF and IL-1 stimulate acute
inflammation
by their actions on
endothelial
cells and leukocytes.
IL-12 stimulates
the production
of
IFN-y, which can also be measured
in the serum. Note that chemokines may be produced by many
cell populations;
only endothelial
cells are shown as the source
in this illustration.
Antagonists
against
TNF, IL-12, and IFN-y
reduce the pathologic
complications of sepsis and decrease the
mortality
associated
with septic
shock.
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TNF and IL-l, are also responsible for the systemic
manifestations of infection.
In viral infections, type I IFNs are secreted by infected
cells, dendritic cells, and macrophages, and function to
inhibit viral replication and infection. IL-IS stimulates
the development and perhaps activation ofNK cells, and
IL-12 enhances the cytotoxic activity of NK cells. NK
cell-mediated
killing of virus-infected
cells eliminates
the reservoir of infection.
The dominant cytokines produced in response to different microbes account for the nature of the innate
immune reactions to these microbes. For instance, the
early response to pyogenic bacteria consists mainly of
neutrophils,
the response to intracellular
bacteria is
dominated by activated macro phages, and the response
to viruses consists of NK cells in addition to other
inflammatory
cells. There may be considerable overlap,
however, and these varied cellular reactions may be seen
to different degrees in many infections.
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LPS injection
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recognition. In the following sections, we first describe
the major cytokines of adaptive immunity (Table 12-5)
and conclude by describing how cytokines contribute
to specialized effector cell responses against different
microbes.

Interleukin-2
IL-2 is a growth, survival, and differentiation
factor for
T lymphocytes, and plays a major role in regulation ofT
cell responses through its actions on regulatory T cells.
Because of its ability to support proliferation of antigenstimulated T cells, IL-2 was originally called T cell growth
factor. It acts on the same cells that produce it or on adjacent cells (Le., it functions as an autocrine or paracrine
growth and survival factor).

Production,

Structure,

and Receptors

IL-2 is produced mainly by CD4+T lymphocytes. Activa-

REGULATE ADAPTIVE IMMUNITY

tion of T cells by antigens and costimulators stimulates
transcription of the IL-2 gene and synthesis and secretion of the protein (see Chapter 9). IL-2 production is

Cytokines mediate the proliferation and differentiation
of lymphocytes after antigen recognition in the activation phase of adaptive immune responses and mediate
the activation of specialized effector cells in the effector
phase of adaptive immunity. Cytokine production is one
of the principal responses of T lymphocytes to antigen

transient, with peak secretion occurring about 8 to 12
hours after activation. CD4+T cells secrete IL-2 into the
immunological synapse formed between the T cell and
APC (see Chapter 9). IL-2 receptors on T cells also tend
to localize to the synapse, so that the cytokine and its
receptor reach sufficiently high local concentrations to
initiate cellular responses.

CYTOKINES THAT MEDIATE AND
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Table 12-5. Cytokines

of Adaptive

Immunity

Cytokine

Size (kD)

Principal
source

Interleukin-2

14-17 kD

Tcells

T cells: proliferation,
increased cytokine
synthesis; potentiates
Fas-mediated
apoptosis; promotes regulatory T cell
development,
survival
NK cells: proliferation,
activation
B cells: proliferation,
antibody synthesis (in vitro)

18 kD

CD4+ T cells (T H2),
mast cells

B cells: isotype switching to IgE
T cells: T H2 differentiation,
proliferation
Macrophages:
inhibition of IFN-y-mediated
activation
Mast cells: proliferation
(in vitro)

Interleukin-5
(IL-5)

45-50 kD; homodimer
of 20 kD subunits

CD4 + T cells

Eosinophils:
activation, increased production
B cells: proliferation,
IgA production
(in vitro)

Interferon-y
(IFN-y)

50 kD (glycosylated);
homodimer
of 21 to
24 kD subunits

T cells (T H1, CD8+
T cells), NK cells

Macrophages:
activation (increased
microbicidal
functions)
B cells: isotype switching to opsonizing
and
complement-fixing
IgG subclasses
T cells: T H1 differentiation
Various cells: increased expression
of class I
and class II MHC molecules,
increased
antigen processing
and presentation
to T cells

Transforming
growth
factor-~
(TGF-~)

25 kD;
homodimer
of
12.5 kD subunits

Tcells,
macrophages,
other cell types

T cells: inhibition of proliferation
and effector
functions
B cells: inhibition of proliferation;
IgA production
Macrophages:
inhibition of activation; stimulation
of angiogenic
factors
Fibroblasts:
increased collagen synthesis

Lymphotoxin
(LT)

21-24 kD; secreted
as homotrimer
or
associated
with LT~2
on the cell membrane

Tcells

Recruitment
and activation
Lymphoid organogenesis

Interleukin-13
(IL-13)

15 kD

CD4 + T cells

Interleukin-17
(IL-17)

20-30

cell

(IL-2)

Interleukin-4

(I L -4)

(T H2)

(T H2),

NKT cells, mast cells

kD

Tcells

Principal
cellular targets
and biologic
effects

B cells: isotype switching to IgE
Epithelial cells: increased mucus production
Fibroblasts:
increased collagen synthesis
Macrophages:
increased collagen synthesis
Endothelial cells: increased chemokine
production
Macrophages:
increased chemokine
and
cytokine production
Epithelial cells: GM-CSF and G-CSF production

Abbreviations:
IgA, immunoglobulin
A; kD, kilodalton; GM-CSF, granulocyte-macrophage
G-CSF, granulocyte
colony stimulating
factor; MHC, major histocompatibility
complex;

Secreted IL-2 is a 14- to 17-kD glycoprotein that folds
into a globular protein containing four a-helices. It is the
prototype of the four-a-helical cytokines that interact
with type I cytokine receptors (Fig. 12-9).
The expression offunctional IL-2 receptors is induced
upon activation of naive and effector T cells; regulatory
T cells, which may be in a constant state of activation by
self antigens, always express IL-2 receptors. The IL-2
receptor (lL-2R) consists of three noncovalently associ-

of neutrophils

colony stimulating
NK, natural killer.

factor;

ated proteins including IL-2Ra (CD2S), IL-2I1SR~, and
Ye.Of the three chains, only IL-2Ra is unique to the IL2R. IL-2 binds to the a chain alone with low affinity, and
this does not lead to any detectable cytoplasmic signaling or biologic response. IL-2/1SR~, which is also part of
the IL-IS receptor, contributes to IL-2 binding and
engages Jak3-STATS-dependent
signal transduction
pathways. The y chain is shared with receptors for IL-4,
IL-7, and IL-lS, and is therefore called the common y
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FIGURE
12-9 Model for the binding of IL-2 to its receptor. This
ribbon diagram is modeled after the known x-ray crystal structure
of growth hormone with its receptor and the structural similarity of
growth hormone and IL-2. IL-2 is colored red. and the a. ~. and y
chains of the receptor are colored yellow. green, and blue, respectively. The four a-helices of the IL-2 molecule are labeled A, B. C,
and D. IL-2 interacts with all three chains of the heterotrimeric
receptor, and the ~ and y chains of the receptor interact with each other.
(From Theze J, PM Alzari. and J Bertoglio.
Interleukin
2 and its
receptors:
recent advances
and new immunological
functions.
Immunology
Today 17:481-486,
1996. Copyright
1996, with permission from Elsevier Science,)

chain (Yc)' Even though Ycis not directly involved in
binding IL-2, its association with the receptor complex
is required for high-affinity IL-2 binding, and is also
required for engagement of MAP kinase and PI-3 kinase
signal transduction pathways. The IL-2Rpyc complexes
are expressed at low levels on resting T cells (and on NK
cells), and bind IL-2 with a I<.Jof approximately 1O-9M
(Fig. 12-10). IL-2Ra expression is newly induced, and IL2Rp expression is up-regulated upon activation of naive
CD4+ and CD8+ T cells and memory T cells. For this
reason, IL-2Ra was originally called Tac (for T activation)
antigen. Cells that express IL-2Ra and form IL-2Rapyc
complexes can bind IL-2 more tightly, with a I<.Jof
approximately 10-11M, and growth stimulation of such
cells occurs at a similarly low IL-2 concentration. In vitro
studies indicate that IL-2, produced in response to
antigen stimulation, is required for induction of IL-2Ra
and IL-2Rp, and therefore T cells that produce IL-2 or
cells nearby to the IL-2 producers are most likely to
respond to the cytokine. CD4+ regulatory T cells, which
play an essential role in maintaining T cell tolerance to
self antigens (see Chapter 11), express IL-2Ra and IL2Rp, even without overt activation by antigen or IL-2.
Chronic T cell stimulation leads to shedding of IL-2Ra,
and an increased level of shed IL-2Ra in the serum is a
clinically used marker of strong antigenic stimulation
(e.g., acute rejection of a transplanted organ).

/IL-2RPyc

complex
IL-2Rpyc

T cell activation by
antigen + costimulator

Kd -1 x 10-9 M
Secretion

of IL-2

IL-~t

~ /IL-2Rapyc
Expression
of
IL-2Ra chain; formation
of high-affinity
IL-2Ra~y
complex

complex
IL-2Rapyc
I
'"I
I
Kd -1 X 10-11 M

FIGURE 12-10 Regulation of IL-2
receptor expression.
Resting (naive) T
lymphocytes
express
the
IL-2R~y
complex. which has a moderate affinity for IL-2. Activation of the T cells by
antigen, costimulators.
and IL-2 itself
leads to expression
of the IL-2Ra
chain and high levels of the highaffinity
IL-2Ra~y
complex.
APC.
antigen-presenting
cell.

IL-2-induced
T cell
proliferation
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Biologic Actions
IL-2 was originally described as a T cell growth factor,
based on in vitro studies, but more recent studies indicate other roles may predominate in vivo (Fig. 12-11).
.

IL-2 is required for the survival and perhaps function of regulatory T cells, which suppress immune
responses against self and other antigens (see
Chapter 11). The constitutive expression of IL-2
receptors on regulatoryT cells is consistent with their
requirement for IL-2 in order to survive.
o Gene knockout mouse studies have provided evidence that the primary nonredundant function of IL2 in vivo is the suppression of T responses. Mice
lacking IL-2, IL-2Ra (CD25), or IL-2R~ develop lymphadenopathy and T cell-mediated autoimmunity,
and these mice lack regulatory T cells. These findings
in mice indicate that other cytokines may share with
IL-2 the role of growth factor for antigen-stimulated
T cells, but the regulatory functions of IL-2 cannot be
replaced by other cytokines. It remains to be established if IL-2 will prove to be as critical for maintenance of regulatory T cells in humans.

. 1L-2
stimulates the survival, proliferation, and differentiation of antigen-activated
T cells. IL-2 also pro-

motes survival of cells by inducing the anti-apoptotic
protein BcI-2. IL-2 promotes cell cycle progression
through the synthesis of cyclins and relieves a block
in cell cycle progression through p27 degradation. In
addition, IL-2 increases production of other effector
cytokines, such as IFN-y and IL-4, by the T cells.
.

IL-2 promotes the proliferation and differentiation of
NK cells. It stimulates the growth of NK cells and
enhances their cytolytic function, producing socalled Iymphokine-activated
killer cells. Because NK
cells, like resting T cells, express IL-2R~yc (but not IL2Ra), they can be stimulated only by high levels of IL2. As mentioned earlier, in NK cells, the ~yccomplex

~~

T ell

T cell clonal
expansion,
differentiation
into effector and
memory cells

Interleukin-2

(IL-2)

is associated with the a chain of the IL-15 receptor,
and lL-15 functions as a growth factor for these cells.
.

Interleukin-4
1L-4 is the major stimulus for the production of IgE
antibodies and for the development of TI/2 cells from
naive CD.fThelper T cells. IL-4 is the signature cytokine
of the TH2subset and functions as both an inducer and
an effector cytokine of these cells.
Structure,

Production,

and Receptors

IL-4 is a member of the four-a-helical
cytokine
family. The principal cellular sources of IL-4 are CD4+T
lymphocytes of the Tu2 subset as well as activated mast
cells.
The IL-4 receptor of lymphoid cells consists of a
cytokine-binding a chain that is a member of the type I
cytokine receptor family, associated with the Yc
chain shared by other cytokine receptors. This IL-4Rayc
receptor signals by the Jak-STAT pathway (Jak3- or 4STAT6) and by a pathway that involves the insulin
response substrate (IRS) called IRS-2. IL-4 is the only
cytokine that activates the STAT6protein, which induces
transcription of genes that account for many of the
actions of IL-4, such as Tu2 differentiation and B cell
switching to IgE.
Biologic Actions
The biologic actions of IL-4 include
IgE and mast cell/eosinophil-mediated
12-12).

stimulation of
reactions (Fig.

. IL-4 is the principal cytokine that stimulates B cell Ig
heavy chain class switching to the IgE isotype. The

,~

Regulatory T cell
development,
survival, ?function

IL-2 acts on B cells both as a growth factor and as a
stimulus for antibody synthesis. This function has
mainly been demonstrated in vitro.

NK

cell

NK cell
proliferation,
increased
cytotoxic activity

FIGURE 12-11 Biologic actions of IL-2. IL-2 stimulates the proliferation and differentiation of T and
B lymphocytes and NK cells. As discussed in the
text, IL-2 also functions to inhibit immune responses
(e.g., against self antigens) by its effect on regulatory T cells.
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FIGURE 12-12 Biologicactions of Il4. IL-4stimulates B cell isotype switching
to some immunoglobulin classes, notably
IgE. and differentiation of naive T cells
to the TH2 subset.
differentiation.

IL-4 also

inhibits

TH1

mechanisms of class switching were described in
Chapter 10. Knockout mice lacking IL-4 have less
than 10% of normal IgE levels. IgE antibodies play
a role in eosinophil-mediated
defense against
helminthic or arthropod infections, this being the
major function ofT H2cells in host defense. IgE is also
the principal mediator of immediate hypersensitivity
(allergic) reactions, and production of IL-4 is important for the development of allergies (see Chapter 19).
IL-4 also enhances switching to IgG4 (in humans, or
the homologous IgG I in mice) and inhibits switching
to the IgG2a and IgG3 isotypes in mice, both of which
are stimulated by IFN-y. This is one of several reciprocal antagonistic actions of IL-4 and IFN-y.

. IL-4 stimulates the development of

TII2

cells from

naive CD4+ T cells and functions as an autocrine
growth factor for differentiated T112cells. Thus, IL-4 is
responsible for the induction and expansion of this
subset. Knockout mice lacking IL-4 or STAT6 show a
deficiency in the development and maintenance of
TH2cells, even after stimuli (such as helminthic infections) that are normally potent inducers of this
subset. This role ofIL-4 is discussed in Chapter 13. IL4 also inhibits the devleopment ofTHI and THI7 cells
(see Chapter 13).
.

IL-4, together with IL-13, contributes to an alternative
form of macrophage activation that is distinct from
the macrophage response to IFN-y. The effects of
IL-4 on macrophages include arginase induction
leading to collagen production,
and increased
mannose receptor expression, which promotes the
phagocytosis of microbes.

Interleukin-S
IL-5 is an activator of eosinophils
link between T cell activation
inflammation.

and serves as the
and eosinophilic

Structure, Production, and Receptors
IL-S is a type I cytokine family member composed of a
homodimer of a polypeptide containing a four-a-helical

~

4+

~I'

CD4+
Teell

Isotype switching to
IgE and IgG1 (mouse),
IgG4 (human)

~

aive C

T cell

~

Differentiation
and expansion
of TH2cells

Inhibition of
differentiation
of TH1cells

domain. It is produced by the TH2subset of CD4+T cells
and by activated mast cells. The IL-S receptor is a
heterodimer composed of a unique a chain and a
common ~ chain (~c), which is also part of the IL-3 and
granulocyte-macrophage
colony-stimulating
factor
(GM-CSF) receptors. The IL-SRa chain can bind IL-S
with low affinity, but does not signal. The ~c chain does
not bind IL-S by itself but is required for high affininty
binding by the a chain, and for engaging signal transduction pathways. The major IL-S-induced signaling
pathway involves Jak2 and STAB.
Biologic Actions
The major actions of IL-5 are to activate mature
eosinophils and stimulate the growth and differentiation of eosinophils. Activated eosinophils are able to kill
helminths. Eosinophils express Fc receptors specific for
IgG and 19Aantibodies and are thereby able to bind to
microbes opsonized by IgG or 19A, such as helminths.
Knockout mice lacking IL-S are defective in eosinophil
responses and are susceptible to some helminthic infections. IL-S also stimulates the proliferation of B cells and
the production of 19Aantibodies (see Chapter 10).
Interleukin-13
IL-13 is structurally and functionally similar to IL-4, and
plays a key role in defense against helminths (see
Chapter IS) and in allergic diseases (see Chapter 19).
Structure,

Production,

and Receptors

IL-13 is a member of the four-a-helical cytokine family,
with limited sequence homology but significant structural similarity to IL-4. It is encoded by a gene in a region
of human chromosome S that includes several other
cytokine genes important to allergic disease, including
IL-4, IL-S, and IL-9. IL-13 is produced mainly by CD4+
helper T cells of the TH2 subset, but other cell types,
including CDB+ T cells and NK-T cells, may produce
significant amounts of IL-13 during the early phases
of allergic responses. Other cellular sources of IL-13
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include basophils and eosinophils. The functional lL-13
receptor is a heterodimer of the lL-4Ra chain and the lLl3Ral chain. This complex can bind both lL-4 and lL-13
with high affinity, and accounts for the fact that most of
the biologic effects of lL-13 are shared with lL-4. The lL4R/IL-13Ral receptor is expressed on a wide variety of
cells, including B cells, mononuclear phagocytes, dendritic cells, eosinophils, basophils, fibroblasts, endothelial cells, and bronchial epithelial cells. T cells do not
express the lL-13 receptor. lL-13R signaling is similar to
lL-4R signaling, involving Jakl- and Tyk2-mediated
phosphorylation of STAT6, as well as lRS2. Because the
lL-13 receptor does not include the common y chain,
some of the downstream signaling events induced by lL4 binding to the lL-4 receptor are not induced by either
lL-4 or lL-13 binding to the lL-13 receptor. A second high
affinity receptor for lL-13, called lL-13Ra2, does not
appear to have any signaling functions, and may act as
a dominant negative inhibitor and/or decoy receptor
that blocks effects of lL-13 on certain cell types, including bronchial epithelial cells.

Biologic Actions
lL-13 works together with lL-4 in producing biologic effects associated with allergic inflammation, discussed in detail in Chapter 19, and in defense against
parasites. The distinct distribution patterns of lL-4 and
lL-13 receptors, the differences in signaling by these
receptors, and differences in the induction and stability
of lL-4 and lL-13 probably all contribute to the fact that
lL-13 has biologic effects that are distinct from those of
lL-4.
.

IL-13 promotes fibrosis as part of the tissue repair
phase of chronic inflammatory states. The fibrogenic
function of lL-13, which is not shared by lL-4, is due
to stimulation of fibroblasts and macro phages to synthesize collagen, in part by inducing expression ofthe
enzyme arginase-I, and stimulation of macro phages
to produce TGF-p, which itself promotes fibrosis. lLl3-induced fibrosis contributes significantly to the
pathology of chronic asthma, interstitial lung diseases, and parasitic infections.

. IL-13 stimulates mucus production by lung epithelial
cells. This property is also not shared by lL-4, and
also contributes to the pathogenesis of asthma. lLl3-mediated mucus secretion is due to effects of the
cytokine on proliferation, differentiation, and secretory function of bronchial epithelial goblet cells.
. IL-13 induces IgE class switching in B cells. This
is a property shared with lL-4. lL-13 knockout mice
have reduced IgE levels, even though they produce
lL-4.
.

IL-13 promotes inflammation by inducing expression
of endothelial adhesion molecules (e.g., VCAM-l) and
chemokines, which mediate recruitment of granulocytes and monocytes into tissues. The proinflammatory effects ofIL-13 may be protective against parasite

infections, and harmful in the case of asthma and
other lung diseases.
Interferon-y
IFN-r is the principal macrophage-activating
cytokine
and serves critical functions in innate immunity and in
adaptive cell-mediated immunity against intracellular
microbes. lFN-y is also called immune, or type II, lFN.
Although it has some antiviral activity, it is not a potent
antiviral cytokine, and it functions mainly as an activator of effector cells of the immune system.
Structure,

Production,

and Receptors

lFN-y is a homodimeric protein produced by NK cells,
CD4+ Till cells, and COW T cells; it is the signature
cytokine of the Till subset of helper T cells. NK cells
secrete lFN-y in response to activating ligands on the
surface of infected or stressed host cells (see Chapter 2)
or in response to lL-12; in this setting, lFN-yfunctions as
a mediator of innate immunity. In adaptive immunity, T
cells produce lFN-y in response to antigen recognition,
and production is enhanced by IL-12 and lL-18. As we
have mentioned previously and will discuss in more
detail in Chapter 13, the sequence of reactions involving
lL-12 and lFN-y is central to cell-mediated immunity
against intracellular microbes.
The receptor for IFN-y is composed of two structurally homologous polypeptides belonging to the
type II cytokine receptor family, called lFNyRl and
lFNyR2. IFN-y binds to and induces the hetrodimerization of IFNyRl and IFNyR2, which associate, respectively, with the Jakl and Jak2 kinases. Activation of
these enzymes leads to STATl phosphorylation
and
dimerization, binding of the STATl dimers to GAS
sequences in regulatory regions of various genes, and
transcription of these genes, as described for type I lFNs
earlier in this chapter. IFN-y-induced genes encode
many different molecules involved in enhancing
adaptive immune responses and in the effector function
of macrophages,
described
later. Different IFNy-responsive genes are activated by STATl alone or by
STATl acting with other transcription factors, including
IFN response factor-l (lRF-l) and class II transactivator,
which are themselves induced by STATl. STATl knockout mice are completely insensitive to the actions of
IFN -yo
Biologic Actions
The functions of lFN-y are important in cell-mediated
immunity against intracellular microbes (Fig. 12-13).

. IFN-r
activates macrophages to kill phagocytosed
microbes. Together with CD40 ligand, lFN-y is the
means by which Till helper T cells enhance
macrophage function (see Chapter 13). and lFN-y is
the only way in which NK cells activate macrophages
in innate immunity (see Chapter 2). IFN-yenhances
the microbicidal function of macro phages by stimu-

.~

Macrophage
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FIGURE 12-13 Biologic actions of
IFN-y. IFN-y activates phagocytes and
APCs and induces B cell switching to
some immunoglobulin isotypes (which
often bind complementand Fc receptors
on phagocytes and are distinct from
the isotypes induced by IL-4LThe TH1inducing effect of IFN-ymay be indirect,
mediated by increased IL-12 production
and receptor expression.

.

.

Isotype switching
to opsonizing and
complement-fixing
antibodies

lating the synthesis
of reactive oxygen intermediates
and nitric oxide. IFN-y mediates
these effects mainly
by activating
transcription
of the genes that encode
the enzymes
required
for generating
reactive oxygen
species and reactive
nitrogen
intermediates.
These
enzymes
are phagocyte
oxidase and inducible
nitric
oxide synthase,
respectively.
The reactive molecules
are produced
within
Iysosomes,
and they destroy
microbes
that are contained
within phagolysosomes.

IFN-r promotes the differentiation of naive CDif'"T
cells to the THI subset and inhibits the differentiation
of TIl2 cells. IFN-y stimulates production of a transcription factor called T-bet that directly promotes
Till differentiation
(see Chapter 13). The TII1inducing effect of IFN-y is also partly mediated
indirectly by activating
mononuclear
phagocytes
to produce IL-12, which is a major Till-inducing
cytokine. In addition, in mice, IFN-yenhances expression of the signaling chain of the IL-12 receptor. IFNy inhibition
of T112 differentiation may involve
T-bet-mediated suppression of GATA-3,a transcription factor that is required for the commitment of
naive T cells to the TH2 lineage (see Chapter 13).
IFN-racts on B cells to promote switching to certain
IgG subclasses, notably IgG2a in mice, and to inhibit
switching to IL-4-dependent isotypes, such as IgE and

.

IgGl in mice. The IgG subclass es induced by IFN-y
bind to Fey receptors
on phag ocytes and activate
promote
complement,
and both these m echanisms
the phagocytosis
of opsonized
m icrobes. Thus, IFN-y
induces
antibody
responses
t hat also participate
in
in phagocyte-mediated
elimina tion of microbes,
effects
concert with the direct macroph age-activating
of this cytokine.

IFN-r stimulates expression of class 1 and class II
MHC molecules and costimula tors on APCs. IFN-y
also stimulates the production of many proteins
the transinvolved in antigen processing, including
porter associated with antigen p rocessing (TAP), the
LMP-2 and LMP-7 components of the proteasome,
and HLA-DM. Thus, IFN-yenhan ces MHC-associated
antigen presentation and ampl Hies the recognition
phase of immune responses by i ncreasing expression
of the ligands that T cells recog nize (see Chapter 5,
of vascular
Fig. 5-10). IFN-y is also an a ctivator
endothelial cells, and it poten tiates many of the
T
actions of TNF on endothelia I cells, promoting
to sites of
lymphocyte adhesion and extr avasation
infection.

The net effect of these activ ities of IFN -y is to
reactions
promote
macrophage-rich
infla mmatory
while inhibiting IgE-dependent eosino p hil-rich reac-
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tions. Knockout mice lacking IFN-y or the IFN-y receptor are susceptible to infections with intracellular
microbes, such as mycobacteria, because of defective
macrophage activation.
Transforming

Growth

Factor-~

The principal action ofTGF-f3 in the immune system is
to inhibit the proliferation and activation of lymphocytes and other leukocytes. However, TGF-p can exert
either anti-inflammatory
or proinflammatory
effects
depending on the timing of its appearance, the amount
produced, and systemic versus local expression. TGF-p
was discovered as a tumor product that promoted the
survival of cells in semisolid culture media. It is actually
a family of closely related molecules encoded by distinct
genes, commonly designated TGF-pl, TGF-p2, and TGFp3. Cells of the immune system synthesize mainly
TGF-pl.
Production,

Structure,

that differentiation or survival of regulatory T cells
depends in part on TGF-p. In addition, TGF-p produced by regulatoryT cells, or perhaps dendritic cells,
can block development of Till and TH2 subsets of
effector CD4+ T cells. Furthermore, TGF-p in combination with cytokines elicited during innate immune
responses, such as IL-5, may promote the differentiation of a proinflammatory subset of CD4+T cells that
secrete IL-17. Thus, TGF-p has complex effects on T
cell- mediated immune responses.
o TGF-f3 stimulates production of 19A antibodies by
inducing B cells to switch to this isotype. IgA is the
antibody isotype required for mucosal immunity (see
Chapter 14).
.

TGF-f3regulates tissue repair after local immune and
inflammatory
reactions subside. This function is
mediated by specific actions of TGF-p on collagen
synthesis and matrix-modifying enzyme production
by macrophages and fibroblasts, and by contributing
to angiogenesis.

and Receptors

TGF-pl is a homodimeric protein that is synthesized and
secreted by antigen-stimulated
T cells, LPS-activated
mononuclear phagocytes, and many other cell types.
Some regulatory T cells produce TGF-p, and the same
cells may also produce IL-lQ, which, like TGF-pl, has
immunosuppressive
activities (see Chapter II). TGF-pl
is synthesized as an inactive precursor that is proteolytically cleaved in the Golgi complex, and forms a
homodimer. This mature TGF-pl homodimer is secreted
in a latent form in association with other polypeptides,
which must be removed extracellularly by enzymatic
digestion before the cytokine can bind to receptors
and exert biologic effects. The TGF-pl receptor consists
of two different proteins, activin receptor-like kinase5
(ALK5) and TGF-pRII, which signal through a serine/
threonine kinase domain that phosphorylates transcription factors called Smads. Upon TGF-pl binding,
ALK5 phosphorylates
Smad2 and Smad3, which in
complex with Smad4, translocate to the nucleus, bind
to promoters of target genes, and regulate their
transcription.
Biologic Actions
o TGF-f3 inhibits the proliferation and effector functions of T cells and the activation of macrophages.
TGF-p also acts on other cells, such as neutrophils
and endothelial cells, largely to counteract the
effects of pro-inflammatory
cytokines. By these
actions, TGF-p functions to inhibit immune and
inflammatory responses. Mice in which the TGF-pl
gene has been knocked out, or in which the TGF-p
receptor has been selectively blocked in T cells,
develop uncontrolled
inflammatory
lesions and
Iymphoproliferation.
o TGF-f3 regulates differentiation of functionally distinct subsets ofT cells. Some studies in mice indicate

Other Cytokines

of Adaptive

Immunity

Lymphotoxin
(LT) is a cytokine produced by T
lymphocytes and other cells. It is approximately 30%
homologous to macrophage-derived
TNF and serves
many of the same functions. (For this reason, LT is also
called TNF-p.) The secreted form of LT (sometimes
called LTa) is a homotrimer, similar to TNF, and it binds
to TNF receptors. LT is also expressed as a membrane
protein in which one chain of the secreted form associates with two subunits of a structurally related membrane protein called LTp.The LTp membrane form binds
to a different receptor also belonging to the TNF receptor family.
LT activates endothelial cells and neutrophils and is
thus a mediator of the acute inflammatory response,
providing a link between T cell activation and inflammation. These biologic effects ofLT are the same as those
ofTNF, consistent with their binding to the same receptors. However, because the quantity of LT synthesized
by antigen-stimulated
T cells is much less than the
amounts of TNF made by LPS-stimulated mononuclear
phagocytes, LT is not readily detected in the circulation.
Therefore, LTis usually a locally acting cytokine and not
a mediator of systemic injury.
Studies in transgenic and knockout mice have
shown that LT is required for the normal development
of lymphoid organs (see Chapter 3). Knockout mice
lacking membrane
LTp or the receptor for LTp
show various defects in the formation of lymph nodes,
Peyer's patches, and splenic white pulp. In these
animals, the B cell areas in the lymphoid organs do not
develop normally, and no germinal centers are seen in
the spleen. LT may function in lymphoid organogenesis
by inducing the production of chemokines that promote
lymphocyte migration into particular areas of lymphoid
organs.
IL-17 includes a family of six structurally related
cytokines, some of which promote tissue damage in
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hypersensitivity diseases and others are important for
defense against bacterial infections. The structures of
the IL-I7 cytokines and their receptors are not shared by
other cytokines discussed in this chapter, and the signal
transduction pathways the receptors engage remain
incompletely characterized. IL-I7 A and F,which are the
best characterized members of the family, are produced
by several cell types, including a subset of effector CD4+
T cells distinct from THI and TH2 cells. The differentiation and maintenance of this IL-I7 -producing T cell
subset are dependent on TGF-p, IL-23, and cytokines
produced during innate immune reactions, such as
IL-6. IL-I7 A and F stimulate endothelial cells and
macrophages
to produce IL-I, TNF, and various
chemokines, which promote neutrophil recruitment. IL17 also induces cells to produce hematopoietic
cytokines, described later in this chapter, which stimulate neutrophil
production
by the bone marrow.
IL-I7 produced by T cells is thought to be responsible
for the destructive inflammation
characteristic
of
several mouse models of autoimmune disease. A role
of IL-I7 in human inflammatory bowel disease is also
suspected.
IL-21 is a type I cytokine produced by activated
CD4+ T cells that has a wide variety of effects on Band
T cells and NK cells. The IL-21 receptor is a type I
family receptor that includes the common y chain
subunit, and activates a signaling pathway involving
JakI, Jak2, STATI, and STAT3. The effects of IL-21 are
often synergistic with or modulate the effects of other
cytokines, but do not appear to be essential for immune
responses. Some of the major effects of IL-21 include
stimulation of proliferation and augmentation of effector function of CD8+ T cells; enhancement
of class
switching and Ig production by B cells; and induction of
differentiation and enhancement of effector function of
NK cells.
Several other T cell-derived cytokines have been
described, but their physiologic functions are unclear.
IL-I6 is a T cell-derived cytokine that acts as a specific
chemoattractant
of eosinophils. However, it appears to
be derived from a fragment of an intracellular protein,
and it is not known whether it is secreted under physiologic conditions. IL-25 is structurally homologous to IL17 but is secreted by TH2 cells and stimulates the
production of other TH2cytokines, including IL-4, IL-5,
and IL-I3. Migration inhibition factor (MIF) is a T
cell-derived substance that immobilizes mononuclear
phagocytes, an effect that might cause the cells to be
retained at sites of inflammation. This was the first
cytokine activity to be described, but it has proved difficult to purify and biochemically characterize a cytokine
with this function.
B cell activating factor belonging to the TNF family
(BAFF) and a proliferation-inducing
ligand (APRIL) are
two closely related members of the TNF family of
cytokines, which have important effects on B cell survival. and therefore humoral immunity. BAFF is
expressed as both a membrane-bound
and secreted
protein, while APRIL is mainly a secreted protein.
Various cell types produce BAFF,including neutrophils,

monocytes, macro phages, dendritic cells, follicular dendritic cells and activated T cells. APRIL is produced
mainly by monocytes, macro phages, dendritic cells, and
activated T cells. BAFF and APRIL expression are upregulated by various proinflammatory cytokines. BAFF and
APRIL both bind to two TNF receptor family receptors,
transmembrane activator and CAML interactor (TACI),
and B cell maturation antigen (BCMA). BAFF, but not
APRIL, also binds to another TNF receptor family
member called BAFF receptor (BAFF-R or BR3). These
receptors transduce signals leading to upregulation of
the anti-apoptotic protein Bcl-2 and the activation of
NF-KB. Each of these receptors mediates distinct functions during B cell development, activation, and differentiation. BAFF-R is required for the survival of mature
follicular B cells and facilitates the differentiation of
marginal zone B cells. TACI is required for class switching particularly to 19A and IgG isotypes, and mediates
the induction of AID when T-independent
isotype
switching occurs in responses to certain polysaccharide
antigens. BCMA is required for the survival of long-lived
plasma cells in the bone marrow.
Apart from their roles in B cell survival. differentiation, and activation, BAFF family cytokines and their
receptors are of relevance from the viewpoint of disease.
Some patients with selective 19A deficiency and with
Common Variable Immunodeficiency have mutations in
TACI (see Chapter 20). Enhanced secretion ofBAFF may
permit the survival of anergic B cells, and enhanced
BAFF levels are seen in patients with humoral autoimmune disorders such as systemic lupus erythematosus.
TACI, BCMA, and BAFF-R are also expressed on certain
B lineage tumors, and may contribute to their malignant
growth characteristics.

Roles of T Cell Cytokines
in Specialized
Adaptive
Immune Responses
The cytokines of adaptive immunity are critical for the
development of immune responses and for the activation of effector cells that serve to eliminate microbes and
other antigens. In Chapter 1, we mentioned a cardinal
feature of adaptive immunity, that responses are specialized to eliminate different types of microbes. Much
of this specialization is due to the actions of cytokines,
which may be produced by subpopulations of helper T
cells. Different types of microbes stimulate naive CD4+T
cells to differentiate into effector cells that produce distinct sets of cytokines and perform distinct functions.
The best defined of these subsets are the THI and TH2
cells, which have been mentioned
previously. We
will describe the properties and functions of these
subsets in Chapter 13, when we discuss the effector
mechanisms of cell-mediated immunity. Many intracellular microbes (bacteria and viruses) induce the development ofTHI cells, which produce IFN-y, the cytokine
that activates phagocytes to destroy intracellular
microbes and stimulates the production of opsonizing
antibodies that promote more phagocytosis. Helminthic
parasites, in contrast, stimulate the development of TH2
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cells, which produce IL-4 and IL-5. IL-4 enhances production of helminth-specific
IgE antibodies and IL-5
activates eosinophils, and both contribute to destruction of the parasites. In other chapters we refer to the
functions of these and other cytokines at different stages
of adaptive immune responses.

CYTOKINES

Mature leukocytes arise from pluripotent stem cells
by commitment to a particular lineage (differentiation)
and progressive expansion of the progeny (Fig. 12-14).
The differentiation and expansion of bone marrow progenitor cells are stimulated by cytokines, which are
called colony-stimulating
factors (CSFs) because they
are often assayed by their ability to stimulate the formation of cell colonies in bone marrow cultures. Under the
influence of different CSFs, these colonies acquire characteristics of specific cell lineages (e.g., granulocytes,
mononuclear phagocytes, or lymphocytes). The names
assigned to CSFs reflect the types of colonies that arise
in these assays. In this section, we focus on cytokines
that are important for the development of lymphocytes
(Table 12-6).

THAT STIMULATE

HEMATOPOIESIS
Cytokines are necessary for normal hematopoiesis in
the bone marrow and provide a means of fine-tuning
bone marrow function in response to the need for leukocytes. Several of the cytokines generated during both
innate and adaptive immune responses stimulate the
growth and differentiation of bone marrow progenitor
cells. Thus, immune and inflammatory reactions, which
consume leukocytes, also elicit production of new
leukocytes.
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Table 12-6. Hematopoietic Cytokines
Cytokine

Size

(kD)

Principal
cellular

Stem
(c-Kit

cell factor
ligand)

Interleukin-7

Granulocytemonocyte

CSF

stem

Principal
populations

Pluripotent
cells

25 kD

Fibroblasts,
bone marrow
stromal cells

Immature lymphoid
progenitors

Band

Tcells

Immature
progenitors

All

18-22

kD

Tcells,
macrophages,
endothelial
cells,
fibroblasts

Immature and
committed
progenitors,
mature macrophages

Granulocytes
macrophage

Dimer of
70-90 kD;
40-kD subunits

Macrophages,
endothelial
cells,
bone marrow
cells, fibroblasts

Committed progenitors

Monocytes

19 kD

Macrophages,
fibroblasts,
endothelial
cells

Committed

Granulocytes

CSF

Abbreviations:

CSF, colony-stimulating

factor;

progenitors

induced

T lymphocytes

kD

Granulocyte
(G-CSF)

cell

All

20-26

CSF

(M-CSF)

targets

Bone marrow
stromal cells

(GM-CSF)
Monocyte

cellular

24 kD

(I L -7)
Interleukin-3
(IL-3)

Principal
sources

and monocytes,
activity

kD, kilodalton.

this receptor
is called c-Kit ligand, or stem cell factor,
because it acts on immature
stem cells. Therefore,
c-Kit
is also called the stem cell factor receptor.
Stem cell
factor is synthesized
by stromal cells of the bone marrow
as a transmembrane
protein or a secreted protein,
both
produced
from the same gene by alternative
splicing of
the RNA. It is believed that stem cell factor is needed to
make bone marrow stem cells responsive
to other CSFs
but it does not cause colony formation
by itself. It may
also playa role in sustaining
the viability
and proliferative capacity
of immature
T cells in the thymus and of
mast cells in mucosal
tissues. The soluble form of stem
cell factor is absent in a mutant mouse strain called steel.
The steel mouse has defects in mast cell production
but
not in most other lineages,
suggesting
that the membrane form of the factor is more important
than the
soluble form for stimulating
stem cells to mature into
various
hematopoietic
lineages.
Elimination
of both
forms of stem cell factor by gene knockout
is lethal.

Interleukin-7
IL-7 is a type I family four-a-helical cytokine secreted by
stromal cells in many tissues that stimulates survival and
expansion of immature precursors committed to the B
and T lymphocyte lineages (see Chapter 7). The IL-7
receptor consists of a unique IL-7-binding a chain associated with the Yechain described earlier in this chapter
as part of the receptors for IL-2, IL-4, and IL-15. Knockout mice lacking IL-7 or the IL-7 receptor a chain or
its associated Jak3 kinase are lymphopenic, with a

decreased number of T and B cells. Knockout mice
lacking Ye'and humans with Yemutations, show defects
in lymphocyte maturation; the human disease is called
X-linked severe combined immunodeficiency
(see
Chapter 20). IL-7 is also essential for the survival of
mature, naive T cells and memory cells, especially CD4+
memory cells, both of which express high levels of the
IL-7 receptor.
Interleukin-3
IL-3, also known as multilineage colony-stimulating
factor (multi-CSFJ. is a product of CD4+T cells that acts
on immature marrow progenitors and promotes the
expansion of cells that differentiate into all known
mature hematopoietic cell types. IL-3 is a member ofthe
four-a-helical
family of cytokines. In humans, the IL-3
receptor consists of a cytokine-binding component that
is a member of the type I cytokine receptor family and a
signal-transducing
subunit that is shared with IL-Sand
GM-CSF receptors. In the mouse, the signal-transducing
subunit of the IL-3 receptor is unique. Signal transduction in both species involves a Jak-STAT pathway. Most
functional analyses of IL-3 have been performed in
mice. In addition to its effect on multiple cell lineages,
IL-3 promotes the growth and development of mast
cells from bone marrow-derived progenitors, an action
enhanced by IL-4. However,knockout of the IL-3 receptor in mice does not cause noticeable impairment of
hematopoiesis. Human IL-3 has been identified by the
cDNA cloning of a molecule homologous to mouse
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IL-3, but it has been difficult to establish a role for this
cytokine in hematopoiesis in humans. In fact, many
actions attributed to mouse IL-3 appear to be performed
by human GM-CSE
Other

Hematopoietic

Cytokines

GM-CSF, macrophage
colony-stimulating
factor
(M-CSF), and granulocyte colony-stimulating
factor
(G-CSF) are cytokines made by activated T cells,
macrophages,
endothelial cells, and bone marrow
stromal cells that act on bone marrow progenitors to
increase production of various leukocytes. GM-CSF
promotes the maturation of bone marrow cells into
dendritic cells and monocytes. G-CSF is generated at
sites of infection and acts as an endocrine hormone to
mobilize neutrophils from the marrow to replace those
consumed in inflammatory
reactions. Recombinant
GM-CSF and G-CSF are used to stimulate bone marrow
recovery after cancer chemotherapy and bone marrow
transplantation. These are some of the most successful
clinical applications of cytokines.
Erythropoietin
(Epo) is a member of the type I
cytokine family of proteins, produced mainly in the
kidney in response to low oxygen tension. Its major biologic effect is to promote production of red blood cells
from already committed erythroid progenitor cells. Epo
binds to a type I cytokine receptor, which signals
through Jak2-STAT5, and PI-3-kinase-Akt pathways. The
Epo receptor is widely expressed in many tissues, and in
addition to its role in red blood cell production, Epo is
involved in physiologic angiogenic responses in the
developing embryo, in the uterus, and in would healing.
Epo also appears to contribute to pathologic angiogenesis in the retina and in tumors. Recombinant human
Epo is commonly used for the treatment of anemia in
chronic renal failure.
IL-9 is a cytokine that supports the growth of some T
cell lines and of bone marrow-derived mast cell progenitors. IL-9 uses the Ycchain signaling subunit and a
Jak-STAT pathway. Its physiologic role is unknown.
IL-II is produced by bone marrow stromal cells. It
uses the same gp130 signaling subunit used by IL-6
and signals by a Jak-STAT pathway. It stimulates
megakaryocytopoiesis
and is in clinical use to treat
patients with platelet deficiencies resulting from cancer
chemotherapy.

SUMMARY
. Cytokines are a family of proteins that mediate
many of the responses of innate and adaptive
immunity. The same cytokines may be produced
by many cell types, and individual cytokines often
act on diverse cell types. Cytokines are synthesized
in response to inflammatory or antigenic stimuli
and usually act locally, in an autocrine or a
paracrine fashion, by binding to high-affinity
receptors on target cells. Certain cytokines may be

produced in sufficient quantity to circulate and
exert endocrine actions. For many cell types,
cytokines serve as growth factors.

. Cytokinesmediate their actions by binding with
high affinity to receptors, which belong to a limited
number of structural families. Most of the receptors contain two or more subunits, and some subunits are shared between different receptors.
Cytokine receptors engage several specialized signaling pathways, including Jak-STAT pathways
(type I and type II receptors), TIRIIRAK pathways
(IL-I family receptors), and TRAF pathways (TNF
family receptors).

. The cytokines that mediate innate immunity are
produced mainly by activated macrophages and
include the following: TNF and IL-I are mediators
of acute inflammatory reactions to microbes;
chemokines recruit leukocytes to sites of inflammation; IL-12 and IL-18 stimulate production
of the macrophage-activating cytokine IFN-y; type
I IFNs are antiviral cytokines; IL-IO is an inhibitor
of macro phages and dendritic cells; IL-23 and
IL-27 regulate T cell-dependent
inflammatory
responses. These cytokines function in innate
immune
responses
to different classes of
microbes, and some (lL-12, IL-18, IL-23, IL-27)
modify adaptive immune responses that follow the
innate immune response.

. The cytokines that mediate and regulate adaptive
immune responses are produced mainly by
antigen-stimulated
T lymphocytes,
and they
include the following: IL-2 is a T cell growth factor
and an essential regulator of T cell responses; IL-4
stimulates IgE production and the development of
TH2 cells from naive helper T cells; IL-5 activates
eosinophils;
IL-13 promotes IgE production,
mucus secretion, and tissue fibrosis in the setting
of allergic disease and parasite infections; IFN-y is
an activator of macrophages and contributes to
differentiation of IFN-y-producing helper T cells;
and TGF-~ inhibits the proliferation of T lymphocytes and the activation of leukocytes.
. The CSFs consist of cytokines produced by bone
marrow stromal cells, T lymphocytes, and other
cells that stimulate the growth of bone marrow
progenitors, thereby providing a so~ce of additional inflammatory leukocytes. Several of these
(e.g., stem cell factor and IL-7) play important roles
in lymphopoiesis.

. Cytokinesserve many functions that are critical
to host defense against pathogens and provide
links between innate and adaptive immunity.
Cytokines contribute to the specialization of
immune responses by activating different types of

Chapter12- CYTOKINES

effector cells. Cytokines also regulate the magnitude and nature of immune responses by
influencing the growth and differentiation
of
lymphocytes. Finally, cytokines provide important
amplification
mechanisms
that enable small
numbers of lymphocytes specific for anyone
antigen to activate a variety of effector mechanisms to eliminate the antigen.

. Excessiveproduction or actions of cytokinescan
lead to pathologic consequences. The administration of cytokines or their inhibitors is a potential
approach for modifying biologic responses associated with immune and inflammatory diseases.
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Cell-mediated immunity (CM!) is the effector function
of T lymphocytes, and it serves as the defense mechanism against microbes that survive and replicate within
phagocytes
and nonphagocytic
cells. Historically,
immunologists have divided adaptive immunity into
humoral immunity, which can be adoptively transferred
from an immunized donor to a naive host by antibodies
in the absence of cells, and CMI, which can be adoptively transferred only by viable T lymphocytes. The
effector phase of humoral immunity is triggered by the
recognition of antigen by secreted antibodies; therefore,
humoral immunity neutralizes and eliminates extracellular microbes and toxins that are accessible to antibodies, but it is not effective against microbes inside
infected cells. In contrast, in CMI, the effector phase is
initiated by the recognition of antigens by T cells. T lymphocytes recognize protein antigens of intracellular
microbes that are displayed on the surfaces of infected
cells as peptides bound to self major histocompatibility
complex (MHC) molecules. Defects in CMI result in

I

(see Chapter 18). In this chapter, we discuss the properties of effector T cells and the effector fuechanisms of
cell-mediated immune reactions. Antigep presentation
to T lymphocytes and the process ofT cell activation are
described in Chapters 6, 7, and 9.

TYPES OF CELL-MEDIATED
IMMUNE REACTIONS

Different types of microbes elicit distinct protective T

cell responses.

.

I

The adaptive immune response to microbes residing
within the phagosomes of phagocytes!is mediated by
effector CD4+T lymphocytes, called Till cells, that recognize microbial antigens and activate the phagocytes to destroy the ingested microb4s (Fig. 13-IA).
Phagocytes are the major cells of host defense early
after infection, Le. during innate immune responses
(see Chapter 2). The function of phagocytes is to
ingest and kill microbes. Many microbes have developed mechanisms that enable them to survive and
even replicate within phagocytes, so innate immunity
is unable to eradicate infections by such microbes. In
these situations, CMI functions to enhance the
microbicidal actions of phagocytes and thus to eliminate the microbes. In CMI against phagocytosed
microbes, the specificity of the response is due to T
cells, but the actual effector function, that is, killing of
microbes, is mediated by phagocytes. This cooperation of T lymphocytes and phagocytes illustrates an
important link between adaptive and innate immunity: by means of cytokine secretion, T cells stimulate
the function and focus the activity of nonspecific
effector cells of innate immunity (phagocytes),
thereby converting these cells into agents of adaptive
immunity.
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o The fundamental concept that T cells are responsible
for specific recognition of microbes but that phagocytes actually destroy the microbes in many cellmediated immune responses was established with the
original description of CMI to the intracellular bacterium Listeria monocytogenes. In the 1950s, George
Mackaness showed that mice infected with a low dose
of Listeria were protected from challenge with higher,
lethal doses. Protection could be transferred to naive
animals with lymphocytes (later shown to be T lymphocytes) from the infected mice, but not with serum.
In vitro, the bacteria were killed not by T cells from
immune animals but by activated macrophages,
emphasizing the central role of macro phages in the
execution of effector function (Fig. 13-2).

. The adaptive immune response to microbes that
infect and replicate in the cytoplasm of various cell
types, including nonphagocytic cells, is mediated by
CDEr cytotoxic T lymphocytes (CTLs), which kill
infected cells and eliminate the reservoirs ofinfection
(Fig. 13-1B). CTLs are the principal defense mechanism against microbes that infect various cell types
and replicate intracellularly. If the infected cells lack
the capacity to kill microbes, the infection can be
eradicated only by destroying these cells. CTLmediated killing is also a mechanism for eliminating
microbes that are taken up by phagocytes but escape
from phagosomes into the cytosol, where they are
not susceptible to the microbicidal activities of
phagocytes.

FIGURE 13-1 Types of T cell-mediated
immune reactions. A. CD4+TH1 cells and
CD8+ T cells recognize class II MHCassociated or class I MHC-associated
peptide antigens
of phagocytosed
microbes, respectively. and produce
cytokines that activate the phagocytes to
killthe microbes and stimulate inflammation. B. CD8+CTLs recognize class I MHCassociated peptide antigens of microbes
residing in the cytoplasm of infected cells
and killthe cells.

cause of much of the pathology associated with
certain types of infection (see Chapter 15). DTH is
also the mechanism of tissue damage in several
autoimmune diseases (see Chapter 18).

. The adaptive immune response to helminthic
parasites is mediated by TIl2 cells, which stimulate
the production of immunoglobulin
E (lgE) antibodies and activate eosinophils and mast cells to
destroy the helminths.
TH2-mediated
immune
reactions
are characterized
by eosinophil-rich
inflammation.
. The innate immune system also has a cellular arm,
mediated by natural killer (NK) cells, which protect
against viruses and other intracellular microbes. NK
cells kill infected cells early in the infection (see
Chapter 2).
Cell-mediated immune responses consist of the
development of effector T cells from naive cells in
peripheral lymphoid organs, migration of these effector
T cells and other leukocytes to sites of infection, and
either cytokine-mediated
activation of leukocytes to
destroy microbes or direct killing of infected cells (Fig.
13-3). The development of the effector T cells of CMI
involves the sequence of antigen recognition, clonal
expansion, and differentiation that is characteristic of
all adaptive immune responses; these processes were
described in Chapter 9. In the following sections, we
describe the properties and functions of effector T cells.

. T cell-dependent macrophageactivationand inflammation may damage normal tissues. This reaction is
called delayed-type hypersensitivity (DTH), the term
hypersensitivity referring to tissue injury caused by an
immune response. DTH is a frequent accompaniment of protective CMI against microbes and the
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One of the most exciting discoveries in immunology was
the identification of subsets of CD4+T cells that differ in
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ofthe best examples of specialization of adaptive immunity is the ability of CD4+ T lymphocytes to activate
diverse effector mechanisms in response to different
types of microbes. The basis of this specialization is the
heterogeneity of CD4+T cells, illustrated by the existence
of subsets that differ in how they are induced, what
cytokines they produce, and what effector mechanisms
they activate. We have referred to these subpopulations
in previous chapters and describe them in more detail
below.

2

Days postinfection

~
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FIGURE 13-2 Cell-mediated immunity to L monocytogenes.
Immunity to L. monocytogenes is measured by inhibition of bacterial growth in the spleens of animals inoculated with a known dose
of viable bacteria. Such immunity can be transferred to normal mice
by T lymphocytes (A)but not by serum (8) from syngeneic mice previously immunized with killed or low doses of L. monocytogenes.
In an in vitro assay of cell-mediated immunity, the bacteria are actually killed by activated macro phages and not by T cells (C).

the cytokines they produce and in their effector functions. These subsets are described below.
TH1 and TH2 Subsets

of CD4+ T Cells

CD4+ T cells may differentiate into subsets of effector
cells that produce distinct sets of cytokines and therefore perform distinct effector functions (Fig. 13-4). One

of TH1 and Ttt2 Subsets

The best defined subsets of effector T cells of the CDif'"
helper lineage are Till and TH2cells; interferon-r(JFN-y)
is the signature cytokine of Till cells, and IL-4 and IL-S
are the defining cytokines of TII2cells (see Fig. 13-4).
Populations ofhelperT cells that could be distinguished
on the basis of their secreted cytokines were discovered
in the 1980s by studying large panels of cloned cell lines
derived from antigen-stimulated
mouse CD4+ T cells. It
is now clear that individual T cells may express various
mixtures of cytokines, and there may be many subpopulations with heterogeneous patterns of cytokine
production, especially in humans. However, chronic
immune reactions are often dominated by Till or TII2
populations. The relative proportions of these subsets
induced during an immune response are major determinants of the protective functions and pathologic consequences of the response.
Till and TII2 populations are distinguished most
clearly by the cytokines they produce (see Fig. 13-4). The
cytokines produced by these T cell subsets not only
determine their effector functions but also participate in
the development
and expansion of the respective
subsets. For instance, IFN-y secreted by Till cells promotes furtherTHI differentiation and inhibits the proliferation of TH2 cells. Conversely, IL-4 produced by TII2
cells promotes TH2 differentiation, and IL-lO, also produced byTH2 cells (as well as by other cells). inhibits the
development of THI cells. Thus, each subset amplifies
itself and cross-regulates the reciprocal subset. For this
reason, once an immune response develops along one
pathway, it becomes increasingly polarized in that direction, and the most extreme polarization is seen in
chronic infections or in chronic exposure to environmental antigens, when the immune stimulation is persistent. THI and TH2T cells can also be distinguished by
differential expression of adhesion molecules and receptors for chemokines and other cytokines, as discussed
below (see Fig. 13-4).
Development

of TH1 and Ttt2 Subsets

THI and TH2 subsets develop from the same precursors,
which are naive CD4+T lymphocytes, and the pattern of
differentiation is determined by stimuli present early
during immune responses. The most important differentiation-inducing stimuli are cytokines, with IFN-y and
IL-12 being the major inducers of THI cells and IL-4 of
TH2cells (Fig. 13-5).
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FIGURE 13-3 The induction and effector phases of cell-mediated immunity.Induction of response: CD4+T cells and CD8+T cells recognize peptides that are derived from protein antigens and presented by professional antigen-presenting cells in peripheral lymphoid organs.
The T lymphocytes are stimulated to proliferate and differentiate, and effector cells enter the circulation. Migration of effector T cells and
other leukocytes to the site of antigen: Effector T cells and other leukocytes migrate through blood vessels in peripheral tissues by binding
to endothelial cells that have been activated by cytokines produced in response to infection in these tissues. Effector functions of T cells:
Effector T cells recognize the antigen in the tissues and respond by secreting cytokines that activate phagocytes to eradicate the infection.
CTLs also migrate to tissues and killinfected cells.
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FIGURE
13-4
Properties
of T H 1 and T H2 subsets of CD4+ helper T
cells.
Naive CD4+ T cells may differentiate
into distinct
subsets,
such as TH 1 and TH2 cells, in response
to antigen,
costimulators,
and
cytokines.
The table lists the major differences
between
these two
subsets.

THI

differentiation occurs in response to microbes

that infect or activate macrophages and those that activate NK cells. The differentiation of antigen-activated
CD4+l' cells to l' H I effectors is stimulated by many intracellular bacteria, such as Listeria and mycobacteria, and
by some parasites, such as Leishmania, all of which

EFFECTOR MECHANISMS OF CELL-MEDIATED IMMUNITY

infect macro phages. It is also stimulated by viruses and
by protein antigens administered with strong adjuvants.
A common feature of all these infections and immunization conditions is that they elicit innate immune
reactions that are associated with the production of
certain cytokines, including lL-12, IL-18, and type I
interferons. Some microbes engage Toll-like receptors
on macro phages and dendritic cells and directly activate
these cells to secrete these cytokines (Fig. 13-6). Other
microbes may trigger secretion of these indirectly, for
instance, by stimulating NK cells to produce IFN-y,
which in turn acts on macrophages to induce IL-12
secretion. IFN-y produced by the NK cells, as well as by
the responding l' cells themselves and perhaps also by
some macrophages and dendritic cells, is itself a strong
THI-inducing cytokine. l' cells may further enhance
macrophage cytokine production, by virtue of CD40
ligand (CD40L) on the l' cells engaging CD40 on APCs
and stimulating cytokine gene transcription. IL-12 is a
major cytokine responsible for differentiation of 1'111
cells and induction of CM!. Knockout mice lacking IL-12
are extremely susceptible to infections with intracellular
microbes. IL-18 synergizes with IL-12, and type I interferons may be as important for Till differentiation in
response to viral infections in humans.
The molecular basis of THI differentiation involves
the interplay of signals from the T cell receptor, the
cytokines IFN-rand IL-12, and the transcription factors
T-bet, STATl, and STAT4 (see Fig. 13-5). The transcription factor T-bet, a member of the T-box family of transcription factors, is considered to be the master
regulator of 1'111 differentiation. T-bet expression is
induced in naive CD4+ l' cells when they recognize
antigen and are exposed to IFN-y. IFN-y activates the
transcription factor STATI, which in turn stimulates
expression ofT-bet. T-bet then promotes IFN-y production through a combination of direct transcriptional
activation of the IFN-y gene and by inducing chromatin
remodeling of the IFN-y locus. The ability of IFN-y to
stimulate T-bet expression and the ability of T-bet to
enhance IFN-y transcription sets up a positive amplification loop which drives differentiation ofT cells toward
the 1'111phenotype. IL-12 contributes to 1'111lineage
commitment by binding to receptors on antigen-stimulated CD4+ l' cells and activating the transcription
factor STAT4, which further enhances IFN-y production (see Fig. 13-5). Mice deficient in IL-12, IL-12
receptors, or STAT4 cannot mount effective 1'111
responses to infections, and humans with genetic deficiencies in the IL-12R signaling pathway have impaired
responses to infections with several kinds of intracellular bacteria.
TH2 differentiation
occurs in response to helminths
and allergens, and involves the interplay of signals from
the T cell receptor, the cytokine IL-4, and the transcription factors
GATA-3 and STAT6 (see Fig. 13-5).
Helminths and allergens cause chronic l' cell stimulation, often without strong innate immune responses that
are required for I'll I differentiation. Thus, 1'112cells may
develop in response to microbes and antigens that cause
persistent or repeated l' cell stimulation with little
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and GATA-3 is critical for T H2 differentiation.

inflammation or macrophage activation. The differentiation of antigen-stimulated T cells to the TH2 subset is
dependent on IL-4, which functions by activating the
transcription factor STAT6 (see Fig. 13-6), and STAT6,
together with TCR signals, induces expression of GATA3. GATA-3 is a transcription factor that acts as a master
regulator ofTII2 differentiation, enhancing expression of
the TII2 cytokine genes IL-4, IL-5, and IL-13, which are
located in the same genetic locus. GATA-3 works by
directly interacting with the promoters of these genes,
and also by causing chromatin remodeling, which opens
up the locus for accessibility to other transcription
factors. This is similar to the way T-bet influences IFN-y
expression. GATA-3functions to stably commit differentiating cells toward the TH2 phenotype, enhancing its
own expression via a positive feedback loop. Further-

in the innate
immune
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more, GATA-3 blocks THI differentiation by inhibiting
expression of the signaling chain of the IL-12 receptor.
Knockout mice lacking IL-4, STAT6, or GATA-3 are profoundly deficient in TH2responses. The obligatory role of
IL-4 in TH2differentiation raises an interesting question:
Because differentiated TH2cells are the major source of
IL-4 during immune responses to protein antigens,
where does the IL-4 come from before TH2cells develop?
A likely explanation is that antigen-stimulated
CD4+ T
cells secrete small amounts ofIL-4 from their initial activation. If the antigen is persistent and present at high
concentrations, the local concentration ofIL-4 gradually
increases. If the antigen also does not trigger inflammation with attendant IL-12 production, the result is
increasing differentiation of T cells to the TH2 subset.
In some situations, IL-4 produced by mast cells and,
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to microbial products such as lipopolysaccharide (LPSj, IFN-y produced by NK cells
and T cells, and C040 engagement
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development.
Stimuli other than cytokines may also influence
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The principal function of THI cells is in phagocytemediated defense against infections, especially with
intracellular microbes (Fig. 13-7). As we shall discuss in
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more detail later, IFN -y produced by THI cells stimulates
the microbicidal activities of phagocytes, thereby promoting the intracellular destruction of phagocytosed
microbes. IFN-y also stimulates the production of
opsonizing and complement-fixing
IgG antibodies,
which promote the phagocytosis of microbes. Many
organ-specific autoimmune diseases (see Chapter 18)
and inflammatory reactions such as granulomas are due
to excessive activation of T HI cells.
To trigger the effector phase of CMI, effector T cells
have to come into contact with phagocytes or infected
cells that are presenting the antigens that initiated the
response. To locate microbes at any site, effector T cells
that clonally expanded and differentiated in lymphoid
organs, such as lymph nodes, and entered the circulation have to leave the vasculature and enter the site of
infection.
Migration of TH1 and Other Leukocytes
Sites of Antigen

to

Till effector cells express adhesion molecules and
chemokine receptors that promote their migration to
and retention in sites of infection (Fig. 13-8). The
directed migration of effector T lymphocytes to sites of
infection is initially dependent on the innate immune
response to microbes (see Chapter 2). This innate
response results in an inflammatory reaction characterized by secretion of cytokines, such as tumor necrosis
factor (TNF) and IL-l, by macro phages. These cytokines
induce expression of endothelial selectins and integrin
ligands, which bind to homing receptors on effector T
cells. In addition, macro phages, NK cells, and endothelial cells elaborate chemokines, such as CXCL9, 10, and
11, and CCL2, 4, and 5, which bind to chemokine receptors on effectorT cells. During differentiation from naive
precursors, THI cells, but not TH2cells, gain the capacity
to produce functional ligands that bind E- and Pselectin. This aspect of THI differentiation involves Tbet-dependent
expression of glycosyltransferases that
are required for synthesis of the carbohydrate moieties
to which the selectins bind. Furthermore,
the
chemokine receptors CXCR3 and CCR5, which bind to
chemokines elaborated in tissues during innate immune
responses, are expressed by THI cells but not TH2 cells.
The selective expression of selectin ligands and certain

chemokine receptors on THI cells ensures their efficient
migration into inflammatory sites. The steps in leukocyte adhesion to endothelial cells and transmigration
into tissues were discussed in detail in Chapter 2. After
Till cells enter the site of infection and are activated by
antigen, they produce more cytokines and chemokines
and stimulate much greater leukocyte migration. This
later, enhanced inflammation
is sometimes called
immune inflammation to indicate the role ofT lymphocytes (immune cells) in the process.
The migration of effector T cells from the circulation
to peripheral sites of infection is largely independent of
antigen, but cells that recognize antigen in extravascular
tissues are preferentially retained there (see Fig. 13-8).
T cell migration through blood and lymphatic vessels

Naive
T cell

Effector/memory
T cells
(increased expression
of adhesion molecules)

Lymphocyte
circulation
through
venules
Infection

Increased
expression of
adhesion
molecules
on endothelium
near infection =>
stable binding of
effector and
memory T cells
infection
Effector and
memory T cells
enter infected
tissues

!

Antigen
recognition
by T cells

Activated antigenspecific T cells are
retained at site of
infection and perform
effector functions

FIGURE 13-8 Migration

T cells that
do not recognize
antigen return
to circulation

and retention of effector and memory T
cells at sites of infection.
Previously activated effector and memory
T cells, but not naive cells, migrate through endothelium
that is activated by cytokines (e.g., TNF) produced at a site of infection.
In
extravascular
tissue, the T cells that specifically
recognize antigen
are activated and retained, whereas T cells that do not encounter
the antigen for which they are specific return to the circulation,
largely through lymphatic vessels (not shown).
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is controlled mainly by adhesion molecules and
chemokines, which will engage Till cells of any antigen
specificity. Therefore, this process of migration results in
the recruitment of circulating effector T cells to inflammatory sites, regardless of antigen specificity, ensuring
that the maximum possible number of previously activated T cells have the opportunity to locate infectious
microbes and eradicate the infection. Some memory T
cells also migrate to peripheral tissues. Once in the
tissues, the T cells encounter microbial antigens presented by macro phages and other APCs. T cells that
specifically recognize antigens receive signals through
their antigen receptors that increase the affinity of integrins for their ligands. 1\vo of these integrins, VLA-4 and
VLA-5, bind to fibronectin in extracellular matrices, and
a third adhesion molecule, CD44, which is also expressed at high levels on effector and memory T cells,
binds to hyaluronate. As a result, antigen-specific effector and memory T cells that encounter the antigen are
preferentially retained at the extravascular site where the
antigen is present. T cells not specific for the antigen
may return through lymphatic vessels to the circulation.
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T Cell-Mediated Activation of Macrophages
and Other Leukocytes
THI cells activate macrophages to eliminate phagocytosed microbes. Monocytes are recruited from blood into
tissues and are exposed to signals from Till effector cells
responding to antigen in the tissues. This interaction
results in conversion of the monocytes to activated
macrophages that are able to kill microbes. Activation
consists of increased expression of various proteins that
endow activated macrophages with the capacity to
perform specialized functions, such as microbial killing.
In the following sections, we describe the T cell signals
that activate macrophages in cell-mediated immune
reactions
and the effector functions
of these
macro phages.
CD-t+ THI cells activate macrophages by contactmediated signals delivered by CD40L-CD40 interactions
and by the cytokine IFN-r(Fig. 13-9). (Recall that helper
T cells stimulate B lymphocyte proliferation and
differentiation also by CD40-mediated signals and
cytokines; see Chapter 10.)When effector Till cells are

Activation of
macrophages

Responses
of
activated
macrophages

A

CD40L

Killing of
phagocytosed
microbes

CD40 Macrophage
with
ingested microbes

~
)

cr
CD4+ effector
T cell (T H1 cell)

8

Macrophage

Secretion
of cytokines
(TNF, IL-1, IL-12,
chemokines)

response

Increased
expression
of MHC and
costimulators
(87 molecules)

Role in cell-mediated

immunity

Production of reactive oxygen
species, nitric oxide, increased
lysosomal enzymes

Killing of microbes
in phagolysosomes
function
of macrophages)

Secretion of cytokines
(TNF, IL-1, IL-12)

TNF, IL-1: leukocyte

Increased expression of 87
costimulators,
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recruitment

IL-12: T H1 differentiation,
T cell activation

(effector

(inflammation)

IFN-y production
(amplification)

FIGURE 13-9 Activation and functions of macrophages in cell-mediated immunity. In cell-mediated
immunity,
macrophages
are activated by CD40L-CD40
interactions
and by IFN-y and perform several functions that kill microbes, stimulate inflammation,
and enhance the
antigen-presenting
capacity of the cells. Macrophages
are also activated during innate immune reactions and perform the same functions
(see Chapter 2).
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stimulated by antigen, the cells secrete cytokines,
notably IFN-y, and they express CD40L. IFN-y is the
major macrophage-activating
cytokine. It activates
some macrophage responses by itself and functions
together with TLR-ligands, such as bacteriallipopolysaccharide, or CD40 signals to elicit other responses.
Knockout mice lacking IFN-y or the IFN-y receptor are
extremely susceptible to infection by intracellular
microbes. CD40L engages CD40 on macro phages that
are presenting antigen to the T cells and activates an
intracellular signal transduction pathway that is similar
to the pathway activated by TNF receptors (see Chapter
12, Box 12-1). The importance of CD40 in macrophage
activation is demonstrated by the immunologic defects
in humans with inherited mutations in CD40L (X-linked
hyper-IgM syndrome) and mice in which the gene for
CD40 or CD40L is knocked out (see Chapter 20). All
these disorders are characterized by severe deficiencies
in CMI to intracellular microbes, and children with the
X-linked hyper-IgM syndrome often succumb to infection by the intracellular pathogen Pneumocystis jiroveci.
As expected, these patients and knockout mice also have
defects in helperT cell-dependent antibody production.
The requirement
for CD40L-CD40 interactions for
macrophage activation ensures that macro phages that
are presenting antigens to the T cells (Le., the
macrophages that are harboring intracellular microbes)
are also the macro phages that are most efficiently activated by the T cells.
In response to CD40 signals and IFN-y, production of
several proteins in macrophages is increased. CD40 ligation activates the transcription factors nuclear factor
KB (NF-KB) and activation protein-l (AP-l), and IFN-y
activates the transcription factors STATl and interferon
response factor- I (IRF-l). As a result of these signals,
activated macrophages
produce increased amounts
of the proteins that are responsible for the effector
functions of these cells in CMI (see Fig. 13-9). The effector functions of activated macrophages include the
following.
. Activated macrophages kill phagocytosed microbes,
mainly by producing microbicidal reactive oxygen
species, nitric oxide, and lysosomal enzymes. The
microbicidal mechanisms
of macro phages were
described in Chapter 2. To reiterate the key points,
macrophage activation leads to increased synthesis of
reactive oxygen species and nitric oxide, as well as
lysosomal enzymes, all of which are potent microbicidal agents that are produced within the lysosomes of macrophages and kill ingested microbes
after phagosomes fuse with lysosomes. These toxic
substances may also be released into adjacent tissues,
where they kill extracellular microbes and may cause
damage to normal tissues.

. Activated macrophages stimulate acute inflammation through the secretion of cytokines, mainly
TNF, IL-l, and chemokines, and short-lived lipid
mediators
such as platelet-activating
factor,
prostaglandins,
and leukotrienes. The collective
action of these macrophage-derived
cytokines and

lipid mediators is to produce a local inflammation
that is rich in neutrophils, and to recruit more monocytes, which become macrophages and phagocytose
and destroy infectious organisms.
. Activated macrophages remove dead tissues and
facilitate repair after the infection is controlled. Activated macrophages induce the formation of repair
tissue by secreting growth factors that stimulate
fibroblast proliferation
(platelet -derived growth
factor), collagen synthesis (transforming
growth
factor-~ [TGF-~]), and new blood vessel formation or
angiogenesis (fibroblast growth factor). Thus, the
activated macrophage
acts as an endogenous
surgeon to cauterize the wound and resolve the
inflammatory reaction.
Even though macrophages can respond directly to
microbes in innate immune reactions, the ability of
macro phages to kill ingested microorganisms is greatly
enhanced by T cells. This is why CMI is able to eradicate microbes that have evolved to survive within
macrophages in the absence of adaptive immunity.
In addition to these effector functions, activated
macro phages become more efficient APCs because of
increased levels of molecules involved in antigen processing (such as components of the proteasome and
cathepsins), increased surface expression of class II
MHC molecules and co stimulators, and production of
cytokines (such as IL-12) that stimulate T lymphocyte
proliferation and differentiation. These macrophage
responses function to enhance T cell activation, thus
serving as amplification mechanisms for CM!.
Some tissue injury may normally accompany Till
cell-mediated immune reactions to microbes because
the microbicidal
products
released by activated
macro phages and neutrophils are capable of injuring
normal tissue and do not discriminate
between
microbes and host tissue. However, this tissue injury is
usually limited in extent and duration, and it resolves as
the infection is cleared. In some cases, however, THI
responses cause significant tissue injury, as discussed
below.
Delayed

Type Hypersensitivity

Reactions

Tissue injury and inflammation caused by Till cells and
activated macrophages are the hallmarks of DTH reactions. DTH reactions may occur as collateral damage
during a protective THI response to a microbe, or DTH
may be entirely pathologic, as in the setting of certain
autoimmune diseases. Many of the disorders caused
by abnormal immune responses are called immunemediated inflammatory diseases (see Chapter 18). The
sequence of leukocyte migration and subsequent
macrophage activation in DTH has been studied in
experimental animals and in people, and this has added
to our understanding of Till responses.

o In the classical animal model of DTH, a guinea pig is
first immunized by the administration of a protein
antigen in adjuvant; this step is called the sensitiza-
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chemicals and environmental antigens, or by intradermal or subcutaneous
injection of protein
antigens (Fig. 13-10). Subsequent exposure to the
same antigen (also called challenge) elicits the reaction. For example, purified protein derivative (PPD),
a protein antigen of Mycobacterium tuberculosis,
elicits a DTH reaction, called the tuberculin reaction,
when it is injected into individuals who have been
exposed to M. tuberculosis.

Infection

"

Sensitization:
primary
infection or
immunization

Elicitation:
challenge with
antigen

!
I
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24-48

hours

DTH reaction
I

FIGURE 13-10

Delayed-type hypersensitivity reaction. Infection
or immunization
(vaccination)
sensitizes
an individual, and subsequent challenge with an antigen from the infectious agent elicits a
DTH reaction. The reaction is manifested
by induration with redness
and swelling at the site of the challenge, which is undetectable
at
-4 hours and peaks at -48 hours. (Courtesy of Dr. J. Faix, Department of Pathology, Stanford University
School of Medicine,
Palo
Alto, California.)

tion phase. About 2 weeks later, the animal is challenged subcutaneously
with the same antigen and the
subsequent reaction is analyzed; this step is called the
elicitation phase.
o Humans
may be sensitized
for DTH reactions
by microbial infection, by contact sensitization with

The characteristic response of DTH evolves during
24 to 48 hours. About 4 hours after the injection of
antigen, neutrophils accumulate around the postcapillary venules at the injection site. By about 12 hours, the
injection site becomes infiltrated by T cells and blood
monocytes, also organized in a perivenular distribution
(Fig. 13-11). The endothelial cells lining these venules
become plump, show increased biosynthetic organelles,
and become leaky to plasma macromolecules. Fibrinogen escapes from the blood vessels into the surrounding
tissues, where it is converted into fibrin. The deposition
of fibrin and, to a lesser extent, the accumulation of T
cells and monocytes within the extravascular tissue
space around the injection site cause the tissue to swell
and become firm (indurated). Induration, a diagnostic
feature ofDTH, is detectable by about 18 hours after the
injection of antigen and is maximal by 24 to 48 hours.
This lag in the onset of palpable induration is the reason
for calling the response "delayed type." A positive tuberculin skin test response is a widely used clinical indicator for evidence of previous or active tuberculosis
infection. In clinical practice, loss of DTH responses to
universally encountered antigens (e.g., Candida antigens) is an indication of deficient T cell function, a condition known as anergy. (This general loss of immune
responsiveness is different from lymphocyte anergy, a
mechanism for maintaining tolerance to specific antigens, discussed in Chapter 11.)
Chronic DTH reactions can develop if a Till response
to an infection activates macrophages but fails to
eradicate phagocytosed microbes. In this case, the
macrophages continue to produce cytokines and growth
factors, which progressively modify the local tissue environment. As a result, tissue injury is followed by
replacement with connective tissue (fibrosis), and fibrosis is a hallmark of chronic DTH reactions. In chronic
DTH reactions, activated macro phages also undergo
changes in response to persistent cytokine signals. These
macrophages develop increased cytoplasm and cytoplasmic organelles and histologically may resemble skin
epithelial cells, because of which they are sometimes
called epithelioid cells. Activated macro phages may fuse
to form multinucleate giant cells. Clusters of activated
macrophages, often surrounding particulate sources of
antigen, produce nodules of inflammatory tissue called
granulomas (Fig. 13-12). Granulomatous inflammation
is a characteristic response to some persistent microbes,
such as M. tuberculosis and some fungi, and represents
a form of chronic DTH. Granulomatous inflammation is
frequently associated with tissue fibrosis. Although
fibrosis is normally a "healing reaction" to injury, it can
also interfere with normal tissue function. In fact, much
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of the respiratory difficulty associated with tuberculosis
or chronic fungal infection of the lung is caused by
replacement of normal lung with fibrotic tissue and not
directly attributable to the microbes.
TH2-Mediated

Immune

Responses

The principal effectorfunction ofTu2 cells is to promote
IgE- and eosinophiUmast cell-mediated immune reactions, which are protective agai1lSt helminthic infecti01lS
(Fig. 13-13). Helminths are too large to be phagocytosed
and may be more resistant to the microbicidal activities
of macro phages than are most bacteria and viruses.
As discussed earlier. TII2 cells secrete IL-4, IL-5, and
IL-13. IL-4 (and IL-13) stimulates the production of
helminth-specific
IgE antibodies,
which opsonize
the helminths. It has long been believed that eosinophiis
bind to the IgE-coated helminths and are activated to
destroy the helminths. However, it appears that the FCE
receptor of human eosinophiis lacks the necessary signaling chains, and therefore these cells cannot be activated by IgE. Rather. IL-5, which is also produced by TII2
cells, may directly activate the eosinophiis in the vicinity of the helminths. Activated eosinophiis release their
granule contents, including major basic protein and
major cationic protein, which are capable of destroying
even the tough integuments of helminths. Mast cells do
express functional FCEreceptors, and may be activated
by the IgE-coated helminths, resulting in degranulation.
The granule contents of mast cells include vasoactive
amines, cytokines such as TNF, and lipid mediators, all
of which induce local inflammation that also functions
to destroy the parasites.
The antibodies stimulated by TII2 cytokines do not
promote phagocytosis or activate complement efficiently but are capable of neutralizing microbes and
toxins (see Chapter 14). IL-4 and IL-13 are also capable
of activating macrophages to express mannose recep-

tors and to express enzymes that promote collagen synthesis and fibrosis. This process has been called "alternative macrophage activation," to distinguish it from the
activation induced by IFN-y, which results in potent
microbicidal functions and has been called "classical
macrophage activation." Macrophages that are activated
by the TH2cytokines contribute to granuloma formation
and tissue remodeling in the setting of chronic parasitic
infections or allergic disease, respectively. Cytokines
produced byTII2 cells are also involved in blocking entry
and promoting expulsion of microbes in mucosal
tissues. IL-13 stimulates mucus production, and IL-4
may stimulate peristalsis in the gastrointestinal system.
Thus, T112cells play an important role in "barrier immu-

FIGURE 13-12 Granulomatous inflammation. Histopathologic
examination
of a lymph node shows a granuloma with activated
macrophages,
multinucleated
giant cells, and lymphocytes.
In some
granulomas, there may be a central area of necrosis. Immunohistochemical studies would identify the lymphocytes
as T cells. This
type of inflammation
is a chronic DTH reaction against persistent
microbial and other antigens.
(Courtesy
of Dr. Henry Sanchez,
Department
of Pathology, University of California at San Francisco
School of Medicine.)
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nity" (host defense at the barriers with the external
environment) .
The selective homing of TH2 cells to certain inflammatory sites is dependent on particular chemokines. TH2
cell express chemokine receptors (Le., CCR3, CCR4, and
CCR8) that bind to chemokines (Le., CCLll, CCL24,
CCL26, CCL7, CCLl3, CCLl7, and CCL22) that are highly
expressed at sites of helminth infection or allergic reactions; particularly in mucosal tissues.
TH2-mediated immune responses are the underlying cause of allergic reactions (see Chapter 19), and
may interfere with protective Till-mediated immune
responses to intracellular infections (see Chapter 15).

The T H 17 Subset
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TGF-p together with IL-6, IL-I, or other pro-inflammatory cytokines. The source of TGF-p in TII17 differentiation is unknown. It is postulated that IL-6 and other
inflammatory cytokines may be produced early at sites
of tissue damage, and these may promote the subsequent destructive TH17 response. The transcription
factors involved in this differentiation pathway are currently being identified. The cytokine IL-23, which is
closely related to the THI-inducing cytokine IL-12, promotes the survival and maintenance of differentiated
TH17 cells. Interestingly, TGF-p alone stimulates the
development ofregulatoryT cells (see Chapter 11); thus,
this cytokine can promote either pro-inflammatory
(TH17) responses or protective (regulatory T cell)
responses, depending on which other cytokines are
present in the environment.

of CD4+ T Cells

Recent studies have identified a third subset of differentiated effector CD4+T cells in mice. These cells have been
called TII17 cells, because the signature cytokine they
secrete is IL-17. These cells do not produce either IFN-y
or IL-4. In fact, their differentiation from naive CD4+ T
cells is inhibited by the presence of either IFN-y or IL-4,
indicating that TH17 cells are a unique subset distinct

EFFECTOR CDa+

T

CELLS: CYTOTOXIC T

LYMPHOCYTES

from Till and TII2cells. The principal role of TH 17 cells

CDB'"CTLs are effector T cells that eliminate intracellular microbes mainly by killing infected cells. The development of a CDW CTL response to infection proceeds
through similar steps as those described for CD4+T cell
responses, including primary antigen-dependent
stimulation of naive CD8+ T cells in lymph nodes, clonal
expansion, differentiation, and migration of differentiated CTLs into tissues. These events were described in
Chapter 9. Below we discuss the stimulation of differentiated CTLs and performance of effector functions at
sites of infection.

appears to be the induction of inflammatory reactions,
particularly those rich in neutrophils. Thus, TII17 cells
may be important mediators of tissue damage in
immune-mediated
inflammatory
diseases. Whether
they also serve an essential function in defense against
infectious pathogens, and whether a similar subset is
present in humans, are questions being explored
actively.
TH17 cells differentiate from naive CD4+ T cells by
stimulation with antigen in the presence of the cytokine
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FIGURE 13-13 Effector functions
of TH2 cells. CD4++ T cells that differentiate into TH2 cells secrete IL-4
and IL-5. IL-4 acts on B cells to stimulate production
of antibodies
that
bind to mast cells. such as IgE. IL-4
is also an autocrine growth and differentiation
cytokine
for T H2 cells.
IL-5 activates
eosinophils.
a response that is important
for defense
against helminthic
infections.
Cytokines from TH2 cells also inhibit
macrophage

activation

ated reactions.
senting cell.
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CTL-Mediated

RESPONSES

Cytotoxicity

Antigen
recognition
and conjugate
formation

Cell killing by CTLs is antigen specific and contact
dependent. CTLs kill targets that express the same
class I-associated antigen that triggered the proliferation and differentiation of naive COW T cells from
which they are derived, and do not kill adjacent uninfected cells that do not express this antigen. In fact,
even the CTLs themselves are not injured during the
killing of antigen-expressing targets. This specificity of
CTL effector function ensures that normal cells are not
killed by CTLs reacting against infected cells. The killing
is highly specific because the site of contact of the CTL
and the antigen-expressing
target cell forms an
"immunological synapse" (see Chapter 9), and the molecules that actually perform the killing are secreted into
the synapse.
The process of CTL-mediated killing of targets consists of antigen recognition, activation of the CTLs, delivery of the "lethal hit" that kills the target cells,
and release of the CTLs (Fig. 13-14). Each of these
steps is controlled by specific proteins and molecular
interactions.
Recognition

of Antigen

and Activation

Granule
exocytosis

of CTLs

The CTL binds and reacts to the target cell by using its
antigen receptor, coreceptor (C08), and adhesion molecules, such as the leukocyte function-associated
antigen-I (LFA-I) integrin. To be efficiently recognized
by CTLs, target cells must express class I MHC molecules
complexed to a peptide (the complex serving as the
ligand for the T cell receptor and the C08 coreceptor)
and intercellular adhesion molecule-I (lCAM-I, the
principal ligand for LFA-I).

o

CTL
activation

Conjugates of CTLs attached to target cells can be
visualized by microscopy, and conjugate formation is
the prelude to target cell lysis (Fig. 13-15).

o CTL-target cell contact results in the rapid formation
of an immunological synapse, in which adhesion
molecules, the TCR, and signaling molecules are reorganized in the CTL membrane and juxtaposed to
ligands on the target cell membrane (see Fig. 13-15).
o Antibodies that block any of these interactions inhibit
CTL-mediated lysis in vitro, thus indicating that all
these interactions function cooperatively in the
process of CTL recognition of targets.
In the CTL-target cell conjugate, the antigen receptors of the CTL recognize MHC-associated peptides on
the target cell. This recognition induces clustering of T
cell plasma membrane proteins, including the TCR,
C08, and LFA-I, and the clustering of the ligands for
these molecules in the target cell membrane, including
peptide/MHC and lCAM-l. An immunological synapse
forms between the two cells, and biochemical signals are
generated that activate the CTL. The biochemical signals
are similar to the signals involved in the activation of
helper T cells (see Chapter 9). Cytokines and other

Detachment
of CTL

Target cell
death
FIGURE 13-14

Steps in CTL-mediated lysis oHarget cells. A CTL

recognizes the antigen-expressing target cell and is activated. Activation results in the release of granule contents from the CTL, which
delivers a lethal hit to the target. The CTL may detach and kill
another target cell while the first target goes on to die. Note that
formation of conjugates between a CTL and its target and activation
of the CTL also require interactions between accessory molecules
(LFA-l, CD8) on the CTL and their specific ligands on the target cell;
these are not shown.

signals provided by dendritic cells, which are required
for the differentiation of naive COW T cells into CTLs, are
not necessary for triggering the effector function of CTLs
(Le., target cell killing). Therefore, once C08+ T cells specific for an antigen have differentiated into fully functional CTLs, they can kill any nucleated cell that displays
that antigen.
In addition to the T cell receptor, C08+ CTLs express
receptors that are also expressed by NK cells, which contribute to both regulation and activation of CTL. Some
of these receptors belong to the killer immunoglobulin
receptor (KIR) family, discussed in Chapter 2, and recognize class I MHC molecules on target cells, but are not
specific for a particular peptide-MHC complex. These
KIRs transduce inhibitory signals, which may serve to
prevent CTLs from killing normal cells and protect CTLs
from activation-induced cell death (see Chapter II). In
addition, CTLs express the NKG20 receptor, described
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FIGURE 13-15 Immune synapse between CTLsand a target cell. A. Electron micrograph of three CTLs from a cloned cell line specific
for the human MHC molecule HLA-A2binding to an HLA-A2-expressingtarget cell (TC)within 1 minute after the CTLsand targets are mixed.
Note that in the CTLon the upper left, the granules have been redistributed toward the target cell. (Courtesy of Dr. P. Peters, Netherlands
Cancer Institute, Amsterdam.) B. Electron micrograph of the point of membrane contact between a CTL (left) and target cell (right!.Two
CTLgranules are near the synapse. Several mitochondria are also visible. (Reprinted from Stinchcombe JC, G Bossi, S Booth, and GM Griffiths. The immunological synapse of CTL contains a secretory domain and membrane bridges. Immunity 8:751-761,2001, @ Cell Press,
with permission from Elsevier). C. Confocal fluorescence micrograph of an immune synapse between a CTL (left! and target cell (right)
stained with antibodies against cathepsins in a secretory granule (blue). LFA-1(green), and the cytoskeletal protein talin (red). The image
demonstrates the central location of the secretory granule and the peripheral location of the adhesion molecule LFA-1and associated
cytoskeletal protein talin. (Reprinted from Stinchcombe JC and GM Griffiths. The role of the secretory immunological synapse in killingby
CD8+CTL. Seminars in Immunology 15:301-305, @ 2003 Elsevier Science Ltd., with permission from Elsevier.)

in Chapter 2, which recognizes class I MHC-like molecules MICA, MICB, and ULBp, expressed on infected or
neoplastic cells. NKG2D may serve to deliver signals,
which act together with TCR recognition of antigen, to
enhance killing activity.
Killing of Target Cells by CTLs
Within a few minutes of a CTL's antigen receptor recognizing its peptide-MHC antigen on a target cell, the
target cell undergoes changes that induce it to die by
apoptosis. Target cell death occurs during the next 2 to
6 hours and proceeds even ifthe CTL detaches. Thus, the
CTL is said to deliver a lethal hit to the target that results
in the death of the target. The principal mechanism of
CTL-mediated target cell killing is the delivery of cytotoxic proteins stored within cytoplasmic granules (also
called secretory lysosomes) to the target cell, thereby
triggering apoptosis of the target cell (Fig. 13-16). As dis-

cussed earlier, an immunological synapse rapidly forms
between the CTL and target cell. This synapse is characterized by a ring oftight apposition between the CTL and
target cell membranes, mediated by LFA-I-ICAM-l
binding, and an enclosed gap or space inside the ring.
Distinct regions of the CTL membrane can be observed
by immunofluorescence
microscopy within the ring,
including a signaling patch, which includes the TCR,
protein-kinase ce, and Lck, and a secretory domain,
which appears as a gap to one side of the signaling patch.
Activation of the CTL induces cytoskeleton reorganization such that the microtubule organizing center of the
CTL moves to the area ofthe cytoplasm near the contact
with the target cell. The cytoplasmic granules of the CTL
are transported along microtubules and become concentrated in the region of the synapse, and the granule
membrane fuses with the plasma membrane at the
secretory domain. Membrane fusion results in exocytosis of the CTL's granule contents into the confined space
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within the synaptic ring. between the plasma membranes of the CTL and target cell.
The granules of CTLs (and NK cells) contain several
molecules that contribute to target cell apoptosis.
These include granzymes A, B, and C, which are serine
pro teases that cleave proteins after aspartate residues;
perforin, a membrane-perturbing
molecule homologous to the C9 complement protein; and a sulfated
proteoglycan, serglycin, which serves to assemble a
complex containing granzymes and perforin. Both
perforin and granzymes are required for efficient CTL
killing of target cells, and it is known that perforin's
main function is to facilitate delivery of the granzymes
into the cytosol of the target cell. How this is accomplished is still not well understood. Perforin may polymerize and form aqueous pores in the target cell
membrane through which granzymes enter, but there is
no proof this is critical for CTL-mediated cell killing.
According to another current model, complexes of
granzyme B, perforin. and serglycin are discharged from
the CTL onto the target cell and are internalized into
endosomes by receptor-mediated endocytosis. Perforin
may act on the endosomal membrane to facilitate the
release of the granzymes into the target cell cytoplasm.
Once in the cytoplasm, the granzymes cleave various
substrates and initiate apoptotic death of the cell. Some
granzyme-initiated
apoptotic pathways involve cas-

pases (see Chapter 11, Box 11-2). For example, granzyme
B activates caspase-3 as well as the Bcl-2 family member,
Bid, which triggers the mitochondrial pathway of apoptosis (see Chapter 11, Box 11-2). GranzymesA and C also
appear to induce apoptosis in a caspase-independent
manner.
CTLs use another mechanism of killing that is mediated by interactions of membrane molecules on the
CTLs and target cells. On activation, CTLs express a
membrane protein, called Fas ligand (FasL), that binds
to the death receptor Fas, which is expressed on many
cell types. This interaction also results in activation of
caspases and apoptosis of targets (Chapter 11, Box 11-2).
Studies with knockout mice lacking perforin, granzyme
B, or FasL indicate that granule proteins are the principal mediators of killing by CD8+CTLs. Some CD4 +T cells
are also capable of killing target cells (which, of course,
must express class II MHC-associated peptides to be recognized by the CD4+ cells). CD4+T cells are deficient in
perforin and granzymes, and FasL may be more important for their killing activity.
In infections by intracellular microbes. the killing
activity of CTLs is important for eradicating the reservoir of infection. In addition, the caspases that are
activated in target cells by granzymes and FasL cleave
many substrates and activate enzymes that degrade
DNA, but they do not distinguish between host and

@
)
Granule
exocytosis ~
entry of
granzymes ~
activation of
caspases ~
apoptosis of
target cell

Apoptosis
of target cell

Granzymes
Perforin
Serglycine

)
FasL on CTL interacts
with Fas on target

cell

Apoptosis
of target cell

FIGURE 13-16 Mechanisms of CTl-mediated lysis of target cells. CTLs kill target cells by two main mechanisms.
A. Complexes of perforin and granzymes
are released from the CTL by granule exocytosis
and enter target cells. The granzymes are delivered into the cytoplasm of the target cells by a perforin-dependent
mechanism,
and they induce apoptosis. B. FasL is expressed on activated CTLs, engages
Fas on the surface of target cells, and induces apoptosis.
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microbial proteins. Therefore, by activating nucleases in
target cells, CTLs can initiate the destruction of microbial DNA as well as the target cell genome, thereby eliminating potentially infectious DNA. Another protein
found in human CTL (and NK cell) granules, called granulysin, can alter the permeability of target cell and
microbial membranes.
After delivering the lethal hit, the CTL is released
from its target cell, a process that may be facilitated
by decreases in the affinity of accessory molecules for
their ligands. This release usually occurs even before
the target cell goes on to die. CTLs themselves are not
injured during target cell killing, probably because the
directed granule exocytosis process during CTLmediated killing preferentially delivers granule contents
into the target cell and away from the CTL. In addition,
CTL granules contain a proteolytic enzyme called
cathepsin B, which is delivered to the CTL surface
upon granule exocytosis, where it degrades errant perforin molecules that come into the vicinity of the CTL
membrane.

MEMORY

The maintenance of memory T cells is dependent on
cytokines that are constitutively present in tissues, and
that support low-level proliferative activity. One such
cytokine is IL-7, which is required for survival and maintenance of both CD4+ and CD8+ memory T cells from
antigen-activated
cells. Predictably, memory T cells
express high levels of the IL-7 receptor. (Recall from
Chapter 3 that IL-7 is also important in the maintenance
of naive T cells.) Maintenance of CDs+ memory T cells
may also require IL-IS. In response to IL-7 and/or IL-IS,
memory T cells undergo low-level proliferation, which
maintains populations of memory T cells over long time
periods. This homeostatic proliferation of memory
T cells does not require peptide antigen or MHC
molecules.

SUMMARY

. CMI
is the
adaptive
immune
response
against intracellular microbes. It is mediated by T
lymphocytes and can be transferred from immunized to naive individuals by T cells and not by
antibodies.

T CEllS

T cell-mediated
immune responses to an antigen
usually result in the generation of memory T cells specific for that antigen, which may persist for years, even
a lifetime. These memory T cells are responsible for
more rapid and amplified responses when the same
antigen in encountered again. Memory T cells are heterogeneous and may be derived from CD4+ or CD8+ T
cells at various stages of differentiation from naive precursors. For example, some CD4+memoryT cells may be
derived from precursors before commitment to the Till
orTII2 phenotype, and when activated by re-exposure to
antigen, they have the potential for further differentiation into one or other subset. Other memory T cells may
be derived from fully differentiated Till or TII2 precursors and retain their respective cytokine profiles upon
reactivation. Memory CD8+ T cells may also exist that
maintain some of the phenotypic characteristics of differentiated CTL effectors.
Both CD4+ and CD8+ memory T cells can be further
subdivided into two general subsets, based on their
homing properties and effector functions. Central
memory T cells express CCR7 and L-selectin, and home
to lymph nodes. They have limited capacity to perform
effector functions when they encounter antigen, but
they undergo brisk proliferative responses and generate
many effector cells upon antigen challenge. Effector
memoryT cells, on the other hand, do not express CCR7
or L-selectin, and home to peripheral tissues, especially
mucosa. Upon antigenic stimulation, effector memoryT
cells produce effector cytokines such as IFN-y, but they
do not proliferate much. This effector subset, therefore,
is poised for a rapid initial response to a repeat exposure
to a microbe, but complete eradication of the infection
may depend on the large numbers of effectors generated
from the central memory T cells.

EFFECTOR MECHANISMS OF CELL-MEDIATED IMMUNITY

.

Both CD4+and CD8+T cells contribute to CMI. but
each subset has unique effector functions for the
eradication of infections.

. Cell-mediated immune reactions consist of several
steps: naive T cell recognition of peptide-MHC
antigens in peripheral lymphoid organs, clonal
expansion of the T cells and their differentiation
into effector cells, migration of the effector T cells
to the site of infection or antigen challenge, and
elimination of the microbe or antigen.

. CD4+
helper T lymphocytes may differentiate into
specialized effector THI cells that secrete IFN-y,
which favors phagocyte-mediated
immunity, or
into TII2 cells that secrete IL-4 and IL-S, which
favor IgE- and eosinophil/mast
cell-mediated
immune reactions. The differentiation of naive
CD4 + T cells into T H I and TH2populations is controlled by cytokines produced by APCs and by the
T cells themselves, and is governed by transcriptions factors, including T-bet for Till differentiation, and GATA-3for TH2differentiation.
. CD4+THI cells recognize antigens of microbes that
have been ingested by phagocytes and activate the
phagocytes to kill the microbes. The activation of
macro phages byTIII cells is mediated byIFN-yand
CD40L-CD40 interactions. Activated macro phages
kill phagocytosed microbes, stimulate inflammation, and repair damaged tissues. If the infection is
not fully resolved, activated macro phages cause
tissue injury and fibrosis.
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CD4+ TH2 cells recognize antigens produced by
some extracellular microbes, including helminths,
as well as certain environmental antigens associated with allergies. IL-4, secreted by activated TH2
cells, promotes B cell isotype switching and production of IgE, which may coat helminths and
mediate mast cell deregulation and inflammation.
IL-S secreted by activated TH2 cells directly activates eosinophils to release granule contents that
damage the integument of helminths, but may also
damage host tissues.

. CD4+THI7 cells comprise another subset of specialized effector T cells, which are characterized by
secretion of IL-I7, and which promote neutrophilrich inflammatory responses. T H 17 cells may be
important in meditating tissue damage in autoimmune diseases, and in protection against some
microbial infections. Differentiation of THI7 cells
from naive precursors is stimulated by a combination of the cytokines TGF-p and IL-6.
.

CD8+ CTLs kill cells that express peptides derived
from cytosolic antigens (e.g., viral antigens) that
are presented in association with class I MHC
molecules. CTL-mediated
killing is mediated
mainly by granule exocytosis, which releases
granzymes
and perforin.
Perforin facilitates
granzyme entry into the cytoplasm of target cells,
and granzymes initiate several pathways of apoptosis. CTLs also express FasL, which engages Fas on
the target cell membrane and triggers apoptosis of
the target cell.

. Memory T cell are generated during CMI
responses, and are maintained for years afterward
by the action of cytokines such as IL-7 and IL-IS.
Central memory T cells home to lymphoid tissues,
and respond to antigen re-exposure by proliferation and generation of effector cells. Effector
memory T cells home to mucosal sites, and
respond to antigen by secreting cytokines.
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Humoral immunity is mediated by secreted antibodies,
and its physiologic function is defense against extracellular microbes and microbial toxins. This type of immunity contrasts with cell-mediated immunity, the other
effector arm of the adaptive immune system, which is
mediated by T lymphocytes and functions to eradicate
microbes that infect and live within host cells (see
Chapter 13). Humoral immunity against microbial

OF

toxins was discovered by von Behring nd Kitasato in
1890 as a form of immunity that could be~conveyed from
immunized to naive individuals by the trjnsfer of serum.
The types of microorganisms that ar~ combated by
humoral immunity are extracellular bacteria, fungi, and
even obligate intracellular microbes sJch as viruses,
which are targets of antibodies before thJy infect cells or
when they are released from infected c~lls. Defects in
antibody production result in increased spsceptibility to
infection with many microbes, including bacteria, fungi,
and viruses. The most effective vaccines ~nduce protection primarily by stimulating the production of antibodies. Apart from their crucial protective rhles, in allergic
individuals and in certain autoimmune diseases some
specific antibodies can be harmful and !mediate tissue
injury. In this chapter, we discuss the effector mechanisms that are used by antibodies to elirrhnate antigens.
The structure of antibodies is described iJ Chapter 4 and
the process of antibody production in Chapter 10.
OVERVIEW

OF HUMORAL

IMMUNITY

The main function of antibodies is the neutralization
and elimination of infectious microbes and microbial
toxins (Fig. 14-1). As we shall see later, antibodymediated elimination of antigens involves a number of
effector mechanisms and requires the participation
of various cellular and humoral components of the
immune system, including phagocytes and complement
proteins. Before these individual effector mechanisms
are described, we will summarize the ways in which
antibodies mediate protective immunity.

. Antibodies are produced by

B lymphocytes

and

plasma cells in the lymphoid organs and bone
marrow, but antibodies perform their effector functions at sites distant from their production. Antibodies produced in the lymph nodes, spleen, and bone
marrow may enter the blood and then circulate to any
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Lysis of microbes
I

Phagocytosis
of
microbes opsonized
with complement
fragments (e.g., C3b)

A
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I

site where antigen is located. Antibodies produced in
mucosa-associated lymphoid tissues are transported
across epithelial barriers into the lumens of mucosal
organs; in the intestine and the airways, for instance,
antibodies on the luminal surface of the epithelium
inhibit the entry of ingested and inhaled microbes.
Antibodies are also actively transported across the
placenta into the circulation of the developing fetus.
In cell-mediated immunity, activated T lymphocytes
are able to migrate to peripheral sites of infection and
inflammation, but they are not transported into
mucosal secretions or across the placenta.
o The antibodies that mediate protective immunity
may be derived from short-lived or long-lived
antibody-producing
plasma cells following
the
activation of naive or memory B cells (see Chapter
la, Fig. 10-2). The first exposure to an antigen, either
by infection or by vaccination, leads to the activation
of naive B lymphocytes and their differentiation
into antibody-producing cells and memory cells. Subsequent exposure to the same antigens leads to the
activation of memory B cells and a larger and more
rapid antibody response. Plasma cells derived early in
an immune response or from marginal zone or B-1 B
cells tend to be short lived. In contrast, germinal
center-derived
class-switched
antibody-secreting
plasma cells migrate to the bone marrow and persist

Inflammation
I

FIGURE 14-1 Effector functions
of antibodies.
Antibodies
against
microbes
{and their toxins,
not
shown
here}
neutralize
these
agents, opsonize them for phagocytosis, sensitize them for antibodydependent
cellular cytotoxicity,
and
activate the complement
system.
These various
effector
functions
may be mediated by different antibody isotypes.

at this site, where they continue to produce antibodies for years after the antigen is eliminated. Most of
the immunoglobulin G (lgG) found in the serum of
normal individuals is derived from these long-lived
antibody-producing
plasma
cells, which were
induced by the exposure of naive and memory B cells
to various antigens throughout the life of the individual. If an immune individual is exposed to a previously encountered microbe, the level of circulating
antibody produced by persisting antibody-secreting
plasma cells provides immediate protection against
the infection. At the same time, activation of memory
B cells generates a larger burst of antibody that provides a second and more effective wave of protection.
o Many of the effector functions of antibodies are mediated by the heavy chain constant regions of Ig molecules, and different Ig heavy chain isotypes serve
distinct effector functions (Table 14-1). For instance,
some IgG subclasses bind to phagocyte Fc receptors
and promote the phagocytosis of antibody-coated
particles, IgM and some subclasses of IgG activate the
complement system, and IgE binds to the Fc receptors of mast cells and triggers their activation. Each of
these effector mechanisms will be discussed later in
this chapter. The humoral immune system is specialized in such a way that different microbes or antigen
exposures stimulate B cell switching to the Ig isotypes
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Table

14-1. Functions

of Antibody

Isotypes

Antibody
Isotope

Isotype-specific
effector
functions

IgG

Opsonization
of antigens for phagocytosis
by macro phages and neutrophils
Activation of the classical
of complement
Antibody-dependent
cytotoxicity
mediated

pathway

cell-mediated
by natural killer cells

Neonatal immunity: transfer of maternal
antibody across the placenta and gut
Feedback
IgM

inhibition

of B cell activation

Activation of the classical
complement

pathway

Mucosal immunity: secretion of IgA into
the lumens of the gastrointestinal
and
respiratory
tracts
Activation of complement
by the lectin
pathway or by the alternative
pathway

IgE
IgO

Mast cell degranulation
hypersensitivity
Antigen

receptor

.These
functions
are mediated
not secreted
antibodies.

(immediate

reactions)
of naive B lymphocytes.

by membrane-bound

. Although many effector functions of antibodies are
mediated by the Ig heavy chain constant regions, all
these functions are triggered by the binding of antigens to the variable regions. The binding of antibodies to a multivalent antigen, such as a polysaccharide
or a reiterated epitope on a microbial surface, brings
the Fc regions of antibodies close together, and it is
this clustering of antibody molecules that leads to
complement activation and allows the antibodies to
activate Fc receptors on phagocytes. The requirement
for antigen binding ensures that antibodies activate
various effector mechanisms only when they are
needed, that is, when the antibodies encounter and
specifically bind antigens, not when the antibodies
are circulating in an antigen-free form.
With this introduction to humoral immunity, we
proceed to a discussion of the various functions of
antibodies in host defense.

of

Antigen receptor of naive
B lymphocytes.
IgA

EFFECTOR MECHANISMS OF HUMORAL IMMUNITY

and

that are best for combating these microbes. The
major stimuli for isotype switching during the process
of B cell activation are helper T cell-derived cytokines
together with CD40 ligand expressed by activated
helper T cells (see Chapter 10). Different types of
microbes stimulate the differentiation of helper T
cells into effector populations, such as Till and TH2
subsets, that produce distinct sets of cytokines and
therefore induce switching of B cells to different
heavy chain isotypes. For instance, viruses and many
bacteria stimulate THI responses and the production
of Till-dependent
IgG isotypes that bind to phagocytes and natural killer (NK) cells and activate complement. Phagocytes, NK cells, and complement are
effective at eliminating many viruses and bacteria.
In contrast, helminthic
parasites stimulate TH2
responses and the production of TlI2-dependent IgE
antibody, which binds to and activates mast cells and
basophils. Cytokines released by these cells activate
eosinophils. Eosinophils are especially potent in
destroying helminths. Neutralization is the only function of antibodies that is mediated entirely by binding
of antigen and does not require participation of the Ig
constant regions.

NEUTRALIZATION
MICROBIAL

OF MICROBES

AND

TOXINS

Antibodies against microbes and microbial toxins block
the binding of these microbes and toxins to cellular
receptors (Fig. 14-2). In this way, antibodies inhibit, or
"neutralize," the infectivity of microbes as well as the
potential injurious effects of infection. Many microbes
enter host cells by the binding of particular surface molecules to membrane proteins or lipids on the surface of
host cells. For example, influenza viruses use their envelope hemagglutinin to infect respiratory epithelial cells,
and gram-negative bacteria use pili to attach to and
infect a variety of host cells. Antibodies that bind to these
microbial structures interfere with the ability of the
microbes to interact with cellular receptors, and may
thus prevent infection by means of steric hindrance. In
some cases, very few antibody molecules may bind to a
microbe and induce conformational changes in surface
molecules that prevent the microbe from interacting
with cellular receptors; such interactions are examples
of the allosteric effects of antibodies. Many microbial
toxins mediate their pathologic effects also by binding to
specific cellular receptors. For instance, tetanus toxin
binds to receptors in the motor end plate of neuromuscular junctions and inhibits neuromuscular transmission, which leads to paralysis, and diphtheria toxin binds
to cellular receptors and enters various cells, where it
inhibits protein synthesis. Anti-toxin antibodies sterically hinder the interactions of toxins with host cells and
thus prevent the toxins from causing tissue injury and
disease.
Antibody-mediated
neutralization of microbes and
toxins requires only the antigen-binding regions of the
antibodies. Therefore, such neutralization may be mediated by antibodies of any isotype in the circulation and
in mucosal secretions and can experimentally also be
mediated by Fab or F(ab)z fragments of specific antibodies. Most neutralizing antibodies in the blood are of
the IgG isotype; in mucosal organs, they are largely of the
19A isotype. The most effective neutralizing antibodies
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are those with high affinities for their antigens. Highaffinity antibodies are produced by the process of affinity maturation (see Chapter 10). Many prophylactic
vaccines work by stimulating the production of highaffinity neutralizing antibodies (Table 14-2). A mechanism that microbes have developed to evade host
immunity is to mutate the genes encoding surface antigens that are the targets of neutralizing antibodies (see
Chapter 15).

OPSONIZATION

Antibodies of the IgG isotype coat (opsonize) microbes
and promote their phagocytosis by binding to Fc receptors on phagocytes. Mononuclear phagocytes and neutrophils ingest microbes as a prelude to intracellular
killing and degradation. These phagocytes express a
variety of surface receptors that directly bind microbes
and ingest them, even without antibodies, providing one

~

.

.

of toxin (e.g.,
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FIGURE 14-2 Neutralization
of
microbes and toxins by antibodies.
A. Antibodies prevent the binding of
microbes to cells and thus block the
ability of the microbes
to infect
host cells. B. Antibodies
inhibit
the spread of microbes
from an
infected cell to an adjacent uninfected cell. C. Antibodies
block the
binding of toxins to cells and thus
inhibit the pathologic effects of the
toxins.

mechanism of innate immunity (see Chapter 2). The efficiency of this process is markedly enhanced if the
phagocyte can bind the particle with high affinity (Fig.
14-3). Mononuclear phagocytes and neutrophils express
receptors for the Fc portions of IgG antibodies that
specifically bind antibody-coated (opsonized) particles.
Microbes may also be opsonized by a product of complement activation called C3b and are phagocytosed by
binding to a leukocyte receptor for C3b (described later
in this chapter). The process of coating particles in order
to promote phagocytosis is called opsonization,
and
substances that perform this function, including antibodies and complement proteins, are called specific
opsonins.
Phagocyte

Fc Receptors

Leukocyte Fc receptors promote the phagocytosis of
opsonized particles and deliver signals that stimulate
the microbicidal activities of the leukocytes. Fc receptors for different Ig heavy chain isotypes are expressed
on many leukocyte populations and serve diverse func-
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Table 14-2. Vaccine-Induced Humoral Immunity
Infectious
disease

Vaccine

Mechanism
protective

Polio

Oral attenuated
polio virus

Neutralization
of virus by
mucosal IgA antibody

Toxoids

Neutralization
of toxin by
systemic IgG antibody

Recombinant
viral
envelope proteins

Neutralization
of virus by
systemic IgG antibody

Conjugate vaccines
composed of bacterial
capsular polysaccaride
and protein

Opsonization
and phagocytosis
mediated by IgM and IgG
antibodies,
directly or
secondary to complement
activation

Tetanus,

diphtheria

Hepatitis,

A or B

Pneumococcal
pneumonia,
Haemophilus

Selected

examples

of vaccines

that work

by stimulating

tions in immunity (Box 14-1). Of these Fc receptors,
the ones that are most important for phagocytosis of
opsonized particles are receptors for the heavy chains of
IgG antibodies, called Fey receptors. There are three
types of Fey receptors, which have different affinities for
the heavy chains of different IgG subclasses and are
expressed on different cell types. The major highaffinity phagocyte Fey receptor is called FeyRI (CD64). It
binds human IgG 1 and IgG3 strongly, with a KI of 10-8to
1O-9M. (In mice, the high-affinity FeyRI receptor preferentially binds murine IgG2a and IgG2b antibodies.)
FeyRI is composed of an Fc region-binding a chain
expressed in association with a disulfide-linked homodimer of a signaling protein called the FcR y chain, which
is homologous to the signal-transducing 1;chain oftheT
cell receptor (TCR) complex.
Phagocytosis of IgG-coated particles is mediated by
binding of the Fc portions of opsonizing antibodies to
Fey receptors on phagocytes. Therefore, the IgG subtypes that bind best to these receptors (lgG 1 and IgG3)
are the most efficient opsonins for promoting phagocytosis. Antibody molecules attached to repeated determi-

Opsonization
of microbe
by IgG

~

r

..JII.:

Binding of
opsonized microbes
to phagocyte
Fc receptors (FcyRl)

protective

of
immunity

humoral

immunity

are listed.

nants on the surface of a microbe, or to a polyvalent
macromolecular antigen, form multivalent arrays and
are bound by phagocyte Fc receptors with much higher
avidity than are free circulating antibodies. For this
reason, FeyRI binds antibodies attached to antigens
better than it binds free antibodies. In addition, triggering of Fc receptors requires that receptors be clustered
in the plane of the membrane, and clustering and consequent receptor activation can be mediated only by
antigen-bound IgGs that make up a multivalent ligand
for Fc receptors. Binding of Fc receptors on phagocytes
to multivalent antibody-coated particles leads to the
activation of phagocytes, engulfment of the particles,
and their internalization in vesicles known as phagosomes. These vesicles fuse with lysosomes, and the
phagocytosed particles are destroyed in phagolysosomes (see Chapter 2, Fig. 2-4).
Binding of opsonized particles to phagocyte Fc receptors, particularly FeyRI, activates phagocytes by virtue of
signals transduced by the FcR y chain. The FcR y chain,
like the TCR 1;chain, contains immunoreceptor tyrosinebased activation motifs (ITAMs) in its cytoplasmic

Fc receptor
signals
activate
phagocyte

Phagocytosis
of microbe

Killing of
ingested
microbe

IgG
antibody

~r

Phagocyte
FIGURE 14-3 Antibody-mediated opsonization and phagocytosis of microbes. Antibodies
are then recognized by Fc receptors on phagocytes.
Signals from the Fc receptors
and activate the phagocytes
to destroy these microbes.

promote

of certain IgG subclasses bind to microbes and
the phagocytosis
of the opsonized microbes
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Leukocytes express cell surface receptors that specifically bind the Fc portions of various Ig isotypes and subtypes. The Fc receptors on neutrophils and macrophages
mediate the phagocytosis of opsonized particles and the
activation of leukocytes to destroy phagocytosed particles. Fc receptors on NK cells are involved in activation
of these cells to killantibody-coated target cells. Fc receptors on B cells negatively regulate antibody responses.
Two nonleukocyte Fc receptors are expressed on epithelial cells and mediate transepithelial transport of antibodies. Here we discuss the specific Fc receptors of
leukocytes that mediate functional responses, namely,

with a disulfide-linked homodimer of a signaling protein
called the FcRy chain. This y chain is also found in the
signaling complexes associated with Fc-yRIII,FcaR, and
FCERI.The y chain has only a short extracellular amino terminus but a large cytoplasmic carboxyl terminus, with

S chain

structural homology to the

s

of the TCR complex.

Like the TCR chain, the FcR y chain contains an
immunoreceptor tyrosine-based activation motif (lTAM)
that couples receptor clustering to activation of protein
tyrosine kinases. Transcription of the Fc-yR1gene is stimulated by the macrophage-activating cytokine IFN-y,and
for this reason activated macrophages express higher
Fc-yRI, Fc-yRII, Fc-yRIII, FCERI, FCERII, and FcaR (see Table).
levels of the receptor than do resting monocytes.
Each of the leukocyte FcRs contains one Fc-binding
Both humans and mice express two different classes
polypeptide chain, called the a chain, which is a member
of low-affinity receptors for IgG, called Fc-yR1l(CD32)and
of the Ig superfamily. Differences in specificities or affiniFc-yR1l1
(CD16). FeyRIl is expressed on phagocytes and
ties of each FcR for the various IgG isotypes are based
other cell types and binds human IgG subtypes (lgGl
on differences in the structure of these a chains. In all
and IgG3)with sufficientlylow affinity (KJ 10-6M) that
the FcRs except Fc-yRII,the a chain is associated with
monomeric IgG molecules are unable to occupy this
one or more additional polypeptide chains involved in
receptor at physiologic antibody concentrations. Theresignal transduction, called P and y chains (see Figure).
fore, Fc-yR1lbinds IgG mainly when the antibody is in
Signaling functions of Fc-yR1lare mediated by the
immune complexes or on opsonized microbes or cells,
cytoplasmic tail of the a chain.
which display arrays of Fc regions. In humans, there are
There are three distinct types of Fey receptors, which
three different isoforms of FcyRll(called A, B, and C) that
have different affinities for heavy chains of different
arise from alternative RNAsplicing. These isoforms have
IgG subclasses. The major phagocyte Fey receptor, Fc-yR1 similar intracellular domains and ligand specificities but
(CD64). is expressed on macrophages and neutrophils
differ in cytoplasmic tail structure, cell distribution, and
and is a high-affinity receptor for IgGl and IgG3 (in
functions. Fc-yRIiAis expressed by neutrophils and
humans). The large extracellular amino-terminal region of
mononuclear phagocytes and probably participates in the
the receptor polypeptide folds into three tandem Ig-like
phagocytosis of opsonized particles. Fc-yRIiAis also
domains. The Fc-binding a chain of Fc-yR1is associated
expressed by certain vascular endothelia and other cell

FcR

Affinity for
immunoglobulin

FcyRl

High (~

Cell
distribution

Function

10-9 M); binds
IgG1 and IgG3, can bind
monomeric IgG

Macrophages,
neutrophils;
also eosinophils

Phagocytosis;
activation
of phagocytes

FcyR II A
(CD32)

Low (~>

10-7 M)

Macrophages,
neutrophils;
eosinophils,
platelets

Phagocytosis;
cell activation
(inefficient)

FcyRllB
(CD32)

Low (~>

10-7 M)

B lymphocytes

Feedback
of B cells

FcyRlllA

Low (~>

10-6 M)

NK cells

Antibody-dependent
cell-mediated
cytotoxicity

Neutrophils,
other cells

Phagocytosis
(inefficient)

Mast cells, basophils,
eosinophils

Cell activation
(degranulation)

B lymphocytes,
eosinophils,
Langerhans cells

Unknown

Neutrophils,
eosinophils,
monocytes

Cell activation?

(CD64)

-

(CD16)
FcyRllIB
(CD16)

Low (Kd > 10-6 M);
GPI-linked protein

FeERI

High (~>
binds

~

10-10 M);
monomeric
IgE

FeERIl
(CD23)

Low (~>

FeaR
(CD89)

Low (Kd > 10-6 M)

Abbreviations:

10-7 M)

NK, natural

inhibition

killer; GPI, glycosphosphatidylinositol.
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I
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a
(CD16)

a
(CD64)

:yt, ss,
j oryS
ITIM
I

Subunit composition
of Fc receptors.
the signaling subunits.

Schematic

models of the different human Fe receptors

types in which its function is unknown; it may playa role
in the binding of molecules other than Ig, such as lipoproteins. The cytoplasmic
tails of FcyRliA and FcyRllC
contain ITAMs and, on clustering by IgG1- or IgG3-coated
particles or cells, can deliver an activation signal to phagocytes. FcyRllB is expressed
on all immune cells, but is
the only Fc receptor on B cells. The intracellular carboxyterminal region of this isoform contains an immunoreceptor tyrosine-based
inhibition
motif (lTIM) that can
deliver
inhibitory
signals,
counteracting
the positive
signals delivered to B cells by the antigen-induced
crosslinking of membrane Ig. Thus, FcyRllB clustering, induced
by occupancy with polyvalent IgG 1 or IgG3, may shut off
B cell activation (see Chapter 10, Fig. 10-19).
The extracellular
ligand-binding
portion
of FcyR II I
(CD16) is similar to FcyRll in structure and affinity and
specificity for IgG. Two separate genes code for this molecule in humans.
The FcyRlliA
isoform,
the product
of the
A gene, is a transmembrane
protein expressed
mainly on
NK cells. FcyRlliA associates
with homodimers
of the FcR
y chain, homodimers
of the TCR 1; chain, or heterodimers
composed
of the FcR y chain and the 1; chain. This association
is necessary
for cell surface
expression
and,
through
the ITAMs in these signaling
chains, can deliver
intracellular
activating
signals.
Receptor
clustering
induced by occupancy
with IgG 1 or IgG3 bound to a
target
cell surface
activates
NK cells to kill the targets,
thereby
mediating
ADCC. The FcyRlliB
isoform,
a product
of the B gene,
is a GPI-linked
protein
expressed
on
neutrophils;
it does not mediate
phagocytosis
or trigger
neutrophil
activation.
__
.......
&
- - - ......-

illustrate the Fe-binding IXchains and

FCERI is an IgE receptor expressed
mainly on mast
cells and basophils (see Chapter 19). The affinity of this
receptor for IgE is extremely high (KJ 10-10 M), and therefore it readily binds monomeric
IgE molecules
even at
the low normal plasma concentrations
of this antibody

I

I

isotype.
The IgE-binding
a chain is associated
with a ~
chain and an FcR y chain homodimer.
The ~ chain spans
the plasma
membrane
four times;
both its amino termi-

nus

and

carboxyl

terminus

are

intracellular,

and

its

carboxy-terminal
tail region contains
an ITAM. Antigenmediated
cross-linking
of IgE that is prebound
to FCERI
results
in activation
and degranulation
of the mast
cells or basophils,
leading to immediate
hypersensitivity
I

I

reactions
(Chapter
19). FCERI is also expressed
on
eosinophils,
and on antigen-presenting
cells such as
monocytes,
Langerhans cells, and tissue dendritic cells.
The function of FCERI on these antigen-presenting
cells is
not known.
Human FCERII (CD23) is a C-type lectin that binds IgE
with low affinity. It exists in two forms: CD23a is constitutively
expressed
on B cells, and CD23b is induced
by IL-4 on T cells, Langerhans
cells, monocytes,
macrophages,
and eosinophils. Both forms mediate
endocytosis
of IgE-coated particles. The physiologic function of this receptor is not known.
FcaR (C089) is an IgA receptor expressed
on neutrophils, monocytes,
and eosinophils.
Its ligand-binding
a
chain is associated
with an FcR y homodimer.
As noted before,
on binding
of Ig molecules,

the FcRs serve to activate
I

expressed.

Activation

I
_ _ _ _ _ ___
.L.-

the cells on which

requires

cross-linking
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FcRs by several linked Ig molecules
(e.g., on Ig-coated
microbes or in immune complexes).
Cross-linking
of the
ligand-binding
a chains of an FcR results in signal transduction
events that are similar to those that occur
after antigen-receptor
cross-linking
in lymphocytes
(see
Chapter 9). These include Src kinase-mediated
tyrosine
phosphorylation
of the ITAMs in the signaling chains of
the FcRs; SH2 domain-mediated
recruitment
of Syk
family kinases to the ITAMs; activation of phosphatidylinositol-3 (PI-3) kinase; recruitment
of adapter molecules,
including SLP-76 and BLNK; and recruitment
of enzymes
such as phospholipase
Cy and Tec family kinases. These
events lead to generation
of inositol trisphosphate
and
diacylglycerol
and
sustained
calcium
mobilization.
Responses to these mediators in leukocytes include transcription
of genes encoding
cytokines,
inflammatory
mediators, and microbicidal
enzymes, and mobilization of
the cytoskeleton,
leading to phagocytosis,
granule exocytosis, and cell migration.

- - --

-

-

I
I

Immune
complex-mediated
cross-linking
of the
inhibitory
FcyRllB on B cells leads to tyrosine
phosphorylation of the ITIM in the cytoplasmic
tail, recruitment
and
activation
of the SHIP inositol
phosphatase,
and subsequent
inhibition
of B cell receptor-mediated,
ITAMdependent
activation
pathways.
FcyRllB
may
also
generate
ITIM-independent
pro-apoptotic
signals,
which
may be one mechanism
of maintaining
peripheral
B cell
tolerance.
In addition,
FcyRllB
is expressed
on dendritic
cells, neutrophils,
macrophages,
and mast cells and may
playa role in regulating
the responses
of these cells generated by activating
FcRs.
The physiologic
roles of FcRs have been addressed
by
generating
knockout
mice that fail to express
these moIecules. Knockout
of the FcR y chain in mice results in loss
of expression
of FcyRl, FcyRll, and FCERI. These animals
are impaired
in their ability to clear opsonized
microbes

and to mount
I complexes.
_1
-- - -

portion and is required for signal transduction and
surface expression of the complete Fc receptor. Clustering of FeyRI by aggregated antigen-bound IgG results in
the activation of Src-family kinases that phosphorylate
ITAM tyrosine residues on the cytoplasmic tail ofthe FcR
y chain, thus contributing to the recruitment and activation of the Syk tyrosine kinase, and subsequently of a
number of downstream signaling pathways. The process
of phagocyte activation is very similar in a mechanistic
sense to the activation of the B cell receptor and TCR as
discussed in Chapters 9 and 10. The induction of signal
transduction by FeyRI in phagocytes triggers production
of various microbicidal molecules. One consequence
of phagocyte activation is production of the enzyme
phagocyte oxidase, which catalyzes the intracellular
generation of reactive oxygen intermediates that are
cytotoxic for phagocytosed microbes. In addition, leukocytes that are activated by their Fc receptors secrete
hydrolytic enzymes and reactive oxygen intermediates
into the external milieu that are capable of killing extracellular microbes too large to be phagocytosed. The
same toxic products may damage tissues; this mechanism of antibody-mediated tissue injury is important in
hypersensitivity diseases (Chapter 18). Knockout mice
lacking the ligand-binding chain of FeyRI, or the signaltransducing FcR y chain, are defective in antibodymediated defense against microbes and do not develop
some forms of IgG antibody-mediated
tissue injury, thus
demonstrating the essential role of Fc receptors in these
processes.
Expression of FeyRI on macro phages is stimulated by
the macrophage-activating
cytokine interferon-y (lFNy). The antibody isotypes that bind best to Fey receptors
(such as IgG2a in mice) are also produced as a result of
lFN -y-mediated isotype switching of B cells. In addition,

I

inflammatory

-

- --

reactions

to

immune

-

IFN-y directly stimulates the microbicidal activities of
phagocytes (see Chapter 13). Thus, IFN-y is an excellent
example of a cytokine that has multiple actions that
function synergistically in one mechanism of host
defense, namely, elimination of microbes by phagocytes.
The FcrRIIB

Receptor

The FeyRilB receptor is an inhibitory Fc receptor that
was described earlier in the context of inhibitory signaling in B cells (Chapter 10). This receptor is expressed on
many other immune cells including phagocytes and
dendritic cells and has an ITIM motif in its cytoplasmic
tail. In phagocytes, engagement of FeyRilB may attenuate signaling from other activating receptors including
FeyRI. One somewhat empirical, but often useful, treatment for many autoimmune diseases has been the intravenous administration of pooled human IgG (lVlG).
IVIG induces the expression of FeyRilB on phagocytes
through a poorly understood mechanism and may also
engage FeyRilB to deliver inhibitory signals to phagocytes. thus dampening inflammation. An alternative
mechanism by which IVlG may ameliorate disease will
be discussed later in the chapter in the context of the
role of FcRn, the neonatal Fc receptor, in regulating the
half-life of antibodies.
Antibody-Dependent
Cell-Mediated
Cytotoxicity
NK cells and other leukocytes bind to antibody-coated
cells by Fc receptors and destroy these cells. This process
is called antibody-dependent
cell-mediated cytotoxicity
(ADCC) (Fig. 14-4). It was first described as a function of
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Surface
antigen

the ~ chain, which is required for signaling.
Therefore,
IgE can bind to eosinophils but cannot activate these
cells.

IgG

/

t;l+

THE COMPLEMENT

AntibOdy-:f"
coated cell

Killing of
antibody-

coated cell
FIGURE 14-4 Antibody-dependent
cell-mediated
cytotoxicity.
Antibodies
of certain IgG subclasses
bind to cells (e.g., infected
cells), and the Fc regions of the bound antibodies are recognized by
an Fer receptor on NK cells. The NK cells are activated and kill the
antibody-coated
cells. Presumably,
NK cells can lyse even class I
MHC-expressing
targets when these target cells are opsonized
because the Fc receptor-mediated
stimulation
may overcome the
inhibitory actions of class I MHC-recognizing
NK cell inhibitory receptors (see Chapter 12).

NK cells. which use their Fc receptor.
FcyRIII. to bind to
antibody-coated
cells. FcyRIII/CDl6
is a low-affinity
receptor
that binds clustered
IgG molecules
displayed
on cell
surfaces
but
does
not
bind
circulating
monomeric
IgG. Therefore,
ADCC occurs only when the
target cell is coated with antibody
molecules,
and free
IgG in plasma neither
activates
NK cells nor competes
effectively
with cell-bound
IgG for binding
to FcyRIII.
Engagement
of FcyRIII by antibody-coated
target cells
activates the NK cells to synthesize
and secrete cytokines
such as IFN-yas well as to discharge
the contents oftheir
granules. which mediate the killing functions
of this cell
type (see Chapter 2). ADCC can be readily demonstrated
in vitro, but its role in host defense against microbes
is
not definitively
established.

Antibody

Mediated

Clearance

of Helminths

Antibodies, mast cells, and eosinophils work together to
mediate the expulsion and killing of some helminthic
parasites. Helminths (worms) are too large to be
engulfed by phagocytes. and their integuments are relatively resistant to the microbicidal products of neutrophils and macro phages. They can. however. be killed
by a toxic cationic protein, known as the major basic
protein. present in the granules of eosinophils. IgG
and IgA antibodies that coat helminths can bind to Fc
receptors on eosinophils and cause the degranulation
of these cells, releasing the basic protein and other
eosinophil granule contents that kill the parasites. In
addition. IgE antibodies that recognize antigens on the
surface of the helminths may initiate local mast cell
degranulation via the high affinity IgE receptor (see Box
14-1 and Chapter 19). Mast cell mediators may contribute to bronchoconstriction,
and increased local
motility contributing to the expulsion of worms from
sites such as the airways and the lumen of the gastrointestinal tract. Chemokines and cytokines released by
activated mast cells may attract eosinophils and cause
their degranulation as well. Eosinophils may also bind,
via FCEreceptors, to IgE attached to parasites. However.
the FCEreceptor of human eosinophils appears to lack

SYSTEM

The complement system is one of the major effector
mechanisms of humoral immunity and is also an important effector mechanism of innate immunity. We briefly
discussed the role of complement in innate immunity in
Chapter 2. Here we describe the activation and regulation of complement in more detail.
The name of the complement system is derived from
experiments performed by Jules Bordet shortly after the
discovery of antibodies. He demonstrated that if fresh
serum containing an antibacterial antibody was added
to the bacteria at physiologic temperature (37°C), the
bacteria were lysed. If, however, the serum was heated
to 56°C or more, it lost its lytic capacity. This loss of lytic
capacity was not due to decay of antibody activity.
because antibodies are relatively heat stable, and even
heated serum was capable of agglutinating the bacteria.
Bordet concluded that the serum must contain another
heat-labile component that assists, or complements, the
lytic function of antibodies. and this component was
later given the name complement.
The complement system consists of serum and cell
surface proteins that interact with one another and
with other molecules of the immune system in a highly
regulated manner to generate products that function to
eliminate microbes. Complement proteins are plasma
proteins that are normally inactive; they are activated
only under particular conditions to generate products
that mediate various effector functions of complement.
Several features of complement activation are essential
for its normal function.
. Activation of complement involves the sequential
proteolysis of proteins to generate newly assembled
enzyme complexes with proteolytic activity. Proteins
that acquire proteolytic enzymatic activity by the
action of other pro teases are called zymogens. The
process of sequential zymogen activation. a defining
characteristic of a proteolytic enzyme cascade, is also
characteristic of the coagulation and kinin systems.
Proteolytic cascades allow tremendous amplification
because each enzyme molecule activated at one step
can generate multiple activated enzyme molecules
at the next step.
.

The products of complement activation become covalently attached to microbial cell surfaces or to antibodies bound to microbes and to other antigens. In
the fluid phase, complement proteins are inactive or
only transiently active (for seconds). and they become
stably activated after they are attached to microbes or
to antibodies. Many ofthe biologically active cleavage
products of complement proteins also bind covalently
to microbes. antibodies. and tissues in which the complement is activated. This characteristic ensures that
the full activation and therefore the biologic functions
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of the complement system are limited to microbial cell
surfaces or to sites of antibodies bound to antigens
and do not occur in the blood.
.

Complement activation is inhibited by regulatory
proteins that are present on normal host cells and
absent from microbes. The regulatory proteins are an
adaptation of normal cells that minimize complement-mediated damage to host cells. Microbes lack
these regulatory proteins, which allows complement
activation to occur on microbial surfaces.

Pathways

of Complement

Activation

There are three major pathways of complement activation: the classical pathway, which is activated by certain
isotypes of antibodies bound to antigens; the alternative
pathway, which is activated on microbial cell surfaces
in the absence of antibody; and the lectin pathway,
which is activated by a plasma lectin that binds to
mannose residues on microbes (Fig. 14-5). The names
classical and alternative arose because the classical
pathway was discovered and characterized first, but the
alternative pathway is phylogenetically older. Although
the pathways of complement activation differ in how
they are initiated, all of them result in the generation of
enzyme complexes that are able to cleave the most
abundant complement protein, C3. The alternative and
lectin pathways are effector mechanisms of innate
immunity, whereas the classical pathway is a major
component of adaptive humoral immunity.
The central event in complement activation is proteolysis of the complement protein C3 to generate biologically active products and the subsequent covalent
attachment of a product of C3, called C3b, to microbial
cell surfaces or to antibody bound to antigen (see Fig.
14-5). Complement activation depends on the generation of two proteolytic complexes, the C3 convertase
that cleaves C3 into two proteolytic fragments called C3a
and C3b, and the C5 convertase that cleaves C5 into C5a
and C5b. By convention, the proteolytic products of each
complement protein are identified by lowercase letter
suffixes, a referring to the smaller product and b to the
larger one.
C3b becomes covalently attached to the microbial cell
surface or to the antibody molecules at the site of complement activation. All the biologic functions of complement are dependent on the proteolytic cleavage of
C3. For example, complement
activation promotes
phagocytosis because leukocytes and certain fixed
macrophage populations express receptors for C3b.
Pep tides produced by proteolysis of C3 (and other
complement proteins) stimulate inflammation. The C5
convertase assembles after the prior generation of C3b,
and this latter convertase contributes both to inflammation (by the generation of the C5a fragment) and to
the formation of pores in the membranes of microbial
targets. The pathways of complement activation differ in
how C3b is produced, but follow a common sequence of
reactions after the cleavage of C5.

With this background, we proceed to more detailed
descriptions of the alternative, classical, and lectin
pathways.

The Alternative

Pathway

The alternative pathway of complement activation
results in the proteolysis ofC3 and the stable attachment
of its breakdown product C3b to microbial surfaces,
without a role for antibody (Fig. 14-6 and Table 14-3).
The C3 protein contains a reactive thioester bond that
is buried in a relatively large domain known as the
thioester domain. When C3 is cleaved, the C3b protein
undergoes a major conformational
change and the
thioester domain flips out exposing the previously
hidden reactive thioester bond. Normally, C3 in plasma
is being continuously cleaved at a low rate to generate
C3b in a process that is called C3 tickover. A small
amount of the C3b may become covalently attached
to the surfaces of cells, including microbes, via the
thioester bond that reacts with the amino or hydroxyl
groups of cell surface proteins or polysaccharides to
form amide or ester bonds (Fig. 14-7). If these bonds are
not formed, the C3b remains in the fluid phase, and
the exposed and reactive thioester bond is quickly
hydrolyzed, rendering the protein inactive. As a result,
further complement activation cannot proceed.
When C3b undergoes its very dramatic post cleavage
conformational change causing the extrusion of the
thioester domain (this domain undergoes a massive
shift of about 85 N), a binding site for a plasma protein
called factor B is also exposed on the C3b protein that is
now covalently tethered to the surface of a microbial or
host cell. Bound factor B is in turn cleaved by a plasma
serine protease called factor D, releasing a small fragment called Ba and generating a larger fragment called
Bb that remains attached to C3b. The C3bBb complex is
the alternative pathway C3 convertase, and it functions
to cleave more C3 molecules, thus setting up an amplification sequence. Even when C3b is generated by the
classical pathway, it can form a complex with Bb, and
this complex is able to cleave more C3. Thus, the alternative pathway C3 convertase functions to amplify
complement activation when it is initiated by the alternative, classical, or lectin pathways. When C3 is broken
down and C3b remains attached to cells, C3a is released,
and it has several biologic activities that are discussed
later in this chapter.
Stable alternative pathway activation occurs on
microbial cell surfaces and not on mammalian cells. If
the C3bBb complex is formed on mammalian cells, it is
rapidly degraded and the reaction is terminated by the
action of several regulatory proteins present on these
cells (discussed later in this chapter). Lack of the
regulatory proteins on microbial cells allows binding
and activation of the alternative pathway C3 convertase. In addition, another protein of the alternative
pathway, called properdin, can bind to and stabilize
the C3bBb complex, and the attachment of properdin
is favored on microbial as opposed to normal host
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cells. Properdin is the only known positive regulator of
complement.
Some of the C3b molecules generated by the alternative pathway C3 convertase bind to the convertase itself.
This results in the formation of a complex containing
one Bb moiety and two molecules of C3b. which functions as the alternative pathway C5 convertase that will
cleave CS and initiate the late steps of complement
activation.

"ep~

C5a

The Classical Pathway
The classical pathway is initiated by binding of the complement protein Cl to the CH2domains of IgG or the CI/3
domains oflgM molecules that have bound antigen (Fig.
14-8 and Table 14-4). Among IgG antibodies, IgG3 and
IgGl (in humans) are more efficient activators of complement than are other subclasses. C1 is a large, multimeric, protein complex composed ofC1q, C1r, and CIs
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FIGURE

14-6

The alternative

pathway of
C3 in plasma
undergoes
slow spontaneous
hydrolysis of its
internal thioester bond, which leads to the formation of a fluid-phase
C3 convertase
(not
shown) and the generation of C3b. If the C3b is
deposited on the surfaces of microbes, it binds
factor B and forms the alternative
pathway C3
convertase.
This convertase
cleaves
C3 to
produce more C3b, which binds to the microbial
surface and participates in the formation of a C5
convertase.
The C5 convertase
cleaves C5 to
generate C5b, the initiating event in the late
steps of complement
activation.

complement activation. Soluble

C3b covalently
binds to
cell surface,
binds to
C3bBb to form
C5 convertase

C5
convertase

"ep

Cleavage of C5;
initiation of late steps
of complement
activation

~

C5a

Table 14-3. Proteins of the Alternative Pathway of Complement

Protein

Structure

Serum
concentration
(J.1g/mL)

Function

C3

185-kD (a-subunit,
110-kD; p-subunit,
75-kD)

1000-1200

C3b binds to the surface of the
microbe, where it functions as
an opsonin and as a component
of C3 and C5 convertases
C3a stimulates inflammation
(anaphylatoxin)

Factor

B

93-kD monomer

200

Bb is a serine protease and the
active enzyme of the C3 and
C5 convertases

Factor

D

25-kD monomer

1-2

Plasma serine protease. cleaves
factor B when it is bound to C3b

Properdin

Composed

of up to 25

four 56-kD

subunits

Stabilizes C3 convertases
(C3bBb) on microbial surfaces

Chapter

Intact C3
(inaccessible
thioester
group)
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!

C3b

~
.

Fluid
phase

FIGURE 14-7 Internal thioester
bonds
of
C3
molecules.
A
schematic
view
of the internal
thioester groups in C3 and their role
in forming
covalent
bonds with
other molecules
is shown.
Proteolytic cleavage of the a chain of C3
converts it into a metastable form in
which the internal thioester
bonds
are exposed
and susceptible
to
nucleophilic
attack by oxygen (as
shown)
or nitrogen
atoms.
The
result is the formation
of covalent
bonds with proteins
or carbohydrates on the cell surfaces.
C4 is
structurally
homologous
to C3 and
has an identical thioester group.

IMMUNITY

\..~-C=Oa]

Cleavage
of
C3 ex chain
by C3 convertase

G;j
C3a'-j
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C3

Accessible
thioester group
in C3b
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.

a

O-H
I

Cell
surface

7
e:;~~
.~
"

S-C=O

Attachment
to microbe,
cell surface protein,
or polysaccharide

C3b~
Cellassociated
C3b

~

Inactive

H-~

I

C3b

OH
In fluid phase,
C3b is inactivated
by hydrolysis

subunits; Clq binds to the antibody, and Clr and CIs are
proteases. The Clq subunit is made up of an umbrellalike radial array of six chains, each of which has a globular head connected by a collagen-like arm to a central
stalk (Fig. 14-9). This hexamer performs the recognition
function of the molecule and binds specifically to the Fc
regions of 11and some y heavy chains. Each Ig Fc region
has a single Clq-binding site, and each Clq molecule
must bind to at least two Ig heavy chains to be activated.
This requirement explains why antibodies bound to
antigens, and not free circulating antibodies, can initiate
classical pathway activation (Fig. 14-10). Because each
IgG molecule has only one Fc region, multiple IgG molecules must be brought close together before Clq can
bind, and multiple IgG antibodies are brought together
only when they bind to a multivalent antigen. Even
though free (circulating) IgM is pentameric, it does not
bind Clq, because the Fc regions of free IgM are in a
planar configuration that is inaccessible to Clq. Binding
of the IgM to an antigen induces a conformational
change into a "staple" form that exposes the Clq binding
sites in the Fc regions and allows Clq to bind. Because
of its pentameric structure, a single molecule of IgM can
bind two Clq molecules, and this is one reason that IgM
is a more efficient complement-binding
(also called
complement-fixing) antibody than IgG is.

~

H-S y=O
0I
R

~

,,' ."~'I

, ".Ii"" ,

i;'o

Covalent attachment of C3b
to protein or polysaccharide
by thioester linkage

Clr and CIs are serine pro teases that form a tetramer
containing two molecules of each protein. Binding of
two or more of the globular heads of Clq to the Fc
regions ofIgG or IgM leads to enzymatic activation of the
associated Clr, which cleaves and activates CIs (see Fig.
14-8). Activated CIs cleaves the next protein in the
cascade, C4, to generate C4b. (The smaller C4a fragment
is released and has biologic activities that are described
later.) C4 is homologous to C3, and C4b contains an
internal thioester bond, similar to that in C3b, that forms
covalent amide or ester linkages with the antigenantibody complex or with the adjacent surface of a cell
to which the antibody is bound. This attachment of C4b
ensures that classical pathway activation proceeds on a
cell surface or immune complex. The next complement
protein, C2, then complexes with the cell surface-bound
C4b and is cleaved by a nearby CIs molecule to generate a soluble C2a fragment of unknown importance and
a larger C2b fragment that remains physically associated
with C4b on the cell surface. (Note that in older texts, the
smaller fragment is called C2b and the larger one is
called C2a for historical reasons.) The resulting C4b2b
complex is the classical pathway C3 convertase; it has
the ability to bind to and proteolytically cleave C3.
Binding ofthis enzyme complex to C3 is mediated by the
C4b component, and proteolysis is catalyzed by the C2b
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C1q

Binding of
antibodies
to multivalent
antigen; binding of
C1 to antibodies

C1
complex

Binding of C4 to
Ig-associated
C1 q

Cleavage of C4
by C1 r2S2 enzyme;
covalent attachment
of C4b to antigenic
surface and
to antibodies

Binding of C2 to C4;
cleavage
of C2 to
form C4b2b complex
(C3 convertase)

Cleavage of C3 by
C3 convertase

Binding of C3b
to antigenic
surface and to
C4b2b complex
Cleavage of C5;
initiation of
late steps of
complement
activation

FIGURE

14-9 Structure
of Ct C 1q consists
of six identical
subunits arranged
to form a central
core and symmetrically
projecting
radial arms. The globular
heads at the end of each arm, designated
H, are the contact
regions
for immunoglobulin.
C1 rand C1 s form a
tetra mer composed
of two C1 r and two C1 s molecules.
The ends
of C1 rand C1 s contain
the catalytic
domains
of these proteins.
One
C1r2s2 tetramer
wraps
around
the radial arms of the C1q complex
in a manner
that juxtaposes
the catalytic
domains
of C1 rand C1 s.

<1
C4a

C3
convertase

C3
convertase

C5
convertase

'~

b

C5a

FIGURE 14-8 The classical pathway of complement activation.
Antigen-antibody
complexes that activate the classical pathway may
be soluble, fixed on the surface of cells (as shown). or deposited
on extracellular
matrices. The classical pathway is initiated by the
binding of C1 to antigen-complexed
antibody molecules,
which
leads to the production
of C3 and C5 convertases
attached to the
surfaces where the antibody was deposited.
The C5 convertase
cleaves C5 to begin the late steps of complement
activation.

component.
Cleavage of C3 results in the removal of the
small C3a fragment,
and C3b can form covalent
bonds
with cell surfaces or with the antibody
where complement activation
was initiated.
Once C3b is deposited,
it
can bind factor B and generate more C3 convertase
by
the alternative
pathway,
as discussed
before. The net
effect of the multiple
enzymatic
steps and amplification
is that a single molecule
of C3 convertase
can lead to the
deposition
of hundreds
or thousands
of molecules
of
C3b on the cell surface where complement
is activated.
The key early steps of the alternative
and classical pathways are analogous:
C3 in the alternative
pathway
is
homologous
to C4 in the classical pathway, and factor B
is homologous
to C2.
Some ofthe C3b molecules
generated
by the classical
pathway C3 convertase
bind to the convertase
(as in the
alternative
pathway)
and form a C4b2b3b complex. This
complex
functions
as the classical pathway
C5 convertasei it cleaves C5 and initiates the late steps of complement activation.
An unusual antibody-independent
variant form of
the classical pathway has been described in the context
of pneumococcal
infections.
Splenic marginal
zone
macrophages
express a cell surface C-type lectin called
SIGN-Rl that can recognize the pneumococcal
polysaccharide and that can also bind Clq. Multivalent binding
of whole bacteria or the polysaccharide to SIGN-Rl activates the classical pathway and permits the eventual
coating, in a C4-dependent manner, of the pneumococcal polysaccharide with C3b. This is an example of a cell
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Table 14-4. Proteins of the Classical Pathway of Complement

Protein

Structure

C1

750-kD

Serum
concentration
(/lg/mL)

Function

Initiates

the classical

pathway

(C1 qr2S2)

C1q

460-kD; hexamer
of three pairs
of chains (22,
23, 24-kD)

75-150

Binds to the Fc portion of
antibody that has bound antigen,
to apoptotic cells, and to cationic
surfaces

C1r

85-kD dimer

50

Serine protease, cleaves C1s to
make it an active protease

C1s

85-kD dimer

50

Serine protease,
and C2

C4

210-kD, trimer
of 97-, 75-, and
33-kD chains

300-600

C4b covalently binds to the
surface of a microbe or cell, where
antibody is bound and complement
is activated

cleaves

C4b binds C2 for cleavage
C4a stimulates
(anaphylatoxin)
C2

102-kD

monomer

C3

See Table 14-3

20

surface lectin that mediates activation of the classical
pathway but in an antibody-independent
manner.
The Lectin Pathway
The lectin pathway of complement activation is triggered in the absence of antibody by the binding of
microbial polysaccharides to circulating lectins, such as
plasma mannose (or mannan)-binding lectin (MBL), or
to N-acetylglucosamine
recognizing lectins known as
ficolins. These soluble lectins are members of the collectin family and structurally resemble Clq (see Chapter
2). MBL binds to mannose residues on polysaccharides,
and also binds to MBL-associated serine proteases
(MASPs) such as MASP-l, MASP-2, and MASP-3. Higherorder oligomers of MBL typically associate with MASP-2
and MASP-3. These two pro teases form a tetrameric
complex similar to the one formed by Clr and CIs, and
MASP-2 cleaves C4 and C2. Subsequent events in this
pathway are identical to those that occur in the classical
pathway.

Late Steps of Complement

Activation

C5 convertases generated by the alternative, classical, or
lectin pathway initiate activation of the late compo-

C4

by C1s

inflammation

C2a is a serine protease and
functions as the active enzyme of
C3 and C5 convertases
to cleave
C3 and C5

nents of the complement system, which culminates in
formation of the cytocidal membrane attack complex
(MAC) (Table 14-5 and Fig. 14-11). C5 convertases
cleave C5 into a small C5a fragment that is released and
a two-chain C5b fragment that remains bound to the
complement proteins deposited on the cell surface. C5a
has potent biologic effects on several cells that are discussed later in this chapter. The remaining components
of the complement cascade, C6, C7, C8, and C9, are
structurally related proteins without enzymatic activity.
C5b transiently maintains a conformation capable of
binding the next proteins in the cascade, C6 and C7. The
C7 component of the resulting C5b,6,7 complex is
hydrophobic, and it inserts into the lipid bilayer of cell
membranes, where it becomes a high-affinity receptor
for the C8 molecule. The C8 protein is a trimer composed of three distinct chains, one of which binds to the
C5b,6,7 complex and forms a covalent heterodimer with
a second chain; the third chain inserts into the lipid
bilayer of the membrane. This stably inserted C5b,6,7,8
complex (C5b-8) has a limited ability to lyse cells. The
formation of a fully active MAC is accomplished by the
binding of C9, the final component of the complement
cascades, to the C5b-8 complex. C9 is a serum protein
that polymerizes at the site of the bound C5b-8 to form
pores in plasma membranes. These pores are about
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100 A in diameter, and they form channels that allow free
movement of water and ions (Fig. 14-12). The entry of
water results in osmotic swelling and rupture of the cells
on whose surface the MAC is deposited. The pores
formed by polymerized C9 are similar to the membrane
pores formed by perforin, the cytolytic granule protein
found in cytotoxic T lymphocytes (CTLs) and NK cells
(see Chapter 13), and C9 is structurally
homologous
to
perforin.

Complement
activation

No

Receptors
Tissue
antigen

@-S~I~bl;

Yes

IgG (F~ p~rti~n;

not adjacent)

~~

~

~("

-----

~

No

-----------------~ Antigen-bound
IgG
Yes

FIGURE 14-10

C1 binding to the Fc portions of IgM and IgG. C1
must bind to two or more Fc portions to initiate the complement
cascade. The Fc portions of soluble pentameric IgM are not accessible to C1 (A). After IgM binds to surface-bound antigens, it undergoes a shape change that permits C1 binding and activation (B).
Soluble IgG molecules will also not activate C1 because each IgG
has only one Fc region (CL but after binding to cell surface antigens,
adjacent IgG Fc portions can bind and activate C1 (0).

I

for Complement

Proteins

Many of the biologic activities of the complement system
are mediated by the binding of complement fragments
to membrane receptors expressed on various cell types.
The best characterized of these receptors are specific for
fragments of C3 and are described here (Table 14-6).
Other receptors include those for C3a, C4a, and C5a,
which stimulate inflammation, and some that regulate
complement activation.
The type 1 complement receptor (CR1, or CD35) functions mainly to promote phagocytosis of C3b- and
C4b-coated particles and clearance of immune
complexes from the circulation. CRI is a high-affinity
receptor for C3b and C4b. It is expressed mainly on
blood cells, including erythrocytes, neutrophils, monocytes, eosinophils, and T and B lymphocytes; it is also
found on follicular dendritic cells in the follicles of
peripheral lymphoid organs. Phagocytes use this receptor to bind and internalize particles opsonized with C3b
or C4b. The binding of C3b- or C4b-coated particles to
CRI also transduces signals that activate the microbicidal mechanisms of the phagocytes, especially when the
Fey receptor is simultaneously engaged by antibodycoated particles. CRI on erythrocytes binds circulating
immune complexes with attached C3b and C4b and
transports the complexes to the liver and spleen. Here,
the immune complexes are removed from the erythro-

Inflammation I

~~J
:

con~~ase
Q~
I
~

....

~..~.~.~
~

.

Membrane attack
complex (MAC)

FIGURE 14-11 late steps of complement activation and formation of the MAC.A schematic view of the cell surface events leading to
formation of the MAC is shown. Cell-associated C5 convertase cleaves C5 and generates C5b, which becomes bound to the convertase.
C6 and C7 bind sequentially, and the C5b,6.7 complex becomes directly inserted into the lipid bilayer of the plasma membrane, followed
by stable insertion of C8. Up to 15 C9 molecules may then polymerize around the complex to form the MAC, which creates pores in the
membrane and induces cell lysis. C5a released on proteolysis of C5 stimulates inflammation.

Chapter 14

Table 14-5.

Proteins

of the Late Steps

-

EFFECTOR MECHANISMS OF HUMORAL IMMUNITY

of Complement

Activation

Protein

Structure

Serum
concentration
(/lg/mL)

Function

C5

190-kD dimer of 115and 75- kD chains

80

C5b initiates assembly
of the membrane
attack complex
C5a stimulates
(anaphylatoxin)

inflammation

C6

110-kD

monomer

45

Component
of the MAC: binds to
C5b and accepts C7

C7

100-kD

monomer

90

Component
of the MAC: binds to
C5b,6 and inserts into lipid
membranes

C8

155-kD trimer of
64-, 64-, 22-kD
chains

60

Component
of the MAC: binds to
C5b,6,7 and initiates the binding
and polymerization
of C9

C9

79-kD

60

Component
of the MAC: binds to
C5b,6,7,8 and polymerizes
to
form membrane
pores

FIGURE 14-12 Structure of the
MAC in cell membranes.
A. Complement
lesions
in erythrocyte
membranes
are shown in this electron micrograph. The lesions consist
of holes approximately
100 A in
diameter that are formed by poly-C9
tubular complexes.
B. For comparison, membrane
lesions induced on
a target cell by a cloned CTL line are
shown in this electron micrograph.
The lesions appear morphologically
similar
to complement-mediated
lesions, except for a larger internal
diameter
(160A). CTL- and NK
cell-induced
membrane
lesions are
formed by tubular complexes
of a
polymerized
protein
(perforinL
which is homologous
to C9 (see
Chapter
13). C. A model of the
subunit arrangement
of the MAC is
shown. The transmembrane
region
consists of 12 to 15 C9 molecules
arranged as a tubule, in addition to
single molecules of C6, 0, and C8
a and y chains. The C5ba, C5b~, and
C8~ chains form an appendage that
projects above the transmembrane
pore. (From Podack ER. Molecular
mechanisms
of cytolysis by complement and cytolytic
lymphocytes.
Journal
of Cellular
Biochemistry
30: 133-170, 1986. Copyright 1986
Wiley-Liss.
Reprinted by permission
of Wiley-Liss,
Inc., a subsidiary
of
John Wiley & Sons, Inc,)

monomer

C

,
~

'"

,
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Table 14-6. Receptors for Fragments of C3

Receptor

Structure

Ligands

Cell distribution

Function

Type

160-250
multiple
CCPRs

C3b > C4b > iC3b

Mononuclear
phagocytes,
neutrophils,
Band T cells,
erythrocytes,
eosinophils,
FOCs

Phagocytosis

1

complement
receptor
(CR1,
CD35)

Type 2
complement

receptor
(CR2,

kO;

145-kO;
multiple
CCPRs

C3d, C3dg > iC3b

B lymphocytes,
nasopharyngeal
epithelium

Clearance
complexes

Promotes dissociation
of C3 convertases
by acting as cofactor
for cleavage of C3b,C4b

FOCs,

Co receptor
activation

3

complement
receptor
(CR3,
Mac-1,
CD11 b/ CD18)

Type

4

complement

receptor
(CR4,
CD11

for B cell

Trapping of antigens
in germinal centers

CD21)

Receptor

Type

of immune

Integrin, with
165-kO ex chain
and 95-kO
~2chain

iC3b, ICAM-1; also
binds microbes

Mononuclear
neutrophils,

phagocytes,
NK cells

Integrin, with
150-kO ex chain
and 95-kO
~2chain

iC3b

Mononuclear
neutrophils,

phagocytes,
NK cells

for EBV

Phagocytosis
Leukocyte adhesion
to endothelium
(via ICAM-1)
Phagocytosis,
cell adhesion?

p150/95,
c/CD18)

Abbreviations:
CCPR, complement
control
ICAM-1, intercellular
adhesion molecule-1.

protein

repeat;

FOC, follicular

dendritic

cell;

cyte surface by phagocytes, and the erythrocytes
continue to circulate. CRI is also a regulator of complement
activation (see next section).
The type 2 complement receptor (CR2, or CD21) functions to stimulate humoral immune responses by
enhancing B cell activation by antigen and by promoting the trapping of antigen-antibody
complexes in

The type 3 complement receptor, also called Mac-l
(CR3, CDllbCD18), is an integrin that functions as a
receptor for the iC3b fragment generated by proteolysis

germinal centers. CR2 is present

valently

linked

to a

~ chains

of two

closely

on B lymphocytes,
follicular
dendritic
cells, and some epithelial
cells. It
specifically
binds the cleavage products
of C3b, called
C3d, C3dg, and iC3b (i referring
to inactive),
which are
generated
by factor I-mediated
proteolysis
(discussed
later). On B cells. CR2 is expressed as part of a trimolecular complex
that includes
two other noncovalently
attached proteins
called CD19 and target of antiproliferative antibody-l
(TAPA-I,
or CD8l).
This complex
delivers signals to B cells that enhance the responses of
B cells to antigen (see Chapter
10, Fig. 10-5). On follicular dendritic
cells, CR2 serves to trap iC3b- and C3dgcoated antigen-antibody
complexes
in germinal
centers.
The functions
of complement
in B cell activation
are
described
later.
In humans,
CR2 is the cell surface
receptor
for
Epstein-Barr
virus, a herpesvirus
that causes infectious
mononucleosis
and is also linked
to several human
malignant
tumors
(see Chapter
17, Box 17-2). EpsteinBarr virus infects B cells and can remain latent for life.

ofC3b. Mac-l

is expressed

on neutrophils,

mononuclear

phagocytes, mast cells, and NK cells. It is a member of
the integrin family of cell surface receptors (see Chapter
2, Box 2-3) and consists of an exchain (CDllb)
non co-

~ chain
related

(CD 18) that is identical
integrin

molecules,

to the
leuko-

cyte function-associated
antigen-l
(LFA-l) and p150,95.
Mac-Ion
neutrophils
and monocytes
promotes
phagocytosis of microbes
opsonized
with iC3b. In addition.
Mac-l may directly recognize
bacteria
for phagocytosis
by binding
to some unknown
microbial
molecules
(see Chapter
2). It also binds to intercellular
adhesion
molecule-l
(lCAM-l)
on endothelial
cells and promotes
stable attachment
of the leukocytes
to endothelium,
even without
complement
activation.
This binding leads
to the recruitment of leukocytes
to sites of infection
and
tissue injury.
The type 4 complement receptor (CR4, p150.95,
CDllcCD
18) is another integrin with a different exchain
(CDllc) and the same ~ chain as Mac-I. It also binds
iC3b, and the function
of this receptor
is probably
similar to that of Mac-I. CDllc
is also abundantly
expressed on dendritic cells and is used as a marker for
this cell type.
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The complement receptor of the immunoglobulin
family (CRIg) is expressed on the surface of macrophages in the liver known as Kupffer cells. CRIg is an
integral membrane protein with an extracellular region
made up of Ig domains. It binds the complement fragments C3b and iC3b, and is a major receptor for the
clearance of opsonized bacteria and other blood-borne
pathogens.
SIGN-RI, discussed earlier, is a cell surface C-type
lectin on marginal zone macrophages that recognizes
pneumococcal polysaccharides and can also bind CIq,
thus mediating the efficient activation of the classical
complement
pathway in an antibody-independent
manner. It contributes in a major way to the opsonization and clearance of pneumococci.

Regulation

of Complement

Activation

Activation of the complement cascade and the stability
of active complement proteins are tightly regulated to

EFFECTOR MECHANISMS OF HUMORAL IMMUNITY

prevent complement activation on normal host cells
and to limit the duration of complement activation even
on microbial cells and antigen-antibody
complexes.
Regulation of complement
is mediated by several circulating and cell membrane proteins (Table 14-7). Many of
these proteins, as well as several proteins of the classical
and alternative pathways, belong to a family called regulators of complement activity (RCA) and are encoded
by homologous genes that are located adjacent to one
another in the genome.
Complement activation needs to be regulated for two
reasons. First, low-level complement activation goes
on spontaneously, and if such activation is allowed to
proceed, the result can be damage to normal cells and
tissues. Second, even when complement is activated
where needed, such as on microbial cells or antigenantibody complexes, it needs to be controlled because
degradation products of complement
proteins can
diffuse to adjacent cells and injure them. Different regulatory mechanisms inhibit the formation of C3 convertases in the early steps of complement activation, break

Receptor
C1 r, C1 s

Serine protease inhibitor;
binds to C1 rand C1 s
and dissociates
them
from C1q

Plasma protein;
88-kD dimer
of 50- and 38- cone. 35 l!g/mL
kD subunits

C4b,C3b

Serine protease; cleaves
C3b and C4b by using
factor H, MCP, C4BP
or CR1 as cofactors

150-kD;
multiple
CCPRs

Plasma protein;
cone. 480 I!g/mL

C3b

Binds C3b and
displaces Bb
Cofactor for factor 1mediated cleavage of
C3b

C4-binding
protein
(C4BP)

570 kD;
multiple
CCPRs

Plasma protein;
cone. 300 I!g/mL

C4b

Binds C4b and
displaces C2

Membrane
cofactor

45-70 kD;
four CCPRs

Leukocytes,
epithelial cells
endothelial
cells

C3b,C4b

Cofactor for factor 1mediated cleavage of
C3b and C4b

70 kD; GPI
linked, four
CCPRs

Blood cells,
endothelial
cells,
epithelial cells

C4b2b,
C3bBb

Displaces C2b from C4b
and Bb from C3b
(dissociation
of C3
convertases)

18 kD; GPI
linked

Blood cells,
endothelial
cells,
epithelial cells

C7, C8

Blocks C9 binding
prevents formation
the MAC

C1 inhibitor
(C1 IN H)

104-kD

Factor

I

Factor

H

for protein
(MCP CD46)

Decayaccelerating
factor
(DAF)
CD59

Plasma protein;
cone. 200 I!g/mL

Cofactor for factor 1mediated cleavage of
C4b

Abbreviations:
CCPR, complement
control protein repeat; cone., concentration;
GPI, glycophosphatidylinositol;
MAC, membrane attack complex.

and
of
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C1q binds to antigencomplexed antibodies,
resulting in activation
of C1r2S2

C11NH
prevents C1r2S2
from becoming
proteolytically active

~U!i~

.,Mf-

~III.~
..

"t\ljf~T-.

AntibodY)'''C1r252
C1 q

C1 r252

~

C1 INH

FIGURE 14-13 Regulation of C1 activity by C1INH. C1 INH displaces C1 r2S2from C1 q and terminates classical pathway activation.

down and inactivate C3 and C5 convertases, and inhibit
formation of the MAC in the late steps of the complement pathway.
The proteolytic activity of CI rand CI s is inhibited by
a plasma protein called Cl inhibitor rCI INH). Cl INH
is a serine protease inhibitor (serpin) that mimics the
normal substrates of CI r and CIs. If Clq binds to an
antibody and begins the process of complement activation, Cl INH becomes a target of the enzymatic activity
of the bound C1r2-Cls2. Cl INH is cleaved by and
becomes covalently attached to these complement proteins, and as a result, the Clr2-Cls2 tetramer dissociates
from Clq, thus stopping activation by the classical
pathway (Fig. 14-13). In this way, Cl INH prevents the
accumulation of enzymatically active Clr2-Cls2 in the
plasma and limits the time for which active Clr2-Cls2 is
available to activate subsequent steps in the complement cascade. An autosomal-dominant
inherited
disease called hereditary angioneurotic edema is due to
a deficiency of Cl INH. Clinical manifestations of the
disease include intermittent acute accumulation of
edema fluid in the skin and mucosa, which causes
abdominal pain, vomiting, diarrhea, and potentially lifethreatening airway obstruction. In these patients, the
plasma levels of C1 INH protein are sufficiently reduced
«20% to 30% of normal) that activation of Cl by
immune complexes is not properly controlled and
increased breakdown of C4 and C2 occurs. The mediators of edema formation in patients with hereditary
angioneurotic edema include a proteolytic fragment of
C2, called C2 kinin, and bradykinin. Cl INH is an
inhibitor of other plasma serine proteases besides Cl,
including kallikrein and coagulation factor XlI, and both
activated kallikrein and factor XlI can promote increased
formation of bradykinin.
Assembly of the components ofC3 and C5 convertases
is inhibited by the binding of regulatory proteins to C3b
and C4b deposited on cell surfaces (Fig. 14-14). If C3b is
deposited on the surfaces of normal mammalian cells, it
may be bound by several membrane proteins, including
membrane cofactor protein (MCP, or C046), type 1
complement receptor (CRl), decay-accelerating factor

(OAF), and a plasma protein called factor H. C4b
deposited on cell surfaces is similarly bound by OAF,
CRl, and another plasma protein called C4-binding
protein (C4BP). By binding to C3b or C4b, these proteins
competitively inhibit the binding of other components
of the C3 convertase, such as Bb of the alternative
pathway and C2b of the classical pathway, thus blocking
further progression of the complement cascade. (Factor
H inhibits binding of only Bb to C3b and is thus a regulator of the alternative but not the classical pathway.)
MCP, CRl, and OAF are produced by mammalian cells
but not by microbes. Therefore, these regulators of complement selectively inhibit complement activation on
host cells and allow complement activation to proceed
on microbes. In addition, cell surfaces rich in sialic acid
favor binding of the regulatory protein factor H over the
alternative pathway protein factor B. Mammalian cells
express higher levels of sialic acid than microbes do,
which is another reason that complement activation is
prevented on normal host cells and permitted on
microbes.
OAF is a glycophosphatidylinositol-linked
membrane
protein expressed on endothelial cells and erythrocytes.
Deficiency of an enzyme required to form such proteinlipid linkages results in failure to express many
glycophosphatidylinositol-linked
membrane proteins,
including OAF and C059 (see following), and causes a
disease called paroxysmal nocturnal hemoglobinuria.
This disease is characterized by recurrent bouts of
intravascular hemolysis, at least partly attributable to

Formation of C4b2b
complex (classical pathway
C3 convertase)

@

DAF, MCP,
and CR1 displace
C2b from C4b

C2b
/

Formation of C3bBb
complex (alternative pathway
C3 convertase)

DAF and
CR1 displace
Bb from C3b

)

FIGURE 14-14 Inhibition of the formation of C3 convertases.
Several membrane proteins present on normal cells displace either
C2a from the classical pathway C3 convertase (A)or Bb from the
alternative pathway C3 convertase (B) and stop complement
activation.
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Factor I-medi-

ated cleavage of C3b. In the presence of cell membrane-bound
cofactors (MCP or CR1), plasma
factor I proteolytically
cleaves C3b
attached to cell surfaces, leaving
an inactive form of C3b (iC3b).
Factor Hand
C4-binding
protein
can also serve as cofactors
for
factor
I-mediated
cleavage
of
C3b.
The
same
process
is
involved in the proteolysis
of C4.

MCP (and CR1) act as cofactors for
Factor I-mediated
proteolytic cleavage
of C3b, producing iC3b

Covalent
attachment
of C3b
(or C4b) to cells

unregulated complement activation on the surface of
erythrocytes. Recurrent intravascular hemolysis in turn
leads to chronic hemolytic anemia and venous thrombosis. An unusual feature of this disease is that the mutation in the defective gene is not inherited, but represents
an acquired mutation in hematopoietic stem cells.
Cell-associated C3b is proteolytically degraded by a
plasma serine protease called factor I, which is active
only in the presence of regulatory proteins (Fig. 14-15).
MCP, factor H, C4Bp, and CRI all serve as cofactors for
factor I-mediated cleavage ofC3b (and C4b). Thus, these
regulatory host cell proteins promote proteolytic degradation of complement proteins; as discussed before, the
same regulatory proteins cause dissociation ofC3b (and
C4b)-containing complexes. Factor I-mediated cleavage
of C3b generates fragments called iC3b, C3d, and C3dg,
which do not participate in complement activation but
are recognized by receptors on phagocytes and B
lymphocytes.
Formation of the MAC is inhibited by a membrane
protein called CD59. C059 is a glycophosphatidylinositol-linked protein expressed on many cell types. It works
by incorporating itself into assembling MACs after the
membrane insertion of C5b-8, thereby inhibiting the
subsequent addition ofC9 molecules (Fig. 14-16). C059
is present on normal host cells, where it limits MAC formation, but it is not present on microbes. Formation of
the MAC is also inhibited by plasma proteins such as S
protein, which functions by binding to soluble C5b,6,7
complexes and thereby preventing their insertion into
cell membranes near the site where the complement
cascade was initiated. Growing MACs can insert into any
neighboring cell membrane besides the membrane on
which they were generated. Inhibitors of the MAC in the
plasma and in host cell membranes ensure that lysis of
innocent bystander cells does not occur near the site of
complement activation.
Much of the analysis of the function of complement
regulatory proteins has relied on in vitro experiments,
and most of these experiments have focused on assays
that measure MAC-mediated cell lysis as an end point.
On the basis of these studies, a hierarchy of importance
for inhibiting complement activation is believed to be
C059 > OAF> MCP, and this hierarchy may reflect the
relative abundance of these proteins on cell surfaces.
The function of regulatory proteins may be overwhelmed by excessive activation of complement path-
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ways. We have emphasized the importance of these
regulatory proteins in preventing complement activation on normal cells. However, complement-mediated
phagocytosis and damage to normal cells are important
pathogenetic mechanisms in many immunologic diseases (see Chapter 18). In these diseases, large amounts
of antibodies may be deposited on host cells, generating
enough active complement proteins that the regulatory
molecules are overwhelmed and unable to control
complement activation.
Functions

of Complement

The principal effector functions of the complement
system in innate immunity and specific humoral immunity are to promote phagocytosis of microbes on which
complement is activated, to stimulate inflammation,
and to induce the lysis of these microbes. In addition,
products of complement activation facilitate the activation of B lymphocytes and the production of antibodies. Phagocytosis, inflammation, and stimulation of
humoral immunity are all mediated by the binding
of proteolytic fragments of complement proteins to
various cell surface receptors, whereas cell lysis is mediated by the MAC. In the following section, we describe
each of these functions of the complement system and
their role in host defense.
Opsonization

and Phagocytosis

Microbes on which complement is activated by the alternative or classical pathway become coated with C3b,
iC3b, or C4b and are phagocytosed by the binding of
these proteins to specific receptors on macrophages and
neutrophils (Fig. 14-17A). As discussed previously,
activation of complement leads to the generation of C3b
and iC3b covalently bound to cell surfaces. Both C3b
and iC3b act as opsonins by virtue of the fact that
they specifically bind to receptors on neutrophils and
macro phages. C3b and C4b (the latter generated by the
classical pathway only) bind to CRl, and iC3b binds to
CR3 (Mac-I) and CR4. By itself, CRI is inefficient at
inducing the phagocytosis of C3b-coated microbes, but
its ability to do so is enhanced if the microbes are coated
with IgG antibodies that simultaneously bind to Fey
receptors. Macrophage activation by the cytokine IFN-y
also enhances CRI-mediated phagocytosis. C3b- and
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Activation of
late components
of complements

Formation
of the
MAC

CD59 inhibits
poly-C9
assembly

Inhibition
of MAC
formation

S protein inhibits
membrane
insertion of
C5b-C7

Inhibition
of MAC
formation

iC3b-dependent phagocytosis of microorganisms is a
major defense mechanism against infections in innate
and adaptive immunity. One example of the importance
of complement is host defense against bacteria with
polysaccharide-rich capsules, such as pneumococci and
meningococci, which is mediated entirely by humoral
immunity. IgM antibodies against capsular polysaccharides bind to the bacteria, activate the classical pathway
of complement, and cause phagocytic clearance of the
bacteria in the spleen. In addition, SIGN-Rl-expressing
marginal zone macrophages may also bind to capsular
polysaccharides and activate the classical pathway in an
antibody-independent
manner. This is why individuals
lacking the spleen (e.g., as a result of surgical removal
after traumatic rupture) are susceptible to disseminated
pneumococcal
and meningococcal
septicemia. C3deficient humans and mice are extremely susceptible
to lethal bacterial infections.

Stimulation

of Inflammatory

Responses

The proteolytic complement fragments C5a, C4a, and
C3a induce acute inflammation by activating mast cells

FIGURE 14-16 Regulation
of
formation
of the MAC. The MAC
is formed on cell surfaces as an
end result of complement
activation.
The
membrane
protein
CD59 and S protein in the plasma
inhibit formation of the MAC.

and neutrophils (Fig. 14-17B).Allthree pep tides bind to
mast cells and induce degranulation, with the release of
vasoactive mediators such as histamine. These peptides
are also called anaphylatoxins
because the mast cell
reactions they trigger are characteristic of anaphylaxis
(see Chapter 19). In neutrophils, C5a stimulates motility,
firm adhesion to endothelial cells, and, at high doses,
stimulation of the respiratory burst and production of
reactive oxygen intermediates. In addition, C5a may act
directly on vascular endothelial cells and induce
increased vascular permeability and the expression of pselectin, which promotes neutrophil binding. This combination of C5a actions on mast cells, neutrophils, and
endothelial cells contributes to inflammation at sites of
complement activation. C5a is the most potent mediator of mast cell degranulation, C3a is about 20-fold less
potent, and C4a is about 2500-fold less. The proinflammatory effects of C5a, C4a, and C3a are mediated by
binding of the peptides to specific receptors on various
cell types. The C5a receptor is the most thoroughly
characterized. It is a member of the seven a-helical
transmembrane
G-protein coupled receptor family.
The C5a receptor is expressed on many cell types,
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14-17 Functions of
complement. The major functions
FIGURE

of the complement
system in host
defense are shown. Cell-bound C3b
is an opsonin that promotes phagocytosis of coated cells (A); the proteolytic
products
C5a, C3a, and
(to a lesser extent) C4a stimulate
leukocyte
recruitment
and inflammation (B); and the MAC lyses cells
(C).

.icrobe
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Binding
activation

including

neutrophils,
eosinophils,
cytes,
macrophages,
mast
cells,
smooth muscle cells, epithelial
cells,
C3a receptor is also a member
of the
receptor
family.

Complement-Mediated

of C3b to microbe,
of late components
of complement

basophils,
monoendothelial
cells,
and astrocytes.
The
G protein-coupled

Cytolysis

Complement-mediated

lysis of foreign organisms is
mediated by the MAC (Fig. 14-17C). Most pathogens
have evolved thick cell walls or capsules that impede
access of the MAC to their cell membranes. Complement
mediated lysis appears to be critical for defense
against only a few pathogens that are unable to resist
MAC insertion. Thus, genetic defects in MAC components result in increased susceptibility only to infections
by bacteria of the genus Neisseria, all of which have very
thin cell walls.
Other Functions

of the Complement

System

By binding to antigen-antibody complexes, complement
proteins promote the solubilization of these complexes
and their clearance by phagocytes. Small numbers of
immune complexes are frequently formed in the circu-

Formation of
the membrane
attack
complex (MAC)

Osmotic
lysis of
microbe

lation when an individual
mounts
a vigorous
antibody
response to a circulating
antigen.
If the immune
complexes accumulate
in the blood, they may be deposited
in vessel walls and lead to inflammatory
reactions
that
damage surrounding
tissue. The formation
of immune
complexes
may require not only the multivalent
binding
of Ig Fab regions to antigens but also noncovalent
interactions of Fc regions of juxtaposed
Ig molecules.
Complement
activation
on Ig molecules
can sterically
block
these Fc-Fc interactions,
thereby promoting
dissolution
of the immune
complexes.
In addition,
as discussed
before,
immune
complexes
with
attached
C3b are
bound to CRI on erythrocytes,
and the complexes
are
cleared by phagocytes
in the liver.
The C3d protein generated from C3 binds to CR2 on
B cells and facilitates B cell activation and the initiation
of humoral immune responses. C3d is generated when
complement
is activated by an antigen, either directly
(e.g., when the antigen is a microbial polysaccharide)
or
after the binding of antibody.
Complement
activation
results in the covalent attachment
of C3b and its cleavage product C3d to the antigen. B lymphocytes
can bind
the antigen through their Ig receptors and simultaneously bind the attached C3d through CR2, the coreceptor for the B cell antigen receptor,
thus enhancing

344

Section IV-

EFFECTOR MECHANISMS OF IMMUNE RESPONSES

The complement system may be involved in human
disease in two general ways. First, deficiencies in any of
the protein components may lead to abnormal patterns
of complement activation. The absence of a component
of the classical or alternative pathway or absence of the
late steps may result in deficient complement activation.
If regulatory components are absent, too much complement activation may occur at the wrong time or wrong
site, leading to excess inflammation and cell lysis, and
may also cause a deficiency in plasma complement proteins because of excessive consumption. Second, an
intact, normally functioning complement system may be
activated in response to abnormal stimuli such as persistent microbes, antibodies against self antigens, or
immune complexes deposited in tissues. In these infectious and autoimmune diseases, the inflammatory and
lytic effects of complement may significantly contribute
to the pathologic changes of the disease.
COMPLEMENT
DEFICIENCIES.
Inherited
and spontaneous deficiencies
in many of the complement
proteins
have been described in humans.
Genetic deficiencies
in classical pathway
components, including Cl q, Cl r, C4, C2, and C3, have been
described; C2 deficiency is the most commonly identified
human complement
deficiency. A disease that resembles
the autoimmune disease systemic lupus erythematosus
develops in more than 50% of patients with C2 and C4
deficiencies. The reason for this association is unknown,
but defects in complement activation may lead to failure
to clear circulating immune complexes. If normally generated immune complexes are not cleared from the circulation, they may be deposited in blood vessel walls and
tissues, where they activate leukocytes by Fc receptor-dependent
pathways and produce local inflammation.
Complement
may play an important role in the clearance
of fragmented
DNA containing
apoptotic bodies. These
apoptotic bodies are now considered to be key immunogens in lupus. In addition, complement proteins regulate
antigen-mediated signals received by B cells; in their
absence, self antigens may not induce B cell tolerance,
and autoimmunity
results. Somewhat surprisingly, C2 and
C4 deficiencies
are not usually associated with increased
susceptibility to infections, which suggests that the alternative pathway and Fc receptor-mediated
effector mechanisms are adequate for host defense
against most
microbes. Deficiency of C3 is associated with frequent
serious pyogenic bacterial infections
that may be fatal,
illustrating the central role of C3 and its importance in
opsonization, enhanced phagocytosis,
and destruction
of
these organisms.
Deficiencies
in components
of the alternative
pathway,
including
properdin
and factor 0, result in
increased susceptibility
to infection with pyogenic bacteria. C3 deficiency is mentioned above.
Mutation
of the gene encoding
the mannosebinding lectin (MBL) contributes to immunodeficiency
in
some patients; this is discussed in Chapter 20.

Deficiencies
in the terminal complement
components, including C5, C6, C7, C8, and C9, have also been
described.
Interestingly,
the only consistent
clinical
problem in these patients is a propensity
for disseminated infections by Neisseria bacteria, including Neisseria meningitidis
and Neisseria gonorrhoeae,
indicating
that complement-mediated
bacterial lysis is particularly
important for defense against these organisms.
Deficiencies in complement
regulatory proteins
are associated with abnormal complement activation and
a variety of related clinical abnormalities. Deficiencies in
Cl inhibitor and decay-accelerating factor are mentioned
in the text. In patients with factor I deficiency, plasma C3
is depleted as a result of the unregulated
formation
of
fluid-phase
C3 convertase
(by the normal "tickover"
mechanism).
The clinical consequence
is increased infections with pyogenic bacteria. Factor H deficiency
is rare
and is characterized
by excess alternative
pathway
activation, consumption of C3, and glomerulonephritis
caused by inadequate clearance of immune complexes
and renal deposition of complement
by-products.
Specific
allelic variants
of factor H are strongly
associated
with age-related macular degeneration.
The effects
of a lack of factor I or factor H are similar to the effects
of an autoantibody
called C3 nephritic factor (C3NeF).
which is specific for alternative pathway C3 convertase
(C3bBb). C3NeF stabilizes C3bBb and protects the
complex
from factor H-mediated
dissociation,
which
results in unregulated
consumption
of C3. Patients with
this antibody
often have glomerulonephritis, possibly
caused by inadequate
clearing of circulating
immune
complexes.
Deficiencies
in complement
receptors include the
absence of CR3 and CR4, both resulting from rare mutations in the ~ chain (CD18) gene common to the
CDll CD18 family of integrin molecules. The congenital
disease caused by this gene defect is called leukocyte
adhesion deficiency
(see Chapter 20). This disorder is
characterized by recurrent pyogenic infections and is
caused by inadequate
adherence
of neutrophils
to
endothelium at tissue sites of infection and perhaps by
impaired iC3b-dependent phagocytosis of bacteria.

PATHOLOGIC EFFECTS OF A NORMAL COMPLEMENT SYSTEM. Even when it is properly regulated and
appropriately activated, the complement system can
cause significant tissue damage. Some of the pathologic
effects associated with bacterial infections may be due
to complement-mediated acute inflammatory responses
to infectious organisms. In some situations, complement
activation is associated with intravascular thrombosis and
can lead to ischemic injury to tissues. For instance,
antiendothelial antibodies against vascularized organ
transplants and the immune complexes produced in
autoimmune diseases may bind to vascularendothelium
and activate complement, thereby leading to inflammation and generation of the MAC with damage to the
endothelial surface, which favors coagulation. There is
-- - --- - - - -
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also evidence
that some of the late complement
proteins
may activate
prothrombinases
in the circulation
that initiate thrombosis
independent
of MAC-mediated
damage
to endothelium.
It has long been believed
that the clearest
example
of
complement-mediated
pathology
is immune
complex
disease.
Systemic
vasculitis
and
immune
complex
glomerulonephritis
result from the deposition
of antigenantibody
complexes
in the walls of vessels
and kidney
glomeruli
(see Chapter
18). Complement
activated
by the

antigen-induced signaling in B cells (see Chapter 10, Fig.
10-5). Opsonized antigens are also bound by follicular
dendritic cells in the germinal centers of lymphoid
organs. Follicular dendritic cells display antigens to B
cells in the germinal centers, and this process is important for the selection of high-affinity B cells (see Chapter
10, Fig. 10-12). The importance of complement in
humoral immune responses is illustrated by the severe
impairment in antibody production and germinal center
formation seen in knockout mice lacking C3 or C4 or the
CR2 protein.
Although our discussion has emphasized the physiologic functions of complement as an effector mechanism of host defense, the complement system is also
involved in several pathologic conditions (Box 14-2).
Some autoimmune diseases are associated with the production of autoantibodies
specific for self proteins
expressed on cell surfaces (see Chapter 18). Binding of
these antibodies results in complement-dependent
lysis
and phagocytosis of the cells. In other diseases, immune
complexes deposit in tissues and induce inflammation
by complement-mediated
recruitment and activation of
leukocytes. Genetic deficiencies of complement proteins and regulatory proteins are the causes of various
human diseases.
The similarities in the roles of complement and Fc
receptors in phagocytosis and inflammation raise the
question of which is the more important effector mechanism of humoral immunity. Surprisingly, knockout
mice lacking C3 or C4 show virtually no defects in IgG
antibody-mediated
phagocytosis of opsonized erythrocytes or in immune complex-mediated
vasculitis. Both
these reactions are abolished in knockout mice lacking
the high-affinity Fey receptor. These results suggest that
in IgG antibody-mediated
phagocytosis and inflammation, Fc receptor-dependent
reactions may be more
important
than
complement-mediated
reactions.
Whether this phenomenon is true in humans remains to
be established. Also, IgM antibody-mediated
protective
immunity and pathologic reactions are dependent only
on the complement system because IgM is an efficient
activator of complement but does not bind to leukocyte
Fc receptors.

I

immunoglobulin
in these deposited
immune
complexes
initiates
the acute inflammatory
responses
that destroy
the vessel
walls or glomeruli
and lead to thrombosis,
ischemic
damage
to tissues,
and scarring.
However,
as
mentioned
in the text, studies with knockout
mice lacking
the complement
proteins
C3 or C4 or lacking Fey receptors suggest
that Fc receptor-mediated
leukocyte
activation may cause inflammation
and tissue injury as a result
of IgG deposition
even in the absence
of complement
activation.

Evasion

of Complement

by Microbes

Pathogens have evolved diverse mechanisms for evading
the complement system. Some microbes express thick
cell walls that prevent the binding of complement proteins, such as the MAC. Gram-positive bacteria and
some fungi are examples of microbes that use this
relatively non-specific evasion strategy. A few of the
more specific mechanisms employed by a small subset
of pathogens will be considered here. These evasion
mechanisms may be divided into three groups.

. Microbes can evade the complement system by
recruiting host complement
regulatory proteins.
Many pathogens express sialic acids which can
inhibit the alternative pathway of complement by
recruiting factor H, which displaces C3b from Bb.
Some pathogens, like schistosomes, Neisseria gonorrheae, and certain Hemophilus species, scavenge
sialic acids from the host and enzymatically transfer
the sugar to their cell surfaces. Others, including
Escherichia coli Kl and some meningococci, have
evolved special biosynthetic routes for sialic acid
generation. Some microbes synthesize proteins that
can recruit the regulatory protein factor H to the cell
surface. Gp41 on HIV can bind to factor H, and this
property of the virus is believed to contribute to virion
protection. Many other pathogens have evolved proteins that facilitate the recruitment of factor H to their
cell walls. These include bacteria such as Steptococccus pyogenes, Borrelia burgdorferi (the causative
agent of Lyme disease), Neisseria gonorrhea, Neisseria
meningitides, the fungal pathogen Candida albicans,
and nematodes such as Echinococcus granuloslls.
Other microbes, such as HIV, incorporate multiple
host regulatory proteins into their envelopes. For
instance, HIV incorporates the GPI-anchored complement regulatory proteins DAF and CD59 when it
buds from an infected cell.

.

A number of pathogens produce specific proteins that
mimic human complement
regulatory proteins.
Escherichia coli makes a Clq binding protein (ClqBP)
that inhibits the formation of a complex between C Iq
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and C 1rand CIs. Staphylococcus aureus makes a
protein called SCIN (Staphylococcal complement
inhibitor) that binds to and stably inhibits both the
classical and alternative pathway C3 convertases and
thus inhibits all three complement pathways. Glycoprotein C-l of the Herpes simplex viruses destabilizes
the alternative pathway convertase by preventing its
C3b component from binding to properdin. GP160,
a membrane protein on Trypanosoma cruzi, the
causative agent of Chagas' disease, binds to C3b and
prevents the formation of the C3 convertase, and also
accelerates its decay. VCP-l (vaccinia virus complement inhibitory protein-I), a protein made by the
vaccinia virus, structurally resembles human C4bp,
but can bind to both C4b and C3b and accelerate the
decay of both C3 and C5 convertases.

. Complement-mediated inflammation can also be
inhibited by microbial gene products. Staphylococcal
alireliS synthesizes a protein called CHIPS (Chemokine Inhibitory Protein of Staphylococci), which is an
antagonist of the C5a anaphylatoxin.
These examples illustrate how microbes have
acquired the ability to evade the complement system,
presumably contributing to their pathogenicity.
FUNCTIONS
SPECIAL

OF ANTIBODIES

ANATOMIC

AT

SITES

So far, we have described the effector functions of antibodies that are systemic and do not show any particular
features related to location. Antibodies serve special
defense functions as a result of active transport into two
anatomic compartments, the lumens of mucosal organs
and the developing fetus. In these sites, the principal
mechanism of protective immunity against microbes is
antibody-mediated neutralization because lymphocytes
and other effector cells do not pass through mucosal
epithelia or the placenta.
Mucosal

Immunity

19A is the major class of antibody that is produced in
the mucosal immune system. The gastrointestinal and
respiratory tracts are two of the most common portals
of entry of microbes. Defense against microbes that
enter by these routes is provided by antibody, largely IgA,
that is produced in mucosal lymphoid tissues and
secreted through the mucosal epithelium into the
lumens of the organs. In mucosal secretions, IgA binds
to microbes and toxins present in the lumen and neutralizes them by blocking their entry into the host (see
Fig. 14-2). Secretory immunity is the mechanism of protective immunity induced by oral vaccines such as the
polio vaccine.
The mucosal immune system is a collection of lymphocytes and other cell types, often organized into discrete anatomic structures with definable lymphoid
follicles that are located underneath the epithelia of the
gastrointestinal and respiratory tracts (see Chapter 3).
19Ais produced in larger amounts than any other antibody isotype, mainly because of the size of the mucosal

immune system. It is estimated that a normal 70-kg
adult secretes about 2 g of IgA per day, which accounts
for 60% to 70% of the total output of antibodies. Because
IgA synthesis occurs mainly in mucosal lymphoid tissue
and transport into the mucosal lumen is efficient, this
isotype constitutes less than one quarter of the antibody
in plasma and is a minor component of systemic
humoral immunity compared with IgG and IgM. Antibody responses to antigens encountered by ingestion or
inhalation are typically dominated by IgA. In antigenstimulated B cells, switching to the IgA isotype is stimulated by transforming growth factor-p (which may be
produced by T cells as well as by nonlymphoid stromal
cells) and cytokines of the TNF family, including BAFF
(see Chapter 10). The reason why larger amounts of IgA
are produced in the mucosal immune system than in
other tissues is that isotype switching to IgA occurs most
efficiently in mucosal lymphoid tissue, particularly in
Peyer's patches and mesenteric lymph nodes, and classswitched IgA plasmablasts have a special propensity to
home to the lamina propria of the intestine and to other
mucosal sites.
Secreted 19A is transported through epithelial cells
into the intestinal lumen by an 19A-specific Fc receptor
called the poly-Ig receptor. IgA is produced by plasma
cells in the lamina propria and secreted in the form of a
dimer that is held together by the coordinately produced
J chain. (In contrast, serum IgA is usually a monomer
lacking the J chain.) From the lamina propria, the IgA
must be transported across the epithelium into the
lumen, by a process known as transcytosis, and this
function is mediated by the poIy-Ig receptor. This receptor is synthesized by mucosal epithelial cells and
expressed on their basal and lateral surfaces. It is an
integral membrane glycoprotein with five extracellular
domains homologous to Ig domains and is thus a
member of the Ig superfamily. The secreted, dimeric IgA
containing the J chain binds to the poly-Ig receptor on
mucosal epithelial cells (Fig. 14-18). This complex is
endocytosed into the epithelial cell and actively transported in vesicles to the luminal surface. Here the polyIg receptor is proteolytically cleaved, its transmembrane
and cytoplasmic domains are left attached to the epithelial cell, and the extracellular domain of the receptor,
which carries the IgA molecule, is released into the intestinallumen. The soluble IgA-associated component of
the receptor is called the secretory component. The
poly-Ig receptor is also responsible for the secretion of
IgA into bile, milk, sputum, saliva, and sweat. Although
its ability to transport IgA has been studied most extensively, the receptor is capable of transporting IgM into
intestinal secretions as well. (Note that secreted IgM is
also a polymer associated with the J chain.) This is why
this receptor is called the poly- Ig receptor.
Neonatal

Immunity

Neonatal mammals are protected from infection by
maternally produced antibodies transported across the
placenta into the fetal circulation and by antibodies in
ingested milk transported across the gut epithelium of
newborns by a specialized process known as transcyto-
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14-18

of
IgA across epithelial cells. IgA is
produced by plasma cells in the
lamina propria of mucosal tissue
and binds to the poly-Ig receptor
at the base of an epithelial cell.
The
complex
is transported
across the epithelial cell. and the
bound IgA is released into the
lumen by proteolytic
cleavage.
The process of transport across
the cell, from the basolateral
to
the luminal surface in this case. is
called transcytosis.
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sis. Neonates lack the ability to mount effective immune
responses against microbes, and for several months after
birth. their major defense against infection is passive
immunity provided by maternal antibodies. Maternal
IgG is transported across the placenta, and maternal IgA
and IgG in breast milk are ingested by the nursing infant.
Ingested IgA and IgG can neutralize pathogenic organisms that attempt to colonize the infant's gut, and
ingested IgG antibodies are also transported across the
gut epithelium into the circulation of the newborn.
Thus, a newborn contains essentially the same IgG
antibodies as the mother.
Transport of maternal IgG across the placenta and
across the neonatal intestinal epithelium is mediated by
an IgG-specific Fc receptor called the neonatal Fc receptor (FcRn). The FcRn is unique among Fc receptors
in that it resembles a class I major histocompatibility
complex (MHC) molecule containing a transmembrane
heavy chain that is non covalently associated with ~2microglobulin. However, the interaction of IgG with
FcRn does not involve the portion of the molecule analogous to the peptide-binding cleft used by class I MHC
molecules to display pep tides for T cell recognition.
Adults also express the FcRn in the endothelium and
in many epithelial tissues. In the post-neonatal period,
this receptor functions to protect plasma IgG antibodies
from catabolism. It binds circulating IgG, promotes
endocytosis of the IgG complexes with the receptor in a
form that protects the internalized antibody from intracellular degradation, and recycles the bound antibody to
the cell surface before releasing it back into the circulation. This process of repeated sequestering and release
of IgG contributes to its enhanced half-life. Knockout
mice lacking ~2-microglobulin have IO-fold lower levels
of serum IgG than normal mice do because of increased
catabolism of antibodies resulting from the failure to
express this protective ~2-microglobulin-associated
Fc
receptor. The contribution of the Fc portion of IgG to
enhancing the half-life of antibodies has been utilized to
generate therapeutically
useful fusion proteins that
include the Fc portion of human IgG, and consequently
survive for extended periods of time in the circulation.
One such example of a long-lived fusion protein is a

IgA

Proteolytic
cleavage

chimeric protein that contains the extracellular domains
of the TNF receptor fused to the Fc portion of human
IgG. This protein competitively inhibits TNF- TNFR
interactions and is used to treat patients with rheumatoid arthritis and Crohn disease.
The FcRn contributes to the long half-life of all IgG
molecules including pathogenic autoantibodies. While
the efficacy of IVIG in autoimmune
diseases may
depend on inhibitory signals derived from FcyRIIB (see
above), large amounts of infused exogenous IgG antibodies might compete with endogenous and pathogenic
IgG autoantibodies for recognition by the FcHn and thus
attenuate the half-lives of disease-associated antibodies.

SUMMARY

. Humoral
immunity is mediated by antibodies
is the effector arm of the adaptive immune

and
system responsible for defense against extracellular
microbes and microbial toxins. The antibodies that
provide protection against infection may be produced by long-lived antibody-secreting cells generated by the first exposure to microbial antigen or
by reactivation of memory B cells by the antigen.

. The effector functions of antibodies include neutralization of antigens, Fc receptor-dependent
phagocytosis of opsonized particles, and activation of the complement system.

. Antibodiesblock. or neutralize. the infectivityof
microbes by binding to the microbes and sterically
hindering interactions of the microbes with cellular receptors. Antibodies similarly block the pathologic actions of toxins by preventing binding of the
toxins to host cells.

. Antibody-coated (opsonized) particles are phagocytosed by binding of the Fc portions of the antibodies to phagocyte Fc receptors. There are several
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types of Fc receptors specific for different subclasses of IgG and for 19Aand IgE antibodies, and
different Fc receptors
bind the antibodies
with varying affinities. Attachment of antigencomplexed Ig to phagocyte Fc receptors also
delivers signals that stimulate the microbicidal
activities of phagocytes.

. The complement system consists of serum and
membrane proteins that interact in a highly regulated manner to produce biologically active
protein products. The three major pathways of
complement activation are the alternative pathway, which is activated on microbial surfaces in the
absence of antibody, the classical pathway, which
is activated by antigen-antibody complexes, and
the lectin pathway, initiated by collectins binding
to antigens. These pathways generate enzymes
that cleave the C3 protein, and cleaved products of
C3 become covalently attached to microbial surfaces or antibodies, so subsequent steps of complement activation are limited to these sites. All
pathways converge on a common pathway that
involves the formation of a membrane pore following the proteolytic cleavage of C5.

. Complement activation is regulated by various
plasma and cell membrane proteins that inhibit
different steps in the cascades.

. The biologicfunctions of the complement system
include opsonization of organisms and immune
complexes by proteolytic fragments of C3, followed
by binding to phagocyte receptors for complement
fragments and phagocytic clearance, activation of
inflammatory cells by proteolytic fragments of
complement proteins called anaphylatoxins (C3a,
C4a, C5a), cytolysis mediated by MAC formation
on cell surfaces, solubilization and clearance of
immune complexes, and enhancement of humoral
immune responses.

. Defense
against microbes and toxins in the lumens
of mucosal organs is provided by 19A antibody
that is produced in mucosal lymphoid tissue and
actively transported through epithelial cells into
the lumen.

. Protective immunity in neonates is a form of
passive immunity provided by maternal antibodies transported across the placenta or ingested and
transported across gut epithelium by a specialized
neonatal Fc receptor.
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n this final section of the book, we apply our knowledge of the basic mechanisms
of innate and adaptive immunity to understanding immunological defenses
against microbes and tumors, reactions against transplants, and diseases
caused by abnormal immune responses. Chapter 15 is an overview of the
mechanisms of innate and adaptive immunity against different types of
microbes, and the interplay between microbes and the immune system.
Chapter 16 is devoted to the immunology oftissue transplantation, a promising therapy for a variety of diseases whose success is limited in large part
by the immunologic rejection response. Chapter 17 describes immune
responses to tumors and immunological approaches for cancer therapy.
Chapter 18 deals with the mechanisms of diseases caused by aberrant
immune responses, so-called hypersensitivity diseases, and emphasizes the
pathogenesis of autoimmune disorders. In Chapter 19 we describe immediate hypersensitivity and allergy, the most common group of diseases caused
by immune responses. In Chapter 20 we discuss the cellular and molecular
bases of congenital and acquired immunodeficiencies,
including the
acquired immunodeficiency syndrome.
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In the preceding chapters, we have described the components of the immune system and the generation and
functions of immune responses. In this chapter, we integrate the information and discuss hoW the immune
system performs its major physiologic function, which is
to protect the host against microbial infections. We illustrate the physiologic relevance of various aspects of
immune system function by describing the main features of immunity to different types of pathogenic
microorganisms and how microbes try to resist the
mechanisms of host defense.
The development of an infectious disease in an individual involves complex interactions between the
microbe and the host. The key events during infection
include entry of the microbe, invasion and colonization
of host tissues, evasion of host immunity, and tissue
injury or functional impairment. Microbes produce
disease by killing host cells or by liberating toxins, even
without extensive colonization of host tissues, and in
some infections the host response is the culprit, being
the main cause of tissue damage and disease. Many features of microorganisms determine their virulence, and
many diverse mechanisms contribute to the pathogenesis of infectious diseases. The topic of microbial pathogenesis is beyond the scope of this book and will not be
discussed in detail. Rather, our discussion focuses on
host immune responses to pathogenic microorganisms.
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GENERAL

IN DEFENSE AND DISEASE

FEATURES

RESPONSES

TO MICROBES

Although
antimicrobial
host defense
reactions
are
numerous
and varied,
there are several
important
general features of immunity
to microbes.
.

between host immune responses and microbial
strategies for resisting immunity often determines the
outcome of infections. As we shall see later in this
chapter, microorganisms have developed a variety of
mechanisms for surviving in the face of powerful
immunologic defenses.

OF IMMUNE

Defense against microbes
is mediated
by the effector
mechanisms
of innate and adaptive
immunity.
The
innate immune
system provides
early defense, and
the adaptive
immune
system provides
a more sustained
and stronger
response.
Many
pathogenic
microbes
have evolved to resist innate defense mechanisms, and protection
against such microbes
is critically dependent
on adaptive
immune
responses.
Adaptive
immune
responses
are generally
more
potent
than innate
immunity
for several reasons,
including
expansion
of the pool of antigen-specific
lymphocytes
and specialization
(see below). Adaptive
immune
responses
to microbes
induce effector cells
that eliminate
the microbes
and memory
cells that
protect the individual
from subsequent
infections.

. Incaused
many infections, tissue injury and disease may be
by the host response to the microbe and its
products rather than by the microbe itself. Immunity,
like many other defense mechanisms, is necessary for
host survival but also has the potential for causing
injury to the host.
This chapter considers five categories of pathogenic
microorganisms that illustrate the main features of
immunity to microbes: extracellular bacteria, intracellular bacteria, fungi, viruses, and protozoan and multicellular parasites (Table 15-1). Our discussion of the
immune responses to these microbes illustrates the
diversity of antimicrobial immunity and the physiologic
significance of the effector functions of lymphocytes
discussed in earlier chapters.

o The immune

system responds in distinct and specialized ways to different
types of microbes
to most
effectively combat these infectious agents. Because
microbes differ greatly in patterns of host invasion
and colonization,
their elimination
requires
diverse
effector
systems.
The specialization
of adaptive
immunity
allows the host to respond optimally to
each type of microbe.

.

The survival and pathogenicity of microbes in a host
are critically influenced by the ability of the microbes
to evade or resist the effector mechanisms of immunity. Infectious microbes and their hosts are engaged
in a constant struggle for survival. and the balance

Table 15-1. Examples
I

Microbe
I

Extracellular

Staphylococcus

Extracellular bacteria are capable of replicating outside

host cells, for example, in the circulation, in connective
tissues, and in tissue spaces such as the lumens of
the airways and gastrointestinal tract. Many different
species of extracellular bacteria are pathogenic, and
disease is caused by two principal mechanisms. First,
these bacteria induce inflammation, which results in
tissue destruction at the site of infection. This is how
pyogenic (pus-forming) cocci cause a large number of
suppurative infections in humans. Second, many of

of Pathogenic

Examples of human diseases

I

Microbes

Mechanisms of pathogenicity

Skin and soft tissue
infections, lung abscess;
systemic: toxic shock
syndrome, food poisoning

Skin infections; acute inflammation
induced by
toxins; cell death caused by pore-forming
toxins

Pharyngitis

Acute inflammation
induced by various toxins,
e.g., streptolysin
0 damages cell membranes
(antiphagocytic
action of capsular
polysaccharides)

Systemic: enterotoxin
("superantigen")-induced
cytokine production by T cells causing skin
necrosis, shock, diarrhea

.............., .... ..... ..........

Streptococcus
pyogenes (group

A)
.. ....

Streptococcus

Skin infections: impetigo,
cellulitis
Systemic: scarlet fever
Pneumonia,

pyogenes
(pneumococcus)
Escherichia

TO EXTRACELLULAR BACTERIA

bacteria

aureus

..

IMMUNITY

erysipelas;

meningitis

Acute inflammation
induced by cell wall
constituents;
pneumolysin
is similar to
streptolysin
0

...
coli

Urinary tract infections,
septic shock

gastroenteritis,

Toxins act on intestinal epithelium and cause
increased chloride and water secretion;
endotoxin (LPS) stimulates cytokine secretion
by macrophages

Chapter 15 -IMMUNITY
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Table 15-1. Continued
I

Examples

Microbe
Vibrio

of human

diseases

I

Diarrhea

cholerae

.......................................

Clostridium

..............................................

Cholera toxin ADP ribosylates
G protein subunit,
which leads to increased cyclic AMP in intestinal
epithelial cells and results in chloride secretion
and water loss

Tetanus

Tetanus toxin binds to the motor end-plate at
neuromuscular
junctions and causes irreversible
muscle contraction

Meningitis

Acute inflammation
and systemic
caused by potent endotoxin

Diphtheria

Diphtheria toxin ADP ribosylates elongation
factor-2 and inhibits protein synthesis

.........

Neisseria
meningitidis
(meningococcus)
................................

(cholera)

..-....-...-.-....

tetani

Mechanisms of pathogenicity
I

disease

..... ,.................

Corynebacterium
diphtheriae

Intracellular

bacteria

Mycobacteria
_". .." ..H.........'

Tuberculosis,
..... _. ..........

Macrophage
activation resulting in
granulomatous
inflammation
and tissue
destruction

leprosy

..

.....

Listeria
monocytogenes

Listeriosis

Legionella

Legionnaires'

Listeriolysin

damages

cell membranes

..............................'...........................

Cytotoxin lyses cells and causes
inflammation

disease

pneumophila

lung injury and

Fungi
Candida

albicans

...........................................................

Aspergillus

fumigatus

.......................................

Candidiasis

Unknown;

Aspergillosis

Invasion
ischemic

Histoplasmosis

Lung infection
inflammation

Poliomyelitis

Inhibits
host cell protein
synthesis
(tropism
for
motor neurons
in the anterior
horn of the spinal
cord)

....... ...........

Histoplasma
capsulatum

binds complement

proteins

and thrombosis
of blood vessels
necrosis and cell injury
caused

causing

by granulomatous

Viruses
Polio
.........................-..

...., .-........

.....

.................

......

Influenza
.."

Influenza

....,...............

Rabies
... ....... ..........

Herpes

.... ... ..

......... ..............................

- ..... .............

encephalitis

Various

herpes infections

(skin,

host cell protein
epithelial
cells)

synthesis

(tropism

for

Inhibits
host cell protein
peripheral
nerves)

synthesis

(tropism

for

systemic)

Inhibits
host cell protein synthesis;
impairment
of immune
cells

Viral

Host

functional

.................

Hepatitis B
Epstein-Barr

Rabies
,.....-....--.

simplex

.........-.............................

Inhibits
ciliated

pneumonia

..........-.....

virus

hepatitis

Infectious
proliferation,

mononucleosis;
lymphomas

B cell

CTL

response

to infected

Acute infection:
Iym phocytes)

cell lysis

Latent

stimulates

infection:

(tropism

hepatocytes
for B

B cell proliferation

.. ... ... ..-..........

Human
immunodeficiency
virus (HIV)
Abbreviations:
ADP, adenosine
LPS,lipopolysaccaride.

Acquired
(AIDS)

immunodeficiency

diphosphate;

syndrome

AMP, adenosine

Examples
of pathogenic
microbes
of different
classes
are listed, with
injury and disease.
Examples
of parasites
are in Table 15-4.
This table was compiled
with the assistance
of Dr. Arlene Sharpe,
and Women's
Hospital,
Boston,
Massachusetts.

Multiple: killing of CD4+ T cells, functional
impairment
of immune cells (see Chapter

monophosphate;

brief

summaries

Department

CTL, cytotoxic

of known
of Pathology,

or postulated
Harvard

20)

T lymphocyte;

mechanisms

Medical

School

of tissu;and Brigham

lJ
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these bacteria produce toxins, which have diverse
pathologic effects. Such toxins may be endotoxins,
which are components
of bacterial cell walls, or
exotoxins, which are actively secreted by the bacteria.
The endotoxin of gram-negative bacteria, also called
lipopolysaccharide (LPS), has been mentioned in earlier
chapters as a potent activator of macrophages. Many
exotoxins are cytotoxic, and they kill cells by various biochemical mechanisms. Other exotoxins interfere with
normal cellular functions without killing cells, and yet
other exotoxins stimulate the production of cytokines
that cause disease.
Innate

Immunity

to Extracellular

Bacteria

Tile principal mechanisms of innate immunity to extracellular bacteria are complement activation, phagocytosis, and the inflammatory
response. Gram-positive
bacteria contain a peptidoglycan in their cell walls that
activates the alternative pathway of complement by
promoting formation of the alternative pathway C3
convertase (see Chapter 14). LPS in the cell walls of
gram-negative bacteria also activates the alternative
complement pathway in the absence of antibody. Bacteria that express mannose on their surface may bind
man nose-binding lectin, thereby leading to complement activation by the lectin pathway. One result of
complement activation is opsonization and enhanced
phagocytosis of the bacteria. In addition, the membrane
attack complex lyses bacteria, especially Neisseria
species, and complement by-products stimulate inflammatory responses by recruiting and activating leukocytes. Phagocytes
use various surface receptors,
including man nose receptors and scavenger receptors,
to recognize extracellular bacteria, and use Fc receptors
and complement receptors to recognize appropriately
opsonized bacteria. Toll-like receptors (TLRs) of phagocytes participate in the activation of the phagocytes as a
result of encounter with microbes. These various receptors promote the phagocytosis of the microbes and stimulate the microbicidal activities of the phagocytes (see
Chapter 2). In addition, activated phagocytes secrete
cytokines, which induce leukocyte infiltration into sites
of infection (inflammation). Injury to normal tissue is a
pathologic side effect of inflammation. Cytokines also
induce the systemic manifestations of infection. including fever and the synthesis of acute-phase proteins.
Adaptive

Immunity

to Extracellular

Bacteria

Humoral immunity is the principal protective immune
response against extracellular bacteria, and it functions
to block infection, eliminate tile microbes, and neutralize their toxins (Fig. 15-1). Antibody responses against
extracellular bacteria are directed against cell wall antigens and secreted and cell-associated toxins, which may
be polysaccharides or proteins. The polysaccharides are
prototypic thymus-independent
antigens, and a major
function of humoral immunity is defense against polysaccharide-rich
encapsulated
bacteria. The effector
mechanisms used by antibodies to combat these infections include neutralization. opsonization and phagocytosis, and activation of complement by the classical

pathway (see Chapter 14). Neutralization is mediated by
high-affinity immunoglobulin G (IgG) and IgA isotypes,
opsonization by some subclasses of IgG, and complement activation by IgM and subclasses of IgG. The
protein antigens of extracellular bacteria also activate
CD4+ helper T cells, which produce cytokines that stimulate antibody production, induce local inflammation.
and enhance the phagocytic and microbicidal activities
of macrophages and neutrophils (see Fig. 15-1). Interferon-y (IFN-y) is the T cell cytokine responsible for
macrophage activation, and tumor necrosis factor (TNF)
and Iymphotoxin trigger inflammation. Recent work,
done mainly in mice, has shown that IL-17 produced by
"TII17" cells is responsible for neutrophil-rich inflammation and defense against some bacterial infections.

Injurious Effects of Immune Responses
The principal injurious consequences of host responses
to extracellular bacteria are inflammation and septic
shock. The same reactions
of neutrophils
and
macro phages that function to eradicate the infection
also cause tissue damage by local production of reactive
oxygen species and lysosomal enzymes. These inflammatory reactions are usually self-limited and controlled.
Septic shock is a severe pathologic consequence of
disseminated infection by gram-negative and some
gram-positive bacteria. It is a syndrome characterized
by circulatory collapse and disseminated intravascular
coagulation (Box 15-1). The early phase of septic shock
is caused by cytokines produced by macrophages that
are activated by microbial components, particularly LPS.
TNF is the principal cytokine mediator of septic shock,
but IFN-y and interleukin-12 (IL-12) may also contribute. In fact. serum levels ofTNF are predictive of the
outcome of severe gram-negative bacterial infections.
This early burst of deadly amounts of cytokines is
sometimes called a "cytokine storm." There is some
evidence that the progression of septic shock is associated with defective immune responses,
perhaps
related to depletion of T cells, resulting in unchecked
microbial spread. Certain bacterial toxins stimulate all
the T cells in an individual that express a particular
family ofV~ T cell receptor genes. Such toxins are called
superantigens (Box 15-2). Their importance lies in their
ability to activate manyT cells, with the subsequent production of large amounts of cytokines that also cause
septic shock.
A late complication of the humoral immune response
to bacterial infection may be the generation of diseaseproducing antibodies. The best defined examples are
two rare sequelae of streptococcal infections of the
throat or skin that are manifested weeks or even months
after the infections are controlled. Rheumatic fever is a
sequel to pharyngeal infection with some serologic types
of ~-hemolytic streptococci. Infection leads to the production of antibodies against a bacterial cell wall protein
(M protein). Some of these antibodies cross-react with
myocardial sarcolemmal proteins and myosin and are
deposited in the heart and subsequently cause inflammation (carditis). Poststreptococcal glomerulonephritis
is a sequel to infection of the skin or throat with other
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15-1 Adaptive immune responses to extracellular microbes. Adaptive immune responses to extracellular
teria, and their toxins consist of antibody production and the activation of CD4+ helper T cells. Antibodies
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serotypes of p-hemolytic streptococci. Antibodies produced against these bacteria form complexes with
bacterial antigen, which may be deposited in kidney
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The virulence of extracellular bacteria has been linked to
a number of mechanisms that resist innate immunity
(Table 15-2), including antiphagocytic mechanisms and
inhibition of complement or inactivation of complement products. Bacteria with polysaccharide-rich capsules resist phagocytosis and are therefore much more
virulent than homologous strains lacking a capsule. The
capsules of many gram-positive and gram-negative bacteria contain sialic acid residues that inhibit complement activation by the alternative pathway.
The major mechanism used by bacteria to evade
humoral immunity is genetic variation of surface antigens. Some surface antigens of bacteria such as gonococci and Escherichia coli are contained in their pili,
which are the structures responsible for bacterial adhesion to host cells. The major antigen of the pili is a

I

microbes, such as bacand eliminate microbes
activation, and inflam-

protein called pilin. The pilin genes of gonococci
undergo extensive gene conversion, because of which
the progeny of one organism can produce up to 106antigenically distinct pilin molecules. This ability to alter
antigens helps the bacteria evade attack by pilin-specific
antibodies, although its principal significance for the
bacteria may be to select for pili that are more adherent
to host cells so that the bacteria are more virulent. In
other bacteria, such as Haemophilus
influenzae,
changes in the production of glycosidases lead to chemical alterations in surface LPS and other polysaccharides, which enable the bacteria to evade humoral
immune responses against these antigens.

IMMUNITY

TO INTRACELLULAR

BACTERIA

A characteristic of facultative intracellular bacteria is
their ability to survive and even replicate within phagocytes. Because these microbes are able to find a niche
where they are inaccessible to circulating antibodies,
their elimination requires the mechanisms of cellmediated immunity (Fig. 15-2). As we shall discuss later
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Bacterial
LPS (or endotoxin)
is a product
of gram-negative
bacteria,
and a potent
stimulator
of innate
immune
responses.
LPS is present
in the outer cell walls of gramnegative
bacteria and contains
both lipid components
and
polysaccharide
moieties.
The polysaccharide
groups can
be highly variable
and are the major antigens
of gramnegative
bacteria
recognized
by the adaptive
immune
system.
The lipid moiety,
by contrast,
is highly conserved
and is an example
of a molecular
pattern
recognized
by
the innate immune
system.
LPS is a potent activator
of macrophages.
LPS binds to
a plasma LPS-binding
protein (LBP) and the complex
then
binds to CD40 on macrophages
and dendritic
cells. The
LPS moiety
is then recognized
by TLR4 (see Chapter
2).
Macrophages,
which synthesize
and express
CD14, can
respond
to minute quantities
of LPS, as little as 10 pg/mL,

I

~
I

~

I

I

.
~

t
I

and cells that lack CD14 are
LPS. The genes that are
cytokines, costimulators,
and
burst. The functions of these

generally unresponsive
to
induced
by LPS encode
enzymes of the respiratory
proteins in innate immunity

are described
in Chapter
2.
The systemic
changes
observed
in patients
who have
disseminated
bacterial
infections,
sometimes
called the
systemic
inflammatory
response
syndrome
(SIRS). are
reactions
to cytokines
whose
production
is stimulated
by
LPS. In mildly affected
patients,
the response
consists
of
neutrophilia,
fever, and a rise in acute-phase
reactants
in
the plasma.
Neutrophilia
is a response
of the bone
marrow
to circulating
cytokines,
especially
G-CSF, resulting in increased
production
and release of neutrophils
to
replace
those
consumed
during
inflammation.
An elevated circulating
neutrophil
count, especially
one accom-

panied
by the presence
of immature
neutrophils
prematurely
released from the bone marrow, is a clinical
sign of infection. Fever is produced in response to substances called pyrogens that act to elevate prostaglandin
synthesis
in the vascular and perivascular
cells of the
hypothalamus.
Bacterial products
such as LPS (called
exogenous
pyrogens)
stimulate
leukocytes
to release
cytokines such as IL-l and TNF (called endogenous
pyrogens) that increase the enzyme called cyclooxygenase
that converts
arachidonic
teroidal
anti-inflammatory

acid into prostaglandins.
drugs, including
aspirin,

Nonsreduce

fever by inhibiting cyclooxygenase-2
and thus blocking
prostaglandin
synthesis.
An elevated body temperature
has been shown to help amphibians
ward off microbial
infections,
and it is assumed that fever does the same
for mammals,
although
the mechanism
is unknown.
Acute-phase
reactants are plasma proteins, mostly synthesized
in the liver, whose
plasma concentrations
increase as part of the response to LPS. Three of the best
known examples of these proteins are c-reactive protein,

-

-

-

(CRP) fibrinogen,
and serum amyloid A protein. Synthesis of these molecules by hepatocytes
is up-regulated
by
cytokines,
especially IL-6 (for CRP and fibrinogen)
and
IL-l or TNF (for serum amyloid A protein). The rise in fibrinogen causes erythrocytes
to form stacks (rouleaux)
that sediment more rapidly at unit gravity than do individual erythrocytes.
This is the basis for measuring erythrocyte
sedimentation
rate as a simple test for the
systemic inflammatory
response due to any number of
stimuli, including LPS.
When a severe bacterial infection leads to the presence of organisms
and LPS in the blood, a condition
called sepsis, circulating cytokine levels increase and the
form of the host response
changes.
High levels of
cytokines produced in response to LPS can result in disseminated
intravascular
coagulation
(DIC). caused by
increased
expression
of pro-coagulant
proteins
(e.g.
tissue factor) and reduced anti-coagulant
activity on TNFactivated endothelial cells. Multiple organs show inflammation and intravascular
thrombosis,
which can produce
organ failure. Tissue injury in response to LPS can also
result from the activation of neutrophils
before they exit
the vasculature, thus causing damage to endothelial cells
and reduced blood flow. The lungs and liver are particularly susceptible to injury by neutrophils.
Lung damage in
the SIRS is commonly called the adult respiratory distress
syndrome (ARDS) and results when neutrophil-mediated
endothelial
injury ,allows fluid to escape from the blood
into the airspace. Liver injury and impaired liver function
result in a failure to maintain normal blood glucose levels
due to a lack of gluconeogenesis
from stored glycogen.
The kidney and the bowel are also injured, largely as a
result of reduced perfusion.
Overproduction
of nitric
oxide by cytokine-activated
cardiac myocytes and vascular smooth muscle cells leads to heart failure and loss of
perfusion
pressure,
respectively,
resulting
in hemodynamic shock. The clinical triad of DIC, hypoglycemia,
and
cardiovascular
failure is described as septic shock. This
condition is often fatal.
TNF produced
by LPS-activated
macrophages
is a
major mediator of LPS-induced
injury. This is known
because many of the effects of LPS can be mimicked by
TNF, and in mice, anti-TNF antibodies
or soluble TNF
receptors can attenuate or completely block responses
to
LPS. IL-12 and IFN-y also contribute to LPS-induced injury
because IL-12 stimulates
IFN-y production
by NK cells
and T cells, and IFN-y increases TNF secretion by LPSI activated
macrophages
and synergizes
with TNF in
effects on endothelium.
Clinical trials of TNF and IL-l
antagonists
in septic shock have not been successful,
I perhaps because several cytokines may contribute to this
disorder.
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Some microbial toxins are called superantigens because
they stimulate large numbers of T cells (more than conventional antigens). but not all T cells (which distinguishes
them from polyclonal activators). Staphylococcal enterotoxins are exotoxins produced by the gram-positive
bacterium Staphylococcus aureus and consist of five
serologically distinct groups of proteins: SEA, SEB, SEC,
SED, and SEE. These toxins are the most common cause
of food poisoning in humans. A related toxin, TSST,
causes a disease called toxic shock syndrome (TSS).
which has been associated with tampon use and surgical
wounds. Pyrogenic exotoxins of streptococci and exotoxins produced by mycoplasmas may be structurally and
functionally related to these enterotoxins.
The potency of superantigens as T cell activators is
related to the way these molecules interact with APCs
and with T cells. Importantly, most superantigens work
by bringing T cells and APCs into direct contact, by simultaneously binding to both MHC molecules and T cell
receptors (TCRs).

·

Enterotoxins

enterotoxins

·

bind to the V~region of TCRs, and each

toxin stimulates T cells that express antigen receptors whose V~regions are encoded by a single V~
gene or gene family. In other words, the specificity
of T cells for different enterotoxins is encoded in the
V~region and is not related to other components of
the TCR, such as the Va,J, or D segments, because
bind directly to the

~ chains

of TCR

molecules close to but outside the antigen-binding
(complementarity-determining) regions. Different
enterotoxins stimulate T cells expressing V~genes
from different families (see Table). The specificity of
enterotoxins for V~regions explains why they stimulate many but not all T cells.
Enterotoxins bind to class II MHC molecules on
APCs at a site distinct from the peptide-binding
cleft. Enterotoxins do not need to undergo intracellular processing, as do conventional protein antigens, to bind to these MHC molecules. The same

Enterotoxin

Mice
I

I

Humans
I

SEB

V~7, 8.1-8.3,17

V~3,12,14,15,17,20

SEC2

V~8.2,10

V~12,13,14,15,17,20

SEE

V~11, 15,17

V~5.1,6.1-6.3,8, 18

TSST-1

V~15,16

V~2

Abbreviations: SE, staphylococcal
toxic shock syndrome toxin.

enterotoxin; TSST,
I
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enterotoxin binds to class II molecules

of different
alleles, indicating
that the polymorphism
of the
MHC does not influence the binding of these toxins.
Each staphylococcal
enterotoxin
molecule
possesses two binding sites for class II MHC molecules. This characteristic
allows each enterotoxin
molecule to cross-link MHC molecules
on APCs,
and the enterotoxin-MHC
molecule
dimer may
cross-link two antigen receptors on each T cell and
thus initiate T cell responses.
Staphylococcal
enterotoxins
are among the most
potent naturally occurring T cell mitogens known. They
are capable of stimulating the proliferation
of naive T lymphocytes at concentrations
of 10-9 M or less. As many as
one in five T cells in mouse lymphoid tissue or human
peripheral blood may respond to a particular enterotoxin.
The high frequency
of staphylococcal
enterotoxinresponding
T cells, particularly
CD4+ cells, has several
functional
implications.
Acutely, exposure to high concentrations
of enterotoxin
leads to systemic
reactions
such as fever, disseminated
intravascular
coagulation,
and cardiovascular
shock. These abnormalities
are probably mediated
by cytokines,
such as TNF, produced
directly by the T cells or by macrophages
that are activated by the T cells. These reactions resemble systemic
reactions to endotoxin (LPS). as in septic shock, which
are also mediated by cytokines (see Box 15-1). Prolonged
administration
of enterotoxins
to mice results in wasting,
thymic atrophy, and profound
immunodeficiency,
also
probably secondary to chronic high levels of TNF.
Staphylococcal
enterotoxins
are useful tools for analyzing T lymphocyte
maturation, activation, and tolerance.
Administration
of SEB to neonatal
mice leads to
intrathymic
deletion of all immature T cells that express
the V~3 and V~8 TCR genes. This deletion mimics self
antigen-induced
negative selection of self-reactive T cells
during thymic maturation.
Superantigens
also induce
apoptotic death of mature CD4+ and CD8+ T cells. This
type of cell death is postulated to be a model of deletion
of mature T cells that are exposed to self antigens.
Viral gene products may also function as superantigens. In certain inbred strains of mice, different mouse
mammary tumor virus genes have become incorporated
into the genome. Viral antigens produced by the cells of
one strain are capable of activating T lymphocytes
from
other strains that express particular V~ segments in their
antigen receptors. The result is a form of "mixed lymphocyte reaction" that is not caused by MHC disparity.
This was discovered long before viral superantigens
were
identified, and the interstrain reactions were attributed to
minor lymphocyte-stimulating
(Mis) loci. We now know
that Mis "loci" are actually different retroviral superantigen genes that are stably incorporated
into the genome
and inherited in different inbred strains.
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Mechanisms
of Immune
by Bacteria

Immune evasion
Extracellular

in this section, the pathologic consequences of infection
by many intracellular bacteria are due to the host
response to these microbes.

Examples

!V'echanismo!
I

Evasion

I

Innate

bacteria

Antigenic

variation

Neisseria gonorrhoeae,
Escherichia
coli,
Salmonella
typhimurium

Inhibition
complement

of

Many bacteria

Resistance
phagocytosis

Pneumococcus
..

Scavenging
of reactive
oxygen intermediates
Intracellular

Catalase-positive
staphylococci

bacteria
Mycobacterium

Inhibition
of
phagolysosome
formation

tuberculosis,
Legionella pneumophila
..

..

Inactivation
of reactive
oxygen and nitrogen
species

Mycobacterium leprae
(phenolic glycolipid)

Disruption
of
phagosome
membrane,
escape into cytoplasm

Listeria monocytogenes
(hemolysin protein)

to Intracellular

Bacteria

The innate immune response to intracellular bacteria is
mainly mediated by of phagocytes and natural killer
(NK) cells. Phagocytes, initially neutrophils and later
macro phages, ingest and attempt to destroy these
microbes, but pathogenic intracellular bacteria are
resistant to degradation within phagocytes. Intracellular
bacteria activate NK cells by inducing expression of NK
cell-activating ligands on infected cells or by stimulating
dendritic cell and macrophage production of IL-12, a
powerful NK cell-activating cytokine. The NK cells
produce IFN-y, which in turn activates macro phages
and promotes killing of the phagocytosed bacteria.
Thus, NK cells provide an early defense against
these microbes, before the development of adaptive
immunity. In fact, mice with severe combined immunodeficiency, which lack T and B cells, are able to
transiently control infection with the intracellular bacterium Listeria monocytogenes by NK cell-derived IFN-y
production. However, innate immunity usually fails to
eradicate these infections, and eradication requires
adaptive cell-mediated immunity.

activation
to

Immunity

Adaptive

Immunity

to Intracellular

Bacteria

The major protective immune response against intracellular bacteria is T cell-mediated immunity. Individuals with deficient cell-mediated immunity, such as
patients with acquired immunodeficiency
syndrome
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FIGURE 15-2 Innate and adaptive immunity to intracellular bacteria. The innate immune
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response to intracellular bacteria consists of
phagocytes
and NK cells, interactions
among which are mediated by cytokines (lL-12 and IFN-y). The typical adaptive immune response to
these microbes is cell-mediated
immunity, in which T cells activate phagocytes to eliminate the microbes. Innate immunity may control bacterial growth, but elimination
of the bacteria requires adaptive immunity. These principles are based largely on analysis of Listeria monocytogenes infection in mice; the numbers of viable bacteria shown on the y-axis are relative values of bacterial colonies that can be grown
from the tissues of infected mice. (From Unanue ER. Studies in listeriosis show the strong symbiosis between the innate cellular system
and the T-cell response. Immunological
Reviews 158: 11-25, 1997.)
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(AIDS), are extremely susceptible to infections with
intracellular
bacteria (and viruses). Cell-mediated
immunity was first identified by George Mackaness
in the 1950s as protection against the intracellular
bacterium L. monocytogenes. This form of immunity
could be adoptively transferred to naive animals with
lymphoid cells but not with serum from infected or
immunized animals (see Chapter 13, Fig. 13-2).
As we discussed in Chapter 13, cell-mediated immunity consists of two types of reactions: macrophage activation by the T cell-derived signals CD40 ligand and
IFN -y, which results in killing of phagocytosed microbes,
and lysis of infected cells by cytotoxic T lymphocytes
(CTLs). Both CD4+ T cells and CD8+ T cells respond to
protein antigens of phagocytosed microbes, which are
displayed as pep tides associated with class II and class I
major histocompatibility
complex (MHC) molecules,
respectively. CD4+T cells differentiate into THI effectors
under the influence of IL-12, which is produced by
macrophages and dendritic cells. The T cells express
CD40 ligand and secrete IFN-y, and these two stimuli
activate macro phages to produce several microbicidal
substances, including reactive oxygen species, nitric
oxide, and lysosomal enzymes. IFN -y also stimulates the
production of antibody isotypes (e.g., IgG2a in mice)
that activate complement and opsonize bacteria for
phagocytosis, thus aiding the effector functions of
macrophages.

~
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o The importance of IL-12 and IFN-y in immunity to
intracellular bacteria has been demonstrated in
several experimental models. For instance, knockout
mice lacking either of these cytokines are extremely
susceptible to infection with intracellular bacteria
such as Mycobacterium tuberculosis and L.monocytogenes (Fig. 15-3).
Phagocytosed
bacteria
stimulate
CD8+ T cell
responses if bacterial antigens are transported from
phagosomes into the cytosol or if the bacteria escape
from phagosomes and enter the cytoplasm of infected
cells. In the cytoplasm, the microbes are no longer susceptible to the microbicidal mechanisms of phagocytes,
and the infection is eradicated by the killing of infected
cells by CTLs. Thus, the effectors of cell-mediated immunity, namely, CD4+T cells that activate macro phages and
CD8+ CTLs, function cooperatively in defense against
intracellular bacteria (Fig. 15-4).
o The role of different T cell populations in defense
against intracellular bacteria has been analyzed by
adoptively transferring T cells from L. monocytogenes-infected mice to normal mice and chal-

Wild type (normal) mice
IL-12 (p40) knockout
IFN-y knockout

C)
c

.26
c

.:;,

3
o

20
Time

(days)

40

'*

60

postinfection

FIGURE 15-3 Role of IL-12 and IFN-y in defense against an intracellular bacterial infection. In this experiment, wild-type (normal
control) mice and knockout mice lacking the p40 subunit of IL-12 or
IFN-y were infected with the intracellular bacterium M. tuberculosis
by aerosol. Lungs were examined at different times after infection
for the number of bacteria capable of forming colonies in culture.
Normal mice control bacterial growth, mice lacking IL-12 have a
reduced ability to control the infection (and die by day 60). and IFNy knockout mice are incapable of limiting bacterial growth (and die
by day 30 to 35). Asterisks indicate the time of death. (Data courtesy of Dr. Andrea Cooper, Department of Microbiology, Colorado
State University, Fort Collins.)

Killing of
bacteria in
phagolysosome
FIGURE

15-4

Cooperation

0

Killing
of infected
cell

of C04+ and COW T cells in defense
bacteria such as L.
monocytogenes
are phagocytosed
by macrophages
and may
survive in phagosomes
and escape into the cytoplasm. CD4' T cells
respond to class II MHC-associated
peptide antigens derived from
the intravesicular
bacteria. These T cells produce IFN-y, which
activates macrophages
to destroy the microbes in phagosomes.
CD8+ T cells respond to class I-associated
peptides derived from
cytosolic antigens and kill the infected cells.

against intracellular microbes. Intracellular
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lenging the recipients with the bacteria. By depleting
particular cell types, it is possible to determine which
effector population is responsible for protection.
Such experiments have shown that both C04+ T cells
and C08+ T cells function cooperatively to eliminate
infection by wild-type L. monocytogenes. The C04+
cells produce large amounts of IFN-y. which activates macrophages to kill phagocytosed microbes.
However, L. monocytogenes produces a protein called
listeriolysin that allows bacteria to escape from the
phagolysosomes of macrophages into the cytoplasm.
In their cytoplasmic haven. the bacteria are protected
from the microbicidal mechanisms of macro phages.
such as reactive oxygen species. which are produced
mainly within phagolysosomes. COWT cells are then
activated and function by killing any macro phages
that may be harboring bacteria in their cytoplasm. A
mutant of L. monocytogenes that lacks listeriolysin
remains confined to phagolysosomes. Such mutant
bacteria can be completely eradicated by C04+ T
cell-derived IFN-y production and macrophage
activation.
The macrophage activation that occurs in response to
intracellular microbes is also capable of causing tissue
injury. This injury may be the result of delayed-type
hypersensitivity (OTH) reactions to microbial protein
antigens (see Chapter 13). Because intracellular bacteria
have evolved to resist killing within phagocytes. they
often persist for long periods and cause chronic antigenic stimulation and T cell and macrophage activation.
which may result in the formation of granulomas surrounding the microbes (see Chapter 13. Fig. 13-12). The
histologic hallmark of infection with some intracellular
bacteria is granulomatous inflammation. This type of
inflammatory reaction may serve to localize and prevent

spread of the microbes. but it is also associated with
severe functional impairment caused by tissue necrosis
and fibrosis. The concept that protective immunity and
pathologic hypersensitivity may coexist because they are
manifestations of the same type of adaptive immune
response is clearly exemplified in mycobacterial infections (Box 15-3).
Differences among individuals in the patterns of
T cell responses to intracellular microbes are important determinants of disease progression and clinical
outcome (Fig, 15-5). An example of this relationship
between the type of T cell response and disease
outcome is leprosy. which is caused by Mycobacterium
teprae. There are two polar forms of leprosy. the lepromatous and tuberculoid forms. although many patients
fall into less clear intermediate groups. In lepromatous
leprosy, patients have high specific antibody titers but
weak cell-mediated responses to M. teprae antigens.
Mycobacteria proliferate within macro phages and are
detectable in large numbers. The bacterial growth and
persistent, but inadequate.
macrophage
activation
result in destructive lesions in the skin and underlying
tissue. In contrast. patients with tuberculoid leprosy
have strong cell-mediated immunity but low antibody
levels. This pattern of immunity is reflected in granulomas that form around nerves and produce peripheral
sensory nerve defects and secondary traumatic skin
lesions but less tissue destruction and a paucity of bacteria in the lesions. One possible reason for the differences in these two forms of disease caused by the same
organism may be that there are different patterns of T
cell differentiation and cytokine production in individuals. Some studies indicate that patients with the tuberculoid form of the disease produce IFN-y and IL-2 in
lesions (indicative of Till cell activation). whereas
patients with lepromatous leprosy produce less IFN-y
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FIGURE 15-5 Role of T cells and cytokines

in determining outcome of infections. Naive
CD4+ T lymphocytes

cells. which

may differentiate

into T H 1

activate
phagocytes
to kill
ingested microbes. and TH2 cells, which inhibit
macrophage
activation. The balance between
these two subsets may influence the outcome
of infections.
as illustrated
by Leishmania
infection in mice and leprosy in humans.
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IN DEPTH: IMMUNITY TO MYCOBACTERIUM

TUBERCULOSIS
.

Mycobacteria are slow-growing, aerobic, facultative intracellular bacilli whose cell walls contain high concentrations of lipids. These lipids are responsible for the
acid-resistant staining of the bacteria with the red dye
carbol fuchsin, because of which these organisms
are also called acid-fast bacilli. Two common human
pathogens in this class of bacteria are Mycobacterium
tuberculosis and Mycobacterium leprae; in addition,
atypical mycobacteria such as Mycobacterium aviumintracellulare cause opportunistic infections in immunodeficient hosts (e.g., AIDS patients). Mycobacterium
bovis infects cattle and may infect humans, and bacillus
Calmette-Guerin (BCG) is an attenuated, nonvirulent
strain of M. bovis that is used as a vaccine against
tuberculosis.
Tuberculosis is an example of an infection with an
intracellular bacterium in which protective immunity and
pathologic hypersensitivity coexist, and the lesions are
caused mainly by the host response. M. tuberculosis
does not produce any known exotoxin or endotoxin.
Infection usually occurs by the respiratory route and is
transmitted from person to person. It is estimated that
almost 2 billion people worldwide are infected with M.
tuberculosis. In a primary infection, bacilli multiply slowly
in the lungs and cause only mild inflammation. The infection is contained by alveolar macrophages (and probably
dendritic cells). More than 90% of infected patients
remain asymptomatic, but bacteria survive in lungs,
mainly in macrophages. By 6 to 8 weeks after infection,
the macrophages have traveled to the draining lymph
nodes, and CD4+T cells are activated; CD8+T cells may
also be activated later. These T cells produce IFN-y,which
activates macrophages and enhances their ability to kill
phagocytosed bacilli. TNF produced by T cells and
macrophages also plays a role in local inflammation and
macrophage activation, and TNF receptor knockout mice
are highly susceptible to mycobacterial infections. The
T cell reaction is adequate to control bacterial spread.
However, M. tuberculosis is capable of surviving
within macrophages because components of its cell
wall inhibit the fusion of phagocytic vacuoles with
Iysosomes.
Continuing T cell activation leads to the formation of
granulomas, which attempt to wall off the bacteria, and
are often associated with central necrosis, called caseous
necrosis, that is caused by macrophage products such as
lysosomal enzymes and reactive oxygen species. Granulomatous inflammation is a form of DTH reaction to the
bacilli. It is postulated that necrosis serves to eliminate
infected macrophages and provides an anoxic environment in which the bacilli cannot divide. Thus, even the
tissue injury may serve a protective function. Caseating
granulomas and the fibrosis (scarring) that accompanies

TO MICROBES
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granulomatous inflammation are the principal causes of
tissue injury and clinical disease in tuberculosis. Previously infected persons show cutaneous DTHreactions to
skin challenge with a bacterial antigen preparation (purified protein derivative, or PPD). Bacilli may survive for
many years and are contained without any pathologic
consequences, but may be reactivated at any time, especially if the immune response becomes unable to control
the infection. Although the prevalence of tuberculosis has
been greatly reduced with the use of antibiotics, the
incidence of the disease has recently been increasing.
This is mainly because of the emergence of antibioticresistant strains and the increased incidence of
immunodeficiency caused by HIVinfection and immunosuppressive therapies. In immunodeficient individuals,
lesions may result from continued, and inadequate,
macrophage activation and are typically not associated
with well-formed granulomas. The efficacy of BCG as a
prophylactic vaccine remains controversial. In rare cases,
M. tuberculosis may cause lesions in extrapulmonary
sites. In chronic tuberculosis, sustained production of
TNF leads to cachexia.
Different inbred strains of mice vary in their susceptibility to infection with M. tuberculosis (and with other
intracellular microbes, such as the protozoan L. major,.
Susceptibility or resistance to M. tuberculosis has been
mapped to a gene originally called bcg or Ish that has
been identified as a polymorphic NRAMP7 (NRAMP,
natural resistance-associated macrophage protein) gene.
NRAMP7 is expressed on phagolysosomal membranes in
macrophages and is involved in divalent cation transport.
It is hypothesized that NRAMP7 contributes to microbial
killing by depleting the phagosome of divalent cations,
and allelic variants of NRAMP7 are defective in this function. Studies in humans also suggest that some variants
of NRAMP7 are associated with increased susceptibility
to mycobacterial infection.
M. tuberculosis also stimulates unusual populations of
T cells, including yo cells and NK-Tcells. The yo T cells
may be reacting to mycobacterial antigens that are
homologous to heat shock proteins. NK-Tcells respond
to bacterial lipid antigens displayed by the CD1 class I
MHC-like molecule. It is postulated that the response of
unconventional T cells is a primitive defense mechanism
against mycobacteria and other microbes. However, the
effector functions of these cells and their roles in protective immunity against mycobacteria are not clearly
established.
M. leprae is the cause of leprosy. The nature of the T
cell response and specifically the types of cytokines produced by activated T cells are important determinants of
the lesions and clinical course of M. leprae infection (see
text).
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and perhaps more IL-4 and IL-IO (typical of TII2 cells).
In lepromatous leprosy, both the deficiency of IFN -y and
the macrophage-suppressive
effects of IL-IO and possibly IL-4 may result in weak cell-mediated immunity and
failure to control bacterial spread. The role of TIII- and
TlI2-derived cytokines in determining the outcome of
infection has been most clearly demonstrated in infection by the protozoan parasite Leishmania major in
different strains of inbred mice (discussed later in
this chapter).
Immune

Evasion

by Intracellular

Bacteria

Different intracellular bacteria have developed various
strategies to resist elimination by phagocytes (see Table
15-2). These include inhibiting phagolysosome fusion or
escaping into the cytosol, thus hiding from the microbicidal mechanisms of lysosomes, and directly scavenging
or inactivating microbicidal substances such as reactive
oxygen species. The outcome of infection by these
organisms often depends on whether the T cell-stimulated antimicrobial mechanisms of macrophages or
microbial resistance to killing gains the upper hand.
Resistance to phagocyte-mediated
elimination is also
the reason that such bacteria tend to cause chronic
infections that may last for years, often recur after apparent cure, and are difficult to eradicate.

IMMUNITY

TO FUNGI

Fungal infections, also called mycoses, are important
causes of morbidity and mortality in humans. Some
fungal infections are endemic, and these infections are
usually caused by fungi that are present in the environment and whose spores are inhaled by humans. Other
fungal infections are said to be opportunistic because
the causative agents cause mild or no disease in healthy
individuals but may infect and cause severe disease in
immunodeficient
persons. Compromised immunity is
the most important predisposing factor for clinically
significant fungal infections. Neutrophil deficiency
as a result of bone marrow suppression or damage is
frequently associated with such infections. A recent
increase has been noted in opportunistic fungal infections secondary to an increase in immunodeficiencies
caused mainly by AIDS and by therapy for disseminated
cancer and transplant rejection, which inhibits bone
marrow function and suppresses immune responses. A
dreaded opportunistic fungal infection associated with
AIDS is Pneumocystis jiroveci pneumonia, but many
others contribute to the morbidity and mortality caused
by immune deficiencies.
Different fungi infect humans and may live in extracellular tissues and within phagocytes. Therefore, the
immune responses to these microbes are often combinations of the responses to extracellular and intracellular bacteria. However, much less is known about
antifungal immunity than about immunity against bacteria and viruses. This lack of knowledge is partly due to
the paucity of animal models for mycoses and partly

due to the fact that these infections typically occur in
individuals who are incapable of mounting effective
immune responses.
Innate

and Adaptive

Immunity

to Fungi

The principal mediators of innate immunity against
fungi are neutrophils and macro phages. Patients with
neutropenia are extremely susceptible to opportunistic
fungal infections. Neutrophils presumably liberate fungicidal substances, such as reactive oxygen intermediates and lysosomal enzymes, and phagocytose fungi for
intracellular killing. Virulent strains of Cryptococcus
neoformans inhibit the production of cytokines such as
TNF and IL-12 by macro phages and stimulate production ofIL-lO, thus inhibiting macrophage activation.
Cell-mediated immunity is the major mechanism of
adaptive immunity against fungal infections. Histoplasma capsulatum, a facultative intracellular parasite
that lives in macrophages, is eliminated by the same cellular mechanisms that are effective against intracellular
bacteria. CD4+ and CD8+ T cells cooperate to eliminate
the yeast forms of C. neoformans, which tend to colonize
the lungs and brain in immunodeficient hosts. Candida
infections often start at mucosal surfaces, and cellmediated immunity is believed to prevent spread of the
fungi into tissues. In many of these situations, Till
responses are protective and TII2 responses are detrimental to the host. Not surprisingly, granulomatous
inflammation is an important cause of host tissue injury
in some intracellular fungal infections, such as histoplasmosis. Fungi often elicit specific antibody responses
that are of protective value. Antibody-dependent
cellular cytotoxicity, mediated via Fc receptors, plays a role in
clearing some fungi, such as C. neoformans.

IMMUNITY TO VIRUSES

Viruses are obligatory intracellular microorganisms that
replicate within cells, using components of the nucleic
acid and protein synthetic machinery of the host.
Viruses typically infect a wide variety of cell populations
by using normal cell surface molecules as receptors to
enter the cells. After entering cells, viruses can cause
tissue injury and disease by any of several mechanisms.
Viral replication interferes with normal cellular protein
synthesis and function and leads to injury and ultimately death of the infected cell. This result is one type
of cytopathic effect of viruses, and the infection is said
to be "lytic" because the infected cell is lysed. Viruses
may also cause latent infections, during which viral DNA
persists in host cells and produces proteins that mayor
may not alter cellular functions. Latency is often a state
of balance between persistent infection and an immune
response that can control the infection but not eradicate
it. Predictably, some of these latent infections become
widespread and even lytic if the immune response is
compromised. Innate and adaptive immune responses
to viruses are aimed at blocking infection and eliminating infected cells (Fig. 15-6).
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FIGURE 15-6 Innate and adaptive immune responses against

Virus

viruses. Immunity

against viruses
functions to prevent infection and
to eradicate established infection.
Innate immunity
is mediated
by
type I IFNs, which prevent infection, and NK cells, which eliminate
infected
cells.
Adaptive
immunity
is mediated
by antibodies
and CTLs, which
also
block infection
and kill infected
cells, respectively.
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The principal mechanisms of innate immunity against
viruses are inhibition of infection by type IIFNs and NK
cell-mediated killing of infected cells. Infection by many
viruses is associated with production of type I IFN by
infected cells, especially dendritic cells of the plasmacytoid type (see Box 6-1, Chapter 6). Several biochemical
pathways trigger IFN production (see Chapters 2 and
12). These include recognition of viral RNA and DNA by
endosomal Toll-like receptors (TLRs), and activation of
cytoplasmic kinases by viral RNA. Cytoplasmic sensors
of viruses provide TLR-independent pathways of IFN
production. These sensors include RNA helicases, such
as RIG-I (retinoid-inducible
gene-I) and MDA-5, that
recognize RNAs produced in virus-infected cells. The
TLR- and cytoplasmic sensor-initiated pathways converge on the activation of protein kinases, which in turn
activate transcription factors that stimulate IFN gene
transcription. Type I IFNs function to inhibit viral replication in both infected and uninfected cells by inducing
an "antiviral state" (see Chapter 12). One of the key molecules induced by IFNs is PKR, a protein kinase that
must bind dsRNA in order to be activated, and is therefore functional only in virus-infected cells. Active PKR
shuts off protein synthesis, causing infected cells to die.
NK cells kill cells infected with a variety of viruses and
are an important mechanism of immunity against
viruses early in the course of infection, before adaptive
immune responses have developed. NK cells also recognize infected cells in which the virus has shut off class I
MHC expression (discussed later) because the absence
of class I releases NK cells from a normal state of inhibition (see Chapter 2, Fig. 2-10).

Adaptive

AntibOdY~*

Killing of
infected
cell

Eradication
of established
infection

host cells, and by CTLs, which eliminate the infection by
killing infected cells (see Fig. 15-6). Antibodies a,re produced and are effective against viruses only dunng the
extracellular stage of the lives of these microbes. Viruses
may be extracellular early in the course of infection,
before they enter host cells, or when they are released
from infected cells by virus budding or if the cells are
killed. Antiviral antibodies function mainly as neutralizing antibodies to prevent virus attachment and entry
into host cells. These neutralizing antibodies bind to
viral envelope or capsid antigens. Secreted antibodies of
the 19A isotype are important for neutralizing viruses
that enter through the respiratory and intestinal
mucosa. Oral immunization
against poliomyelitis
works by inducing mucosal immunity. In addition to
neutralization, antibodies may opsonize viral particles
and promote their clearance by phagocytes. Complement activation may also participate in antibodymediated viral immunity, mainly by promoting phagocytosis and possibly by direct lysis of viruses with lipid
envelopes.
The importance of humoral immunity in defense
against viral infections is supported by the observ~tion
that resistance to a particular virus, induced by either
infection or vaccination, is often specific for the serologic (antibody-defined) type of the virus. An exa~ple is
influenza virus, in which exposure to one serologic type
does not confer resistance to other serotypes of the virus.
Neutralizing antibodies block viral infection of cel~s and
spread of viruses from cell to cell, but once the viruses
enter cells and begin to replicate intracellularly, they are
inaccessible to antibodies. Therefore, humoral immunity induced by previous infection or vaccination is able
to protect individuals from viral infection but cannot by
itself eradicate established infection.
Elimination of viruses that reside within cells is
mediated by CTLs, which kill the infected cells. As we
have mentioned in previous chapters, the principal
physiologic function of CTLs is surveillance against viral
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Most virus-specific CTLsare CD8+T cells that

recognize cytosolic, usually endogenously synthesized,
viral antigens in association with class I MHC molecules
on any nucleated cell. If the infected cell is a tissue cell
and not a professional antigen-presenting cell (APC), the
infected cell may be phagocytosed by a professional
APC, such as a dendritic cell. which processes the viral
antigens and presents them to naive CD8+ T cells. This
process of cross-presentation,
or cross-priming, was
described in Chapter 9 (see Fig. 9-3). Full differentiation
of CD8+ CTLs requires innate immunity or cytokines
produced
by CD4+ helper cells or costimulators
expressed on infected cells (Chapter 9). Cytopathic
viruses, especially RNA viruses. tend to stimulate strong
innate immune responses and are able to induce CTLs
without T cell help, whereas noncytopathic latent infections, often by DNA viruses. usually elicit CTL responses
only in the presence of CD4+ helper T cells. As discussed
in Chapters 9 and 13, COW T cells undergo massive proliferation during viral infection, and most of the proliferating cells are specific for a few viral pep tides. Some of
the activated T cells differentiate into effector CTLs,
which can kill any infected nucleated cell. The antiviral
effects of CTLs are mainly due to killing of infected cells,
but other mechanisms include activation of nucleases
within infected cells that degrade viral genomes, and
secretion of cytokines such as IFN-y. which has some
antiviral activity.
The importance ofCTLs in defense against viral infection is demonstrated by the increased susceptibility to
such infections seen in patients and animals that are
deficient in T lymphocytes, and by the experimental
observation that mice can be protected against some
virus infections by adoptive transfer of virus-specific,
class I-restricted CTLs. Furthermore, many viruses are
able to alter their surface antigens, such as envelope glycoproteins, and thus escape attack by antibodies.
However, infected cells produce viral proteins that are
often invariant, so that CTL-mediated defense remains
effective against such viruses.
In some viral infections, especially with noncytopathic viruses, tissue injury may be caused by CTLs. An
experimental model of a disease in which the pathology
is due to the host immune response is lymphocytic
choriomeningitis virus (LCMV) infection in mice, which
induces inflammation of the spinal cord meninges.
LCMV infects meningeal cells. but it is noncytopathic
and does not injure the infected cells directly. The virus
stimulates the development
of virus-specific CTLs
that kill infected meningeal cells during a physiologic
attempt to eradicate the infection. Therefore, T celldeficient mice infected with LCMV become chronic carriers of the virus, but pathologic lesions do not develop,
whereas in normal mice, meningitis develops. This
observation appears to contradict the usual situation, in
which immunodeficient individuals are more susceptible to infectious diseases than normal individuals are.
Hepatitis B virus infection in humans shows some similarities to murine LCMV in that immunodeficient
persons who become infected do not develop the
disease but become carriers who can transmit the infec-

tion to otherwise healthy persons. The livers of patients
with acute and chronic active hepatitis contain large
numbers of CD8+ T cells, and hepatitis virus-specific,
class I MHC-restricted CTLs can be isolated from liver
biopsy specimens and propagated in vitro.
Immune responses to viral infections may be
involved in producing disease in other ways. A consequence of persistent infection with some viruses, such
as hepatitis B, is the formation of circulating immune
complexes composed of viral antigens and specific antibodies (see Chapter 18). These complexes are deposited
in blood vessels and lead to systemic vasculitis. Some
viral proteins contain amino acid sequences that are also
present in some self antigens. It has been postulated that
because of this "molecular mimicry," antiviral immunity
can lead to immune responses against self antigens.
Immune
Viruses

Evasion
have

by Viruses

evolved

numerous

mechanisms

for

evading host immunity (Table 15-3).

.

Viruses can alter their antigens and are thus no
longer targets of immune responses. The antigens
affected are most commonly surface glycoproteins
that are recognized by antibodies. but T cell epitopes
may also undergo variation. The principal mechanisms of antigenic variation are point mutations and

Table 15-3. Mechanisms of Immune Evasion
by Viruses
Mechanism
evasion
Antigenic
I n~i_~~t!~_~

Examples

of immune

Influenza,
rhinovirus, HIV

variation
_<?! _

~~~i~~~ _~~~_~~_~~!~~_

Blockade
of TAP transporter
------------------------------------Removal
of class I
molecules
from the ER

-~--~-------------Herpes simplex
------------------Cytomegalovirus
Vaccinia,
poxviruses
(IL-1, IFN-y)

Production
of cytokine
receptor homologs

Cytomegalovirus
(chemokine)
Epstein-Barr

Production
of
immunosuppressive

cytokine

Infection of
immunocompetent

HIV
cells

Abbreviations: ER, endoplasmic
human immunodeficiency
associated with antigen
epresentative
examples
by viruses to resist host

~

-

(IL-10)

reticulum;

HIV,

virus; TAP, transporter
processing.

of different
mechanisms
immunity
are listed.

used

--

virus
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reassortment
of RNA genomes (in RNA viruses).
Because of antigenic variation, a virus may become
resistant to immunity generated in the population by
previous infections. The influenza pandemics that
occurred in 1918, 1957, and 1968 were due to different strains of the virus, and subtler variants arise
more frequently. There are so many serotypes of
rhinovirus that specific immunization against the
common cold may not be a feasible preventive strategy. Human immunodeficiency virus 1 (HIV-1), the
virus that causes AIDS, is also capable of tremendous
antigenic variation (see Chapter 20). In these situations, prophylactic vaccination may have to be
directed against invariant viral proteins.

. Some virusesinhibit class I MHC-associated

presen-

tation of cytosolic protein antigens. Several mechanisms that inhibit antigen presentation have been
described with different viruses (Box 15-4). Inhibition
of antigen processing and presentation blocks the
assembly and expression of stable class I MHC molecules and the display of viral peptides. As a result,
cells infected by such viruses cannot be recognized or
killed by C08+ CTLs. NK cells may have evolved as an
adaptation to this viral evasion strategy because NK
cells are activated by infected cells, especially in the
absence of class I MHC molecules.

. Some
viruses produce molecules that inhibit the
immune response. Poxviruses encode molecules that

are secreted by infected cells and bind to several
cytokines, including IFN-y, TNF, IL-l, IL-18, and
chemokines. The secreted cytokine-binding proteins
may function as competitive antagonists of the
cytokines. Some cytomegaloviruses produce a molecule that is homologous to class I MHC proteins and
may compete for binding and presentation of peptide
antigens. Epstein-Barr virus produces a protein that
is homologous to the cytokine IL-IO, which inhibits
activation of macrophages and dendritic cells and
may thus suppress cell-mediated immunity. These
examples probably represent a small fraction of
immunosuppressive viral molecules. Identification of
these molecules raises the intriguing possibility that
viruses have acquired genes encoding endogenous
inhibitors of immune responses during their passage
through human hosts and have thus evolved to infect
and colonize humans.
.

Some chronic viral infections are associated with
failure of CTL responses, which allows viral persistence. Studies of a chronic infection with lymphocytic
choriomeningitis in mice have shown that this type
of immune deficit may result from activation of
inhibitory T cell pathways, such as the PO-I pathway,
which normally functions to maintain T cell tolerance
to self antigens (see Chapter 11). Reduced T cell
responses resulting from HIV infection may also be
partly because of PO-I-mediated T cell unresponsiveness. Thus, viruses may have learned to exploit
normal mechanisms of immune regulation and to
activate these pathways in T cells.

IMMUNITY

TO MICROBES

. Viruses may infect and either kill or inactivate
immunocompetent
cells. The obvious example is HIV,
which survives by infecting and eliminating C04+ T
cells, the key inducers of immune responses to
protein antigens.

IMMUNITY TO PARASITES

In infectious disease terminology, parasitic infection
refers to infection with animal parasites such as protozoa, helminths, and ectoparasites (e.g., ticks and mites).
Such parasites currently account for greater morbidity
and mortality than any other class of infectious organisms, particularly in developing countries. It is estimated
that about 30% of the world's population suffers from
parasitic infestations. Malaria alone affects more than
100 million people worldwide and is responsible for
about I million deaths annually. The magnitude of this
public health problem is the principal reason for the
great interest in immunity to parasites and for the development of immunoparasitology
as a distinct branch of
immunology.
Most parasites go through complex life cycles, part of
which occurs in humans (or other vertebrates) and part
of which occurs in intermediate hosts, such as flies,
ticks, and snails. Humans are usually infected by bites
from infected intermediate hosts or by sharing a particular habitat with an intermediate host. For instance,
malaria and trypanosomiasis are transmitted by insect
bites, and schistosomiasis is transmitted by exposure to
water in which infected snails reside. Most parasitic
infections are chronic because of weak innate immunity
and the ability of parasites to evade or resist elimination
by adaptive immune responses. Furthermore, many
antiparasite antibiotics are not effective at killing the
organisms. Individuals living in endemic areas require
repeated chemotherapy because of continued exposure,
and such treatment is often not possible because of
expense and logistic problems. Therefore, the development of prophylactic vaccines for parasites has long
been considered an important goal for developing
countries.
Innate

Immunity

to Parasites

Although different protozoan and helminthic parasites
have been shown to activate different mechanisms of
innate immunity, these organisms are often able to
survive and replicate in their hosts because they are well
adapted to resisting host defenses. The principal innate
immune response to protozoa is phagocytosis, but many
of these parasites are resistant to phagocytic killing and
may even replicate within macrophages. Some protozoa
may express surface molecules that are recognized by
TLRs and activate phagocytes. Phagocytes also attack
helminthic parasites and secrete microbicidal substances to kill organisms that are too large to be phagocytosed. Many helminths have thick teguments that
make them resistant to the cytocidal mechanisms of
neutrophils and macrophages. Some helminths may
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As viruses have co-evolved with their hosts, they have
developed many strategies to evade immune responses.
Several viral genes have been identified that encode proteins that modulate host immune responses.
Some of
these viral proteins inhibit the presentation
of viral antigens to T cells. COW class I MHC-restricted
CTLs are the
major mechanisms
of defense against viral infections of
cells. If a virus could inhibit the class I-restricted
antigen
presentation
pathway, that virus would become invisible
to CTLs and would be able to replicate in infected cells.
In Chapter 6, we described the steps in the processing
of cytosolic antigens and the presentation
of antigenic
peptides bound to class I molecules (see Fig. 6-13). Each
of these steps may be targeted for inhibition by a viral
product. Some examples are shown in the figure below
and listed here:

·

The transcription
of class I MHC genes
by the E 1A protein
of pathogenic
adenovirus.

I

I

I
I

·

adenovirus

E3 19-kD

protein

binds

to and

retains class I molecules in the endoplasmic
lum, preventing
these
their peptide cargo.

·

molecules

reticu-

from exiting

with

The human cytomegalovirus
(CMV) US3 protein
sequesters
class I molecules
in the endoplasmic
reticulum,
and murine CMV gp40 (40-kD glycoprotein) retains class I molecules
in the cis-Golgi
compartment.

Inhibition of
proteasomal activity:
EBV, human CMV

I
I
I

~

~
~
"

.

.

.'

Cytosolic
protein

.~--.

,

~

r
I

herpes

virus

(KSHV)

rapid internalization
the cell surface.

K3 and K5 pro-

of class

I MHC

mol-

Two proteins of HIV, Vpu and Nef, also inhibit class
I expression in infected cells; Nef appears to do this
by forcing internalization
of class I molecules from
the surface of infected cells, and Vpu destabilizes
newly synthesized
class I molecules.

....

Proteasome

Class I MHC pathway
I

I

I
I

sarcoma

Block in MHC synthesis
and/or ER retention:
adenovirus, human CMV

.
~

Kaposi

The consequence
of blocking class I-peptide association in all these cases is that infected cells show reduced
expression
of stable class I molecules
on the surface
and do not display viral peptides for T cell recognition.
However,
it is difficult to prove that the viral genes
encoding proteins that inhibit antigen presentation
are
actually virulence genes, required for the infectivity
or
pathogenicity
of the viruses.
An excellent
example
of the constant
struggle
between microbes and their hosts is the adaptation of
the mammalian
immune system to recognize class 1deficient
cells. Thus, viruses try to evade recognition
I
by CTLs by inhibiting class I MHC expression,
but NK
cells have evolved to respond specifically to the absence
of class I MHC on virus-infected
cells (see Chapter
2). Not surprisingly,
there is emerging
evidence
that
some
viruses
may
produce
proteins
that
act
as
ligands
I
for NK cell inhibitory receptors and thus inhibit NK cell
activation.

is inhibited
strains
of

called ICP-47, that binds to the peptide-binding
site
of the TAP transporter
and prevents the transporter
from capturing cytosolic peptides and transporting
them into the endoplasmic reticulum for binding to
class I molecules.
The

.

Human CMV produces
two proteins,
US2 and US11,
which bind to class I molecules
in the endoplasmic
..
these
reticulum
and actively
carry, or dislocate,"
molecules
into the cytosol,
where
they cannot
be
loaded with antigenic
peptides
and are degraded
in
the proteasome.
teins induce
ecules from

. Herpes simplex viruses 1 and 2 produce a protein,

.

·

Block in
TAP transport:
HSV

Removal
of
class I from ER:

CMV

I

Interference
with CTL recognition
by "decoy" viral class I-like
molecules:
murine CMV

The pathway of class I MHC-associated antigen presentation is shown, with examples of viruses that block different steps in this
pathway. CMV, cytomegalovirus; EBV, Epstein-Barr virus; ER, endoplasmic reticulum: HSV, herpes simplex virus: TAP, transporter associated with antigen processing.
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also activate the alternative pathway of complement,
although as we shall discuss later, parasites recovered
from infected hosts appear to have developed resistance
to complement-mediated
lysis.
Adaptive

Immunity

exacerbation of lesions because of the macrophagesuppressive actions ofTII2 cytokines, notably IL-4.
o Most inbred strains of mice are resistant to infection
with L. major, but inbred BALBlc mice are highly susceptible and die if they are infected with large
numbers of parasites. After infection, the resistant
strains produce large amounts of IFN-y in response to
leishmanial antigens, whereas the strains that are
susceptible to fatal leishmaniasis produce more
IL-4 in response to the parasite. IFN-y activates
macrophages and enhances intracellular killing of
Leishmania, and high levels of IL-4 inhibit the activation of macrophages by IFN-y. Treatment of resistant
mice with anti-IFN-y antibody makes them susceptible, and conversely, treatment of susceptible mice
with anti-IL-4 antibody induces resistance. The same
results are seen in knockout mice lacking IFN-yor IL4. Treatment of susceptible mice with IL-12 at the
time of infection also induces resistance to the infection. IL-12 enhances the production of IFN-y and the
development of Till cells. This result is the basis for
the suggested use of IL-12 as a vaccine adjuvant, not
only for leishmaniasis but also for other infections
that are combated by cell-mediated immunity.

to Parasites

Different protozoa and helminths vary greatly in their
structural and biochemical properties, life cycles, and
pathogenic mechanisms. It is therefore not surprising
that different parasites elicit distinct adaptive immune
responses (Table 15-4). Some pathogenic protozoa have
evolved to survive within host cells, so protective immunity against these organisms is mediated by mechanisms similar to those that eliminate intracellular
bacteria and viruses. In contrast, metazoa such as
helminths survive in extracellular tissues, and their
elimination is often dependent on special types of antibody responses.
The principal defense mechanism against protozoa
that survive within macrophages
is cell-mediated
immunity, particularly macrophage activation by Till
cell-derived cytokines. Infection of mice with Leishmania major, a protozoan that survives within the endosomes of macro phages, is the best documented example
of how dominance ofTHl or TII2 responses determines
disease resistance or susceptibility (see Fig. 15-5). Resistance to the infection is associated with activation of
Leishmania-specific
Till CD4+ T cells, which produce
IFN-y and thereby activate macrophages to destroy
intracellular parasites. Conversely, activation ofTH2 cells
by the protozoa results in increased parasite survival and

Table 15-4. Immune
Parasite

Multiple genes appear to control the balance of protective and harmful immune responses to intracellular
parasites in inbred mice and presumably in humans as
well. Attempts to identify these genes are ongoing in
many laboratories.
Protozoa that replicate inside various host cells and
lyse these cells stimulate specific antibody and CTL

Responses

to Disease-Causing

Parasites

Diseases

Principal
mechanisms
of protective
immunity

Malaria

Antibodies

Leishmaniasis
(mucocutaneous,
disseminated)

CD4+ T H1 cells activate
macrophages
to kill
phagocytosed
parasites

African

Antibodies

Protozoa
Plasmodium

species

Leishmania

donovani

...... ... .......~............

......... .......................

n........

...................................................

Trypanosoma

brucei

..............................................................

Entamoeba
histolytica

trypanosomiasis

and CD8+ CTLs

Amebiasis

Antibodies,

Schistosomiasis

ADCC mediated by
eosinophils,
macrophages

Filariasis

Cell-mediated
immunity;
role of antibodies?

phagocytosis

Metazoa
Schistosoma

species

......................-.......

..-......-.......

Filaria,
bancrofti

Wuchereria

e.g.,

............

Abbreviations:
ADCC, antibody-dependent
CTLs, cytotoxic T lymphocytes.
Selected

examples

of parasites

and immune

TO MICROBES

cell-mediated

responses

to them

cytotoxicity;

are listed.
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responses, similar to cytopathic viruses. An example of
such an organism is the malaria parasite. It was thought
for many years that antibodies were the major protective
mechanism against malaria, and early attempts at vaccinating against this infection focused on generating
antibodies. It is now apparent that the CTL response is
an important defense against the spread of this intracellular protozoan (Box 15-5).
Defense against many helminthic infections is mediated by the activation ofTII2 cells, which results in production of IgE antibodies and activation of eosinophils.
IgE antibodies that bind to the surface of the helminths
may activate mast cells, and IgG and IgA antibodies
bring eosinophils to the helminths and activate the
eosinophils to release granule contents. The combined
actions of mast cells and eosinophils lead to expulsion
and destruction of the parasites (see Chapter 14). Production of specific IgE antibody and eosinophilia are frequently observed in infections by helminths. These
responses are attributed to the propensity of helminths
to stimulate differentiation of naive CD4+ helper T cells
to the TII2 subset of effector cells, which secrete IL-4
and IL-5. IL-4 stimulates the production of IgE, and
IL-5 stimulates the development and activation of
eosinophils. Eosinophils may be more effective at killing
helminths than other leukocytes are because the major
basic protein of eosinophil granules may be more
toxic for helminths than the proteolytic enzymes
and reactive oxygen intermediates produced by neutrophils and macrophages. The expulsion of some intestinal nematodes may be due to IL-4-dependent
mechanisms such as increased peristalsis that do not
require IgE.
Adaptive immune responses to parasites can also
contribute to tissue injury. Some parasites and their
products induce granulomatous responses with concomitant fibrosis. Schistosoma mansoni eggs deposited
in the liver stimulate CD4+T cells, which in turn activate
macro phages and induce DTH reactions. DTH reactions
result in the formation of granulomas around the eggs;
an unusual feature of these granulomas, especially in
mice, is the association with TII2 responses. (Recall that
granulomas are generally induced by TH1 responses
against persistent antigens; see Chapter 13.) Such T1I2induced granulomas may result from the process of
"alternative" macrophage activation induced by IL-4
and IL-13 (see Chapter 13). The granulomas serve to
contain the schistosome eggs, but severe fibrosis associated with this chronic cell-mediated immune response
leads to disruption of venous blood flow in the liver,
portal hypertension, and cirrhosis. In lymphatic filariasis, lodging of the parasites in lymphatic vessels leads to
chronic cell-mediated immune reactions and ultimately
to fibrosis. Fibrosis results in lymphatic obstruction and
severe lymphedema. Chronic and persistent parasitic
infestations are often associated with the formation of
complexes of parasite antigens and specific antibodies.
The complexes can be deposited in blood vessels and
kidney glomeruli and produce vasculitis and nephritis,
respectively (see Chapter 20). Immune complex disease
is a complication of schistosomiasis and malaria.

Immune

Evasion

by Parasites

Parasites evade protective immunity by reducing their
immunogenicity
and by inhibiting
host immune
responses. Different parasites have developed remarkably effective ways of resisting immunity (Table 15-5).

. Parasiteschange their surface antigens during their
life cycle in vertebrate hosts. Two forms of antigenic
variation are well defined. The first is a stage-specific
change in antigen expression, such that the mature
tissue stages of parasites produce different antigens
than the infective stages do. For example, the infective sporozoite stage of malaria parasites is antigenically distinct from the merozoites that reside in the
host and are responsible for chronic infection. By the
time the immune system has responded to infection
by sporozoites, the parasite has differentiated,
expresses new antigens, and is no longer a target for
immune elimination. The second and more remarkable example of antigenic variation in parasites is the
continuous variation of major surface antigens seen
in African trypanosomes such as Trypanosoma brucei
and Trypanosoma rhodesiense. Continuous antigenic
variation in trypanosomes is probably due to programmed variation in expression of the genes encoding the major surface antigen. Infected individuals
show waves of blood parasitemia, and each wave consists of parasites expressing a surface antigen that is
different from the previous wave (Fig. 15-7). Thus, by
the time the host produces antibodies against the
parasite, an antigenically different organism has
grown out. More than a hundred such waves of parasitemia can occur in an infection. One consequence
of antigenic variation in parasites is that it is difficult
to effectively vaccinate individuals against these
infections.
.

Parasites become resistant to immune effector mechanisms during their residence in vertebrate hosts.
Perhaps the best examples are schistosome larvae,
which travel to the lungs of infected animals and

Table 15-5. Mechanisms

of Immune

Evasion

by Parasites
Mechanism

of immune

Examples

evasion
Antigenic

Acquired
resistance
complement,
CTLs
Inhibition
responses
Antigen

Trypanosomes,
Plasmodium

variation
to

of host immune

shedding

Schistosomes
Filaria (secondary
to
lymphatic obstruction),
trypanosomes
Entamoeba

Abbreviation: CTL, cytotoxic T lymphocyte.
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Malaria is a disease caused by a protozoan parasite (Plasmodium) that infects more than 100 million people and
causes 1 to 2 million deaths annually. Infection is initiated
when sporozoites are inoculated into the blood stream by
the bite of an infected mosquito (Anopheles). The sporozoites rapidly disappear from the blood and invade the
parenchymal
cells of the liver. In the hepatocytes,
sporozoites develop
into merozoites
by a multiple-fission
process termed schizogony. One to 2 weeks after infection, the infected hepatocytes
burst and release thousands of merozoites,
thereby initiating the erythrocytic
stage of the life cycle. The merozoites
invade red blood
cells by a process that involves multiple ligand-receptor
interactions,
such as binding of the Plasmodium
(alciparum protein EBA-175 to glycophorin A on erythrocytes.
Merozoites
develop sequentially
into ring forms, trophozoites, and schizonts,
each of which expresses
both
shared and unique antigens. The erythrocytic
cycle continues when schizont-infected
red blood cells burst and
release merozoites that invade other erythrocytes.
Sexual
stage gametocytes
develop in some cells and are taken
up by mosquitoes
during a blood meal, after which they
fertilize and develop into oocysts. Immature sporozoites
develop in the mosquitoes
within 2 weeks and travel
to the salivary glands, where they mature and become
infective.
The clinical features of malaria caused by the four
species of Plasmodium
that infect humans include fever
spikes, anemia, and splenomegaly.
Many pathologic manifestations
of malaria may be due to the activation of T
cells and macrophages
and production of TNF. The development of cerebral malaria in a murine model is prevented by depletion of CD4+ T lymphocytes
or by injection
of neutralizing anti-TNF antibody.
The immune response to malaria is complex and stage
specific; that is, immunization
with antigens derived from
sporozoites,
merozoites,
or gametocytes
protects only
against the particular stage. On the basis of this observation, it is postulated that a vaccine consisting of combined immunogenic
epitopes from each of these stages
should stimulate more effective immunity than a vaccine
that incorporates
antigens from only one stage. The best
characterized
malaria vaccines are directed against sporozoites. Because of the stage-specific
nature of sporozoite
antigens, such vaccines must provide sterilizing immunity
to be effective.
Protective
immunity
may be induced in
humans by injection of radiation-inactivated
sporozoites.
This type of protection
is partly mediated by antibodies
that inhibit sporozoite invasion of liver cells in vitro. Such
antibodies
recognize the circumsporozoite
(CS) protein,
which mediates the binding of parasites to liver cells. The
CS protein contains a central region of about 40 tandem
repeats of the sequence Asn-Ala-Asn-Pro
(NANP). which
makes up the immunodominant
B cell epitope of the
protein. Anti-(NANP)n
antibodies
neutralize
sporozoite
infectivity,
but such antibodies
provide only partial protection against infection.
The antibody response to CS
This box was written

with the assistance
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protein is dependent on helper T cells. Most CS-specific
helper T cells recognize
epitopes
outside the NANP
region, and some of these T cell epitopes correspond to I
the most variable residues of the CS protein, which sugI
gests that variation of the antigens of the surface coat
I
may have arisen in response
to selective
pressures
_
imposed by specific T cell responses.
CD8+ T cells play an important role in immunity to the
hepatic stages of infection. If sporozoite-immunized
mice
are depleted of CDW T cells by injection of anti-CD8 antibodies, they are unable to resist a challenge infection.
The protective effects of CD8+ T cells may be mediated
by direct killing of sporozoite-infected
hepatocytes
or indirectly by the secretion of IFN-y and activation of hepatocytes to produce nitric oxide and other agents that kill,'
parasites. IL-12 induces resistance
to sporozoite
challenge in rodents and nonhuman
primates,
presumably
by stimulating
IFN-y production.
Conversely,
resistance
of Plasmodium
berghei sporozoite-immunized
mice to a
challenge infection is abrogated by treatment
with anti- ~
IFN-yantibodies.
The sexual blood stage of malaria is an important
~
target for vaccine development.
The major goal of this
form of immunization
is to generate antibodies that kill
infected erythrocytes
or block merozoite invasion of new !
red cells. Although
infected
individuals
mount strong
immune responses against blood stage antigens during
natural malaria infections,
most of these responses do
not appear to affect parasite survival or to result in the
1
selection of new antigenic variants. Nevertheless,
some
(
merozoite proteins may be good vaccine candidates.
Of
particular interest is the major merozoite surface antigen
MSP-1, which contains a highly conserved
carboxyterminal region. Immunization
with recombinant
DNA- ~
I

derived

carboxy-terminal

peptides

has

been

shown

to

confer significant
protection
against malaria in rodents
and has shown promising
results in primate trials with
human malaria parasite strains. The resistance induced by
MSP-1 vaccination
appears to involve antibody-dependent mechanisms.
Transmission-blocking
vaccines are being developed
to act on stages of the parasite life cycle that are found
in mosquitoes.
Such vaccines provide no protection
for
an immunized individual but act to reduce the number of
parasites
available for development
in the mosquito
vector. One such vaccine is an antigen, Pfs25, that is
located on the surface of zygotes and ookinetes and is
involved in parasite invasion of mosquito gut epithelium.
In individuals immunized against this parasite antigen, the
antibodies
that develop are ingested by the mosquito
during a blood meal and block the ability of the parasite
to infect and mature in the mosquito.
These parasite
stages are found only in the mosquito vector and are not
exposed
to host immune
responses.
Therefore,
the
antigens expressed in the mosquito do not undergo the
high rates of variation that are typical of immunodominant
parasite antigens in the vertebrate host.
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during this migration develop a tegument that is
resistant to damage by complement and by CTLs. The
biochemical basis of this change is not known.
.

Protozoan parasites may conceal themselves from the
immune system either by living inside host cells or by
developing cysts that are resistant to immune effectors. Some helminthic parasites reside in intestinal
lumens and are sheltered from cell-mediated
immune effector mechanisms. Parasites may also
shed their antigenic coats, either spontaneously or
after binding specific antibodies. Shedding of antigens renders the parasites resistant to subsequent
antibody-mediated attack.

. Parasites inhibit host immune responses by multiple
mechanisms. T cell anergy to parasite antigens has
been observed in severe schistosomiasis involving the
liver and spleen and in filarial infections. The mechanisms of immunologic unresponsiveness
in these
infections are not well understood. In lymphatic
filariasis, infection of lymph nodes with subsequent
architectural disruption may contribute to deficient
immunity. Some parasites, such as Leishmania,
stimulate the development of CD25+ regulatory T
cells, which suppress the immune response enough
to allow persistence of the parasites. More nonspecific and generalized
immunosuppression
is
observed in malaria and African trypanosomiasis.
This immune deficiency has been attributed to the
production of immunosuppressive cytokines by activated macrophages and T cells and defects in T cell
activation.
The worldwide implications of parasitic infestations
for health and economic development are well appreciated. Attempts to develop effective vaccines against
these infections have been actively pursued for many
years. Although the progress has been slower than one
would have hoped, elucidation of the fundamental
mechanisms of immune responses to and immune
evasion by parasites holds promise for the future.

= ~->

a single clone of T rhodesiense,
the blood parasite
counts show cyclic waves. Each wave is due to a
new antigenic variant of the parasite (labeled variants
A, B, and C) that expresses a new variable surface
glycoprotein
(VSG, the immunodominant
antigen of
the parasite). and each decline is a result of a specific antibody response
to that variant. (Courtesy
of Dr. John Mansfield,
University
of Wisconsin,
Madison.)

STRATEGIES FOR VACCINE

DEVELOPMENT

The birth of immunology as a science dates from Edward
Jenner's successful vaccination against smallpox in 1796.
The importance of prophylactic immunization against
infectious diseases is best illustrated by the fact that
worldwide programs of vaccination have led to the
complete or nearly complete eradication of many of
these diseases in developed countries (see Chapter 1,
Table 1-1).
The success of active immunization
in eradicating
infectious disease is dependent on numerous factors:
.

Vaccines are effective if the infectious agent does not
establish latency, if it does not undergo much or any
antigenic variation, and if it does not interfere with
the host immune response. It is difficult to effectively
vaccinate against microbes such as HIY,which establishes latent infection, is highly variable, and disables
key components of the immune system.

. Vaccines are most effective against infections that are
limited to human hosts, and do not have animal
reservoirs.
Vaccines induce protection against infections by
stimulating the development of antibodies, long-lived
effector cells, and memory cells. Most vaccines in
routine use today work by inducing humoral immunity,
and attempts to stimulate cell-mediated
immune
responses by vaccination are ongoing.
In the following section, we summarize
the
approaches to vaccination that have been tried (Table
15-6) and their major value and limitations.

Attenuated and Inactivated
and Viral Vaccines

Bacterial

Vaccines composed of intact nonpathogenic microbes
are made by treating the microbe in such a way that it
can no longer cause disease (i.e., its virulence is attenu-
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Table 15-6. Vaccine

Approaches

Type of vaccine

Examples
I

I

Live attenuated
killed bacteria

or

BCG, cholera

Live attenuated viruses

Polio, rabies

Subunit (antigen)
vaccines

Tetanus
toxoid

Conjugate

Haemophilus
pneumococcus

vaccines

toxoid,

diphtheria
influenzae,

Hepatitis
proteins)

(recombinant

Viral vectors

Clinical
antigens
vector

trials of HIV
in canarypox

DNA vaccines

Clinical
several

trials ongoing
infections

Synthetic

Abbreviations:

HIV, human

vaccines

BCG,

bacillus

for

Calmette-Guerin,

immunodeficiency

virus.

TO MICROBES

Vaccines composed of bacterial polysaccharide antigens
are used against Pneumococcus and H. influenzae.
Because polysaccharides are T-independent antigens,
they tend to elicit low-affinity antibody responses, and
may be poorly immunogenic in infants (who do not
mount strong T cell-independent
antibody responses).
High-affinity antibody responses may be generated
against polysaccharide antigens even in infants by coupling the polysaccharides to proteins to form conjugate
vaccines. Such vaccines work like hapten-carrier conjugates and are an excellent practical application of
the principle of T-B cell cooperation (see Chapter 10).
The currently used H. influezae, pneumococcal, and
meningococcal vaccines are conjugate vaccines. Purified protein vaccines stimulate helper T cells and antibody responses, but they do not generate potent CTLs.
The reason for poor CTL development is that exogenous
proteins (and pep tides) are inefficient at entering the
class I MHC pathway of antigen presentation and cannot
readily displace pep tides from surface class I molecules.
As a result, protein vaccines are not recognized efficiently by class I-restricted CD8+T cells.

I

Synthetic
ated) or by killing the microbe while retaining its
immunogenicity. The great advantage of attenuated
microbial vaccines is that they elicit all the innate and
adaptive immune responses (both humoral and cellmediated) that the pathogenic microbe would, and they
are therefore the ideal way of inducing protective immunity. Live, attenuated bacteria were first shown by Louis
Pasteur to confer specific immunity. The attenuated or
killed bacterial vaccines in use today generally induce
limited protection and are effective for only short
periods. Live, attenuated viral vaccines are usually more
effective; polio, measles, and yellow fever are three good
examples. The most frequently used approach for producing such attenuated viruses is repeated passage in
cell culture. More recently, temperature-sensitive
and
deletion mutants have been generated with the same
goal in mind. Viral vaccines often induce long-lasting
specific immunity, so immunization
of children is
sufficient for lifelong protection. Some attenuated viral
vaccines (e.g., polio) may cause disease in immunecompromised hosts, and for this reason inactivated
poliovirus vaccines are now more commonly used.
Purified

Antigen

(Subunit)

Vaccines

Subunit vaccines are composed of antigens purified
from microbes or inactivated toxins and are usually
administered with an adjuvant. One effective use of
purified antigens as vaccines is for the prevention of diseases caused by bacterial toxins. Toxins can be rendered
harmless without loss of immunogenicity, and such
"toxoids" induce strong antibody responses. Diphtheria
and tetanus are two infections whose life-threatening
consequences have been largely controlled because of
immunization
of children with toxoid preparations.

Antigen

Vaccines

A goal of vaccine research has been to identify the most
immunogenic microbial antigens or epitopes, to synthesize these in the laboratory, and to use the synthetic
antigens as vaccines. It is possible to deduce the protein
sequences of microbial antigens from nucleotide
sequence data and to prepare large quantities of proteins by recombinant DNA technology. Vaccines made of
recombinant DNA-derived antigens are now in use for
hepatitis virus, herpes simplex virus, and foot-andmouth disease virus (a major pathogen for livestock),
and are being tested for human papilloma virus and
rotavirus.

Live Viral Vectors
Another approach for vaccine development is to introduce genes encoding microbial antigens into a noncytopathic virus and to infect individuals with this virus.
Thus, the virus serves as a source of the antigen in an
inoculated individual. The great advantage of viral
vectors is that they, like other live viruses, induce the full
complement of immune responses, including strong
CTL responses. This technique has been used most commonly with vaccinia virus vectors. Inoculation of such
recombinant viruses into many species of animals
induces both humoral and cell-mediated immunity
against tfie antigen produced by the foreign gene (and,
of course, against vaccinia virus antigens as well). A
potential problem with viral vectors is that the viruses
may infect various host cells, and even though they are
not pathogenic, they may produce antigens that stimulate CTL responses that kill the infected host cells. These
and other safety concerns have limited widespread use
of viral vectors for vaccine delivery.
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DNA Vaccines
An inter~sting method of vaccination was developed on
the basIs of an unexpected observation. Inoculation
of a plasmid containing complementary DNA (cDNA)
~ncoding a protein antigen leads to strong and longlived humoral and cell-mediated immune responses to
the antigen. It is likely that APCs, such as dendritic cells,
are transfected by the plasmid and the cDNA is transcribed and translated into immunogenic protein that
elicits specific responses. The unique feature of DNA
vaccines is that they provide the only approach, other
than live viruses, for eliciting strong CTL responses
because the DNA-encoded proteins are synthesized in
the cytosol of transfected cells. Furthermore, bacterial
plasmids are rich in un methylated CpG nucleotides and
are recognized by a TLR (TLR9) on macrophages and
other cells, thereby eliciting an innate immune response
that enhances adaptive immunity (see Chapter 2).
Therefore, plasmid DNA vaccines are effective even
when they are administered without adjuvants. The ease
of manipulating cDNAs to express many diverse antigens, the ability to store DNA without refrigeration for
us.e in the field, and the ability to co-express other protems that may enhance immune responses (such as
cytokines and costimulators)
make this technique
promising. However, DNA vaccines have not been as
effective as hoped in clinical trials, and the factors that
determine the efficacy of these vaccines, especially in
humans, are still not fully defined.
Adjuvants

and Immunomodulators

The initiation of T cell-dependent
immune responses
against protein antigens requires that the antigens be
administered
with adjuvants. Most adjuvants elicit
innate immune responses, with increased expression of
costimulators and production of cytokines such as IL-12
that stimulate T cell growth and differentiation. Heatkilled bacteria are powerful adjuvants that are commonly used in experimental animals. However, the
severe local inflammation that such adjuvants trigger
pr:cludes their use in humans. Much effort is currently
bemg devoted to development of safe and effective
adjuvants for use in humans. Several are in clinical practice, including aluminum hydroxide gel (which appears
to promote B cell responses) and lipid formulations that
are ingested by phagocytes. An alternative to adjuvants
is to administer natural substances that stimulate T cell
responses together with antigens. For instance, IL-12
incorporated in vaccines promotes strong cell-mediated
immunity and is being tested in early clinical trials. As
mentioned, plasmid DNA has intrinsic adjuvant-like
activities, and it is possible to incorporate costimulators
(e.g., 87 molecules) or cytokines into plasmid DNA
vaccines.

bodies. In the clinical situation, passive immunization is
most commonly used for rapid treatment of potentially
fatal diseases caused by toxins, such as tetanus, and for
protection from rabies and hepatitis. Antibodies against
snake venom can be lifesaving treatments of poisonous
snakebites. Passive immunity is short-lived because the
~ost does not respond to the immunization and protection lasts only as long as the injected antibody persists.
Moreover, passive immunization
does not induce
memory, so an immunized individual is not protected
against subsequent exposure to the toxin or microbe.

SUMMARY

. The
interaction of the immune system with infectious organisms is a dynamic interplay of host
mechanisms aimed at eliminating infections and
microbial strategies designed to permit survival in
the face of powerful defense mechanisms. Different types of infectious agents stimulate distinct
types of immune responses and have evolved
unique mechanisms for evading immunity. In
some infections, the immune response is the cause
of tissue injury and disease.

. Innate immunity against extracellularbacteria is
mediated by phagocytes and the complement
system (the alternative and lectin pathways).

. The principal adaptive immune response against
extracellular bacteria consists of specific antibodies that opsonize the bacteria for phagocytosis and
activate the complement system. Toxins produced
by such bacteria are also neutralized by specific
antibodies. Some bacterial toxins are powerful
inducers of cytokine production, and cytokines
account for much of the systemic disease associated with severe, disseminated infections with
these microbes.

. Innate immunity against intracellular bacteria is
mediated mainly by macrophages. However, intracellular bacteria are capable of surviving and replieating within host cells, including phagocytes,
because they have developed mechanisms for
resisting degradation within phagocytes.

. Adaptiveimmunityagainstintracellularbacteriais
principally cell mediated and consists of activation
of macro phages by CD4+T cells (as in DTH) as well
as killing of infected cells by CD8+ CTLs. The characteristic pathologic response to infection by intracellular bacteria is granulomatous inflammation.

. Protective responses to fungi consist of innate
Passive

Immunization

Protective immunity can also be conferred by passive
immunization, for instance, by transfer of specific anti-

immunity, mediated by neutrophils and macrophages, and adaptive cell-mediated and humoral
immunity. Fungi are usually readily eliminated

Chapter15-

by phagocytes and a competent immune system,
because of which disseminated fungal infections
are seen mostly in immunodeficient persons.

. Innate immunity against viruses is mediated by
type I IFNs and NK cells. Neutralizing antibodies
protect against virus entry into cells early in the
course of infection and later if the viruses are
released from killed infected cells. The major
defense mechanism against established infection
is CTL-mediated killing of infected cells. CTLs may
contribute to tissue injury even when the infectious virus is not harmful by itself. Viruses evade
immune responses by antigenic variation, inhibition of antigen presentation, and production of
immunosuppressive
molecules.
.

Parasites such as protozoa and helminths give rise
to chronic and persistent infections because
innate immunity against them is weak and parasites have evolved multiple mechanisms
for
evading and resisting specific immunity. The structural and antigenic diversity of pathogenic parasites is reflected in the heterogeneity of the
adaptive immune responses that they elicit. Protozoa that live within host cells are destroyed by
cell-mediated immunity, whereas helminths are
eliminated
by IgE antibody and eosinophilmediated killing as well as by other leukocytes.
Parasites evade the immune system by varying
their antigens during residence in vertebrate hosts,
by acquiring resistance to immune effector mechanisms, and by masking and shedding their
surface antigens.
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anatomic location, the procedure is ca led orthotopic
transplantation; if the graft is placed in ~different site,
the procedure is called heterotopic tlansplantation.
Transfusion refers to the transfer of ci~culating blood
cells or plasma from one individual to another. In clinical practice, transplantation is used to ovhcome a functional or anatomic deficit in the recipient! This approach
to treatment of human diseases has inc~eased steadily
during the past 40 years, and transplantation of kidneys,
hearts, lungs, livers, pancreata, and b~ne marrow is
widely used today. More than 30,000 kiddey, heart, lung,
liver, and pancreas transplantations ar~ currently performed in the United States each year. In ~ddition, transplantation of many other organs or cells is now being
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Transplantation is the process of taking cells, tissues, or
organs, called a graft, from one individual and placing
them into a (usually) different individual. The individual
who provides the graft is called the donor, and the individual who receives the graft is called either the recipient or the host. If the graft is placed into its normal

I
A major factor limiting the success of transplantation
is the immune response of the recipien1t to the donor
tissue. This problem was first app~eciated when
attempts to replace damaged skin on burn patients with
skin from unrelated donors proved to be uniformly
unsuccessful. During a matter of 1 to 2 weeks, the transplanted skin would undergo necrosis and fall off. The
failure of the grafts led Peter Medawar and many other
investigators to study skin transplantation
in animal
models. These experiments established that the failure
of skin grafting was caused by an inflammatory reaction
called rejection. Several lines of experimental evidence
indicated that rejection is caused by an adaptive
immune response (Fig. 16-1).

o A skin graft transplanted

between

genetically

unre-

lated individuals, for example, from a strain A mouse
to a strain B mouse, is rejected by a naive recipient in
7 to 10 days. This process is called first -set rejection
and is due to a primary immune response to the graft.
A subsequent skin graft transplanted from the same
donor to the original recipient is rejected more
rapidly, in only 2 or 3 days. This accelerated response,
called second-set rejection, is due to a secondary
immune response. Thus, grafts that are genetically
disparate from the recipients induce immunologic
memory, one of the cardinal features of adaptive
immune responses.
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FIGURE 16-1 First- and second-set allograft rejection. Results of the experiments shown indicate that graft rejection displays the features of adaptive immune responses, namely, memory and mediation by lymphocytes. An inbred strain B mouse will reject a graft from an
inbred strain A mouse with first-set kinetics (left panel). An inbred strain B mouse sensitized by a previous graft from an inbred strain A
mouse willreject a second graft froman inbred strainA mouse with second-set kinetics(middlepanel),demonstratingmemory.An inbred
strain B mouse injected with lymphocytes from another strain B mouse that has rejected a graft from a strain A mouse will reject a graft
from a strain A mouse with second-set kinetics (rightpanel), demonstrating the role of lymphocytes in mediating rejection and memory. An
inbred strain B mouse sensitized by a previous graft from a strain A mouse will reject a graft from a third unrelated strain with first-set kinetics, thus demonstrating another feature of adaptive immunity, specificity (not shown). Syngeneic grafts are never rejected (not shown).

o Second-set rejection ensues if the first and second
skin grafts are derived from the same donor or from
genetically identical donors, for example. strain A
mice. However, if the second graft is derived from an
individual unrelated to the donor of the first graft. for
example. strain C, no second-set rejection occurs; the
new graft elicits only a first-set rejection. Thus. the
phenomenon of second-set rejection shows specificity, another cardinal feature of adaptive immune
responses.

o

The ability to mount

second-set

rejection

against a

graft from strain A mice can be adoptively transferred

to a naive strain B recipient by lymphocytes taken
from a strain B animal previously exposed to a graft
from strain A mice. This experiment demonstrated
that second-set rejection is mediated by sensitized
lymphocytes and provided the definitive evidence
that rejection is the result of an adaptive immune
response.
Transplant immunologists have developed a special
vocabulary to describe the kinds of cells and tissues
encountered in the transplant setting. A graft transplanted from one individual to the same individual is
called an autologous graft (shortened to autograft). A
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graft transplanted between two genetically identical or
syngeneic individuals is called a syngeneic graft. A graft
transplanted between two genetically different individuals of the same species is called an allogeneic graft (or
allograft). A graft transplanted
between individuals
of different species is called a xenogeneic graft (or
xenograft). The molecules that are recognized as foreign
on allografts are called alloantigens, and those on
xenografts are called xenoantigens. The lymphocytes
and antibodies that react with alloantigens or xenoantigens are described as being alloreactive or xenoreactive,
respectively.
The immunology of transplantation is important for
two reasons. First, the immunologic rejection response
is still one of the major barriers to transplantation today.
Second, although an encounter with alloantigens is
unlikely in the normal life of an organism, the immune
response to allogeneic molecules is strong and has
therefore been a useful model for studying the mechanisms of lymphocyte activation. Most of this chapter
focuses on allogeneic transplantation because it is far
more commonly practiced and better understood than
xenogeneic transplantation, which is discussed briefly at
the end of the chapter. We consider both the basic
immunology and some aspects of the clinical practice of
I

Donor (Strain A)

transplantation. We conclude the chapter with a discussion of bone marrow transplantation,
which raises
special issues not usually encountered with solid organ
transplants.

IMMUNE RESPONSES TO ALLOGRAFTS
Alloantigens elicit both cell-mediated and humoral
immune responses. In this section of the chapter, we
discuss the molecular and cellular mechanisms of
allorecognition, with an emphasis on the nature of graft
antigens that stimulate allogeneic responses and the
features of the responding lymphocytes.
Recognition

I

determined by polymorphic genes that are inherited
from both parents and are expressed codominantly. This
conclusion is based on the results of experimental transplantation between inbred strains of mice. The basic
rules of transplantation immunology are derived from
such animal experiments (Fig. 16-2).

I

@

of Alloantigens

Recognition of transplanted cells as self or foreign is

Donor (Strain B)
I
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FIGURE 16-2 The genetics

Fully allogeneic
graft is
rejected

of graft rejection.
MHC haplotypes.
Inherited MHC alleles from both
mice are represented
by both colors. Syngeneic
A x B mating will not be rejected by the offspring
are due to the fact that MHC gene products are
resented by a color) that is not expressed by the

No

Yes

Graft from inbred
parental strain is not
rejected by F1 hybrid

Graft from F1 hybrid
is rejected by inbred
parental strain

In the illustration,
the two different mouse colors represent inbred strains with different
parents are codominantly
expressed in the skin of an A x B offspring, and therefore these
grafts are not rejected (A), Allografts are always rejected (B). Grafts from a parent of an
(CL but grafts from the offspring will be rejected by either parent (D), These phenomena
responsible for graft rejection; grafts are rejected only if they express an MHC type (reprecipient mouse.

378

Section V -

IMMUNI1Y

IN DEFENSE AND DISEASE

o Cells or organs transplanted between individuals of
the same inbred strain of a species are never rejected.

o

Cells or organs transplanted between individuals of
different inbred strains of a species are almost always
rejected.

o The offspring of a mating between two different
inbred strains will typically not reject grafts from
either parent. In other words, an (Ax B)F1animal will
not reject grafts from an A or B strain animal. (This
rule is violated by bone marrow transplantation,
which we will discuss later in the chapter.)
o A graft derived from the offspring of a mating
between two different inbred strains will almost
always be rejected by either parent. In other words, a
graft from an (A x B)F1 animal will be rejected by
either an A or a B strain animal.
Such experimental results suggested that polymorphic, codominantly expressed molecules in the grafts
were responsible for eliciting rejection. Polymorphism
refers to the fact that these graft antigens differed among
individuals of a species or between different inbred
strains of animals, for example, between strain A and
strain B mice. Codominant expression means that an
(A x B)F) animal expresses both A strain and B strain
alleles. (A x B)F1animals see both A and B tissues as self,
and A or B animals see (A x B)F1tissues as partly foreign.
This is why an (A x B)F) animal does not reject either A
or B strain grafts and why both A and B strain recipients
reject an (A x B)F) graft.
Major Ilistocompatibility complex (MHC) molecules
are responsible for almost all strong (rapid) rejection
reactions. George Snell and colleagues used congenic
strains of inbred mice to identify the MHC complex as
the locus of polymorphic genes that encode the molecular targets of allograft rejection (see Chapter 5, Fig. 5-2).

@

Because MHC molecules, the targets of allograft rejection, are widely expressed, many different kinds of
tissues evoke responses from alloreactive T cells. As
discussed in Chapters 5 and 6, MHC molecules playa
critical role in normal immune responses to foreign antigens, namely, the presentation of pep tides derived from
protein antigens in a form that can be recognized by T
cells. The role of MHC molecules as alloantigens is incidental, as discussed later.
Allogeneic MHC molecules are presented for recognition by the T cells of a graft recipient in two fundamentally different ways (Fig. 16-3). The first way, called direct
presentation, involves recognition of an intact MHC
molecule displayed by donor antigen-presenting
cells
(APCs) in the graft and is a consequence of the similarity in structure of an intact foreign (allogeneic) MHC
molecule and self MHC molecules. Therefore, direct
presentation is unique to foreign MHC molecules. The
second way, called indirect presentation, involves processing of donor MHC molecules by recipient APCs and
presentation of peptides derived from the allogeneic
MHC molecules in association with selfMHC molecules.
In this case, the foreign MHC molecule is handled as
though it were any foreign protein antigen, and the
mechanisms of indirect antigen presentation are the
same as the mechanisms of presentation of a microbial
protein antigen. Alloantigens other than MHC molecules in a graft can also be presented to host T cells by
the indirect pathway. We discuss the molecular basis of
direct and indirect presentation separately.

Direct Recognition of Alloantigens
Direct recognition of foreign MHC molecules is a crossreaction of a normal T cell receptor (TCR), whicll was
selected to recognize a self MHC molecule plus foreign

Direct alloantigen recognition
Allogeneic

MHC

Presentation of
processed peptide
of allogeneic
MHC molecule bound
to self MHC molecule
Peptide
derived
from allogeneic
MHC molecule

FIGURE 16-3 Direct and indirect
alloantigen
recognition.
A. Direct
alloantigen recognition occurs when
T cells bind directly to an intact
allogeneic
MHC molecule
on a
graft (donor) antigen-presenting
cell
(APC). B. Indirect alloantigen recognition occurs when allogeneic MHC
molecules from graft cells are taken
up and processed
by recipient
APCs, and peptide fragments
of
the allogeneic MHC molecules containing
polymorphic
amino
acid
residues are bound and presented
by recipient (self) MHC molecules.
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peptide, with an allogeneic MHC molecule plus peptide.
On face value, it seems puzzling that T cells that are normally selected to be self MHC restricted are capable of
recognizing foreign MHC molecules. The explanation for
this apparent paradox is related to the fact that the repertoire of TCR specificities is already biased to recognize
any MHC molecule, even before selection. In other
words, the TCR genes have evolved to encode a protein
structure that has intrinsic affinity for MHC molecules.
During T cell development in the thymus, positive selection results in survival of T cells with weak self-MHC
reactivity, but does not eliminate T cells with strong reactivity to allogenic MHC molecules. Negative selection
in the thymus efficiently eliminates T cells with high
affinity for self MHC, but again does not necessarily
eliminate T cells that bind strongly to allogeneic MHC
molecules, unless they also happen to bind strongly to
self MHC. The result is a mature repertoire that has an
intrinsic affinity for self MHC molecules, which includes
many T cells that bind allogeneic MHC molecules with
high affinity. Many of these mature T cells will strongly
bind both self MHC-foreign peptide complexes and
allogeneic MHC molecules. By chance, some may be
useless T cells that bind allogenic MHC molecules but
do not bind strongly to self-MHC-foreign peptide
complexes.
An allogeneic MHC molecule with a bound peptide
can mimic the determinant formed by a self MHC molecule plus a particular foreign peptide (Fig. 16-4). MHC
molecules that are expressed on cell surfaces normally
contain bound peptides. The peptides bound to allogeneic MHC molecules may play several roles in the
recognition of these molecules. Peptides may simply be
required for stable cell surface expression of the allogeneic MHC molecules. However, some alloreactive T
cell clones have been shown to recognize allogeneic
MHC molecules with some, but not other, bound
pep tides. This observation suggests that the peptide
contributes to the determinant recognized by the alloreactive T cell, exactly like the role of peptides in the
normal recognition of antigen by self MHC-restricted T
cells. Many of the pep tides associated with allogeneic
MHC molecules that are involved in direct presentation
are derived from proteins that are identical in the donor
and recipient. In other words, they are self peptides. The
mechanisms
of tolerance induction,
described in
Chapter 11, work only to eliminate or to inactivate T cells
that respond to complexes of self pep tides plus selfMHC
molecules. Therefore, T cells specific for self peptide plus

@

Normal
I

T cell receptor

I

Self MHC molecule presents foreign peptide
to T cell selected to recognize self
MHC weakly, but may recognize self
MHC-foreign peptide complexes well

@)Allorecognition
IT cell receptor

I

The self MHC-restricted T cell recognizes
the allogeneic MHC molecule whose
structure resembles a self MHC-foreign
peptide complex

@Allorecognition
I

T cell receptor

I

Self
peptide
FIGURE

16-4

Molecular

basis

of direct recognition of alloof allogeneic MHC molecules may be thought of as a cross-reaction
in which a T cell
specific for a self MHC molecule-foreign
peptide complex (A) also
recognizes
an allogeneic
MHC molecule
(B, C). Nonpolymorphic
donor peptides.
labeled "self peptide,"
may not contribute
to
allorecognition
(B), or they may (C).

geneic MHCmolecules. Direct recognition

The self MHC-restricted T cell recognizes a
structure formed by both the allogeneic
MHC molecule and the bound peptide
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allogeneic MHC are not removed from the repertoire
and are available to respond to allografts.
As many as 2% of an individual's T cells are capable
of directly recognizing and responding to a single
foreign MHC molecule, and this high frequency ofT cells
reactive with allogeneic MHC molecules is one reason
that allografts elicit strong immune responses in vivo.
The fact that each allogeneic MHC molecule is directly
recognized by so many different TCRs, each selected for
different foreign pep tides, may be due to several factors.

. The highlypolymorphic nature of the MHCimplies
that an allogeneic MHC molecule will differ from self
MHC molecules at multiple amino acid residues.
Because many of the polymorphic residues are concentrated in the regions that bind to the TCR, each
different residue may contribute to a distinct determinant recognized by a different clone of self
MHC-restricted T cells. Thus, each allogeneic MHC
molecule can be recognized by multiple T cell clones.
In this case, the cross-reactive T cell allorecognition is
entirely attributable to differences in amino acid
sequences
between
self MHC and allogeneic
MHC molecules, and bound peptide serves only to
ensure stable expression of the allogeneic MHC
molecule.

. Many
different peptides may combine with one allogeneic MHC gene product to produce determinants

.

.

that are recognized by different cross-reactive T cells.
The surface of each allogeneic cell has 105 or more
copies of each allogeneic MHC molecule, and each
MHC molecule can form a complex with a different
peptide. Thus, any cell in an allograft may express
many distinct peptide-MHC complexes composed of
different pep tides bound to one or a few alleles of the
foreign MHC molecules. Because only a few hundred
peptide-MHC complexes are needed to activate a
particular T cell clone, many different clones may be
activated by the same allogeneic cell.
All of the MHC molecules on an allogeneic APC are
foreign to a recipient and can therefore be recognized
by T cells. In contrast, on self APCs, most of the self
MHC molecules are displaying self pep tides, and any
foreign peptide probably occupies 1% or less of the
total MHC molecules expressed. As a result, the
density of allogeneic determinants
on allogeneic
APCs is much higher than the density of foreign
peptide-self MHC complexes on self APCs. The abundance of recognizable allogeneic MHC molecules
may allow activation of T cells with low affinities for
the determinant, thereby increasing the numbers ofT
cells that can respond.
Many of the alloreactive T cells that respond to the
first exposure to an allogeneic MHC molecule are
memory T cells that were generated during previous
exposure to other foreign (e.g., microbial) antigens.
Thus, in contrast to the initial naive T cell response to
microbial antigens, the initial response to alloantigens is mediated in part by already expanded clones
of memory T cells.

Because of the high frequency of alloreactive T cells,
primary responses to alloantigens are the only primary
responses that can readily be detected in vitro.
Indirect

Presentation

of Alloantigens

Allogeneic MHC molecules may be processed and presented by recipient APCs that enter grafts, and the
processed MHC molecules are recognized by T cells like
conventional foreign protein antigens (see Fig. 16-3).
Because allogeneic MHC molecules differ structurally
from those of the host, they can be processed and presented in the same way that any foreign protein antigen
is, generating foreign pep tides associated with self MHC
molecules on the surface of host APCs. Indirect presentation may result in allorecognition by CD4+ T cells
because alloantigen is acquired by host APCs primarily
through the endosomal vesicular pathway (Le., as a consequence of phagocytosis) and is therefore presented by
class II MHC molecules. Some antigens of phagocytosed
graft cells appear to enter the class I MHC pathway of
antigen presentation and are indirectly recognized by
CD8+T cells. This phenomenon is an example of crosspresentation or cross-priming (see Chapter 9, Fig. 9-3),
in which professional APCs, usually dendritic cells,
present antigens of another cell, from the graft, to activate, or "prime," CD8+ T lymphocytes. Because MHC
molecules are the most polymorphic proteins in the
genome, each allogeneic MHC molecule may give rise to
multiple foreign peptides, each recognized by different
T cells.
o One of the first indications that T cell responses to
allogeneic MHC molecules can occur by indirect
presentation was the demonstration of cross-priming
of alloreactive C08+ cytotoxic T lymphocytes (CTLs)
by self APCs that had been exposed to allogeneic cells.

o

Evidence

that

indirect

presentation

of allogeneic

MHC molecules occurs in graft rejection was
obtained from studies with knockout mice lacking
class II MHC expression. For example, skin grafts
from donor mice lacking class II MHC are able to
induce recipient C04+ (Le., class II-restricted) T cell
responses to the donor alloantigens, including peptides derived from donor class I MHC molecules. This
result implies that the donor class I MHC molecules
are processed and presented by class II molecules on
the recipient's APCs and stimulate the recipient's
helper T cells.
o More recently, evidence has been obtained from
human transplant recipients that indirect antigen
presentation may contribute to late rejection of allografts. For example, C04+ T cells from heart and liver
allograft recipients can be activated in vitro by peptides derived from donor MHC and presented by host
APCs.
There may be polymorphic antigens other than MHC
molecules that differ between the donor and the recipient. These antigens induce weak or slower (more
gradual) rejection reactions than do MHC molecules
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and are called minor histocompatibility
antigens. Most
minor histocompatibility antigens are proteins that are
processed and presented to host T cells in association
with self MHC molecules on host APCs (Le., by the indirect pathway).

Activation

of Alloreactive

Lymphocytes

The activation of alloreactive T cells in vivo requires
presentation of alloantigens by donor-derived APCs in
the graft (direct presentation of alloantigens) or by host
APCs that pick up and present graft alloantigens (indirect presentation). Most organs contain resident APCs
such as dendritic cells. Transplantation of these organs
into an allogeneic recipient provides APCs that express
donor MHC molecules as well as costimulators. Presumably, these donor APCs migrate to regional lymph
nodes and are recognized by the recipient's T cells that
circulate through the peripheral lymphoid organs (the
direct pathway). Oendritic cells from the recipient may
also migrate into the graft, or graft alloantigens may
traffic into lymph nodes, where they are captured and
presented by recipient APCs (the indirect pathway).
Alloreactive T cells in the recipient may be activated by
both pathways, and these T cells migrate into the grafts
and cause graft rejection. Alloreactive C04+ helperT cells
differentiate into cytokine-producing effector cells that
damage grafts by reactions that resemble delayed-type
hypersensitivity (OTH). Alloreactive C08+ T cells activated by the direct pathway differentiate into CTLs that
kill nucleated cells in the graft, which express the allogeneic class I MHC molecules. The C08+ CTLs that
are generated by the indirect pathway are self MHC
restricted, and they cannot directly kill the foreign cells
in the graft. Therefore, when alloreactiveT cells are stimulated by the indirect pathway, the principal mechanism
of rejection is probably OTH mediated by C04+ effector
T cells that infiltrate the graft and recognize donor
alloantigens being displayed by host APCs that have also
entered the graft. The relative importance of the direct
and indirect pathways in graft rejection is still unclear. It
has been suggested that C08+ CTLs induced by direct
recognition of alloantigens are most important for acute
rejection of allografts, whereas C04+ effector T cells
stimulated by the indirect pathway playa greater role in
chronic rejection.
The importance of MHC molecules in the rejection of
tissue allografts has been established by studies with
inbred animals showing that rapid rejection usually
requires class I or class II MHC differences between the
graft donor and the recipient. In clinical transplantation,
minimizing MHC differences between the donor and the
recipient improves graft survival, as we shall discuss later.
The response of alloreactive T cells to foreign MHC
molecules has also been analyzed in an in vitro reaction
called the mixed lymphocyte reaction (MLR). The MLR
is a model of direct T cell recognition of allogeneic MHC
molecules and is used as a predictive test ofT cell-mediated graft rejection. Studies of the MLR were among the
first to establish the role of class I and class II MHC mol-

ecules in activating distinct populations
and C04+, respectively).

ofT cells (C08+

o The MLRis induced by culturing mononuclear leukocytes (which include T cells, B cells, natural killer INKI
cells, mononuclear phagocytes, and dendritic cells)
from one individual with mononuclear leukocytes
derived from another individual. Clinically, these cells
are typically isolated from peripheral blood; in mouse
or rat experiments, mononuclear leukocytes are
usually purified from the spleen or lymph nodes. If
the two individuals have differences in the alleles of
the MHC genes, a large proportion of the mononuclear cells will proliferate during a period of 4 to 7
days. This proliferative response is called the allogeneic MLR (Fig. 16-5). In this experiment, the cells
from each donor react and proliferate against the
other, thus resulting in a two-way MLR. To simplify
the analysis, one ofthe two leukocyte populations can
be rendered incapable of proliferation before culture,
either by y-irradiation or by treatment with the antimitotic drug mitomycin C. In this one-way MLR,
the treated cells serve exclusively as stimulators, and
the untreated cells, still capable of proliferation, serve
as the responders.
o Among the T cells that have responded in an MLR,
anyone cell is specific for only one allogeneic MHC
molecule, and the entire population of activated T
lymphocytes contains cells that recognize all the
MHC differences between stimulators and responders. C08+ CTLs are generated only if the class I MHC
alleles ofthe stimulators and responders are different.
Similarly, C04+ effector T cells are generated only if
the class II molecules are different.
o Stimulator cells lacking MHC molecules cannot activate responder cells in an MLR.Transfection of MJ-IC
genes into the stimulators makes these cells capable
of inducing an MLR.
o C08+ CTLs generated in an MLR will kill cells from
other donors only if these cells share some class I
alleles with the original stimulators. Similarly, C04+ T
cells generated in an MLR recognize APCs from other
donors only if these APCs share class II alleles with the
stimulators. Such experiments demonstrate that
alloreactive T cells are specific for allogeneic MHC
molecules, and activation of alloreactive T cells in the
MLR occurs mainly by the direct pathway.
In addition to recognition of alloantigen, costimulation ofT cells by 87 molecules on APCs is important for
activating alloreactive T cells.
o Rejection of allografts, and stimulation of alloreactive
T cells in an MLR,can be inhibited by agents that bind
to and block B7 molecules. Most studies indicate that
B7 antagonists are more effective at blocking acute
rejection of allografts and activation of alloreactive T
cells by the direct pathway. In contrast, chronic rejection and activation of alloreactive T cells by the indirect pathway are often insensitive to such agents, for
unknown reasons.
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survive for longer periods when they are
transplanted into knockout mice lacking B7-1 (CD80)
and B7-2 (CD86) compared with transplants into
normal recipients. Both acute rejection and graft vasculopathy are reduced in this model.

Allografts

In contrast to T cell alloreactivity, much less is known
about the mechanisms that lead to the production of
alloantibodies
against foreign MHC molecules. The
helper T cell-dependent
production
of antibodies
against MHC molecules must involve indirect allorecognition. In this case, B lymphocytes recognize foreign
MHC molecules, internalize and process these proteins,
and present peptides derived from them to helperT cells
that were previously activated by the same pep tides presented by dendritic cells. Therefore, both the dendritic
cells and B cells process and present the allogeneic MHC
protein to host T cells, and helper T cells "indirectly"
recognize foreign MHC molecules presented by host
APCs. This sequence of events is, of course, the same as
in any B cell response to foreign protein antigens (see

Chapter 10).
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way primary
MLR.
stimulator
cells (from donor Y) activate and
cause the expansion of two types
of responder T cells (from donor
XL C04+ T cells from donor X
react to donor Y class II molecules. and C08+ T lymphocytes
from donor X react to donor Y
class I MHC molecules. The C04+
T cells differentiate
into cytokinesecreting helper T cells, and the
C08+ T cells differentiate
into
CTLs. APC. antigen-presenting
cell.

Many of the issues that arise in discussions of alloreactivity and graft rejection are also relevant to maternalfetal interactions. The fetus expresses paternal MHC
molecules and is therefore semiallogeneic to the mother.
Nevertheless, the fetus is not rejected by the maternal
immune system. Many possible mechanisms have been
proposed to account for this lack of rejection, and it is
not yet clear which of these mechanisms is the most significant (Box 16-1).

EFFECTOR MECHANISMS OF
ALLOGRAFT REJECTION
Thus far, we have described the molecular basis of
alloantigen recognition and the cells involved in the
recognition of and responses to allografts. We now turn
to a consideration of the effector mechanisms used
by the immune system to reject allografts. In different
experimental models in animals and in clinical transplantation, alloreactive CD4+ or CDs+ T cells or alloanti-
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The mammalian fetus, except in instances in which the
mother and father are syngeneic, will express paternally
inherited antigens that are allogeneic to the mother.
In essence, the fetus is a naturally occurring allograft.
Nevertheless, fetuses are not normally rejected by the
mother. It is clear that the mother is exposed to fetal antigens during pregnancy since maternal antibodies against
paternal MHC molecules are easily detectable. Protection
of the fetus from the maternal immune system probably
involves several mechanisms including special molecular
and barrier features of the placenta and local immunosuppression.
Several experimental observations indicate that the
anatomic location of the fetus is a critical factor in the
absence of rejection. For example, pregnant animals are
able to recognize and reject allografts syngeneic to the
fetus placed at extrauterine sites without compromising
fetal survival. Wholly allogeneic fetal blastocysts that lack
maternal genes can successfully develop in a pregnant or
pseudopregnant mother. Thus, neither specific maternal
nor paternal genes are necessary for survival of the fetus.
Hyperimmunization of the mother with cells bearing
paternal antigens does not compromise placental and
fetal growth.
The failure to reject the fetus has focused attention on
the region of physical contact between the mother and
fetus. The fetal tissues of the placenta that most intimately contact the mother are composed of either vascular trophoblast, which is exposed to maternal blood for
purposes of mediating nutrient exchange. or implantation
site trophoblast. which diffusely infiltrates the uterine
lining (decidua) for purposes of anchoring the placenta to
the mother.
One simple explanation for fetal survival is that trophoblast cells fail to express paternal MHC molecules. So
far, class II molecules have not been detected on trophoblast. In mice, cells of implantation trophoblast. but
not of vascular trophoblast, do express paternal class I
MHC molecules. In humans, the situation may be more
complex in that trophoblast cells express only a nonpolymorphic class 18 molecule called HLA-G.This molecule
may be involved in protecting trophoblast cells from
maternal NKcell-mediated lysis. A specialized subset of
NKcells called uterine NKcells are the major type of lymphocyte present at implantation sites, and IFN-yproduction by these cells is essential for decidual development.
The way uterine NKcells are stimulated and their role in
maternal responses to fetal alloantigens are not known.
Even if trophoblast cells do express classical MHC mole-

bodies are capable of mediating allograft rejection.
These different immune effectors cause graft rejection
by different mechanisms.
For historical reasons, graft rejection is classified on
the basis of histopathologic features or the time course
of rejection after transplantation
rather than on the
basis of immune effector mechanisms. Based on the
experience of renal transplantation, the histopathologic

cules. they may lack costimulator molecules and fail to
act as APCs.
A second explanation for lack of rejection is that the
uterine decidua may be an immunologically privileged
site. These anatomic sites are tissues where immune
responses generally fail to occur and include brain, eye,
and testis. Several factors may contribute to immune privilege. For example, the brain vasculature limits lymphocyte access to the brain tissue, and the anterior chamber
of the eye may contain high concentrations of immunosuppressive cytokines such as TGF-~. In support of the
idea that the decidua is an immune-privileged site is the
observation that mouse decidua is highly susceptible to
infection by Listeria monocytogenes and cannot support
a DTH response. The basis of immunologic privilege is
clearly not a simple anatomic barrier because maternal
blood is in extensive contact with trophoblast. Rather. the
barrier is likelyto be created by functional inhibition. Cultured decidual cells directly inhibit macrophage and T cell
functions, perhaps by producing inhibitory cytokines,
such as TGF-~. Some of these inhibitory decidual cells
may be resident regulatory T cells, although the evidence
for this proposal is limited. Some experiments have led
to the suggestion that TH2cytokines are produced at the
maternal-fetal interface and are responsible for local suppression of TH1 responses to fetal antigens. However.
this idea is not supported by the data that IL-4and IL-10
knockout mice have normal pregnancies. There is also
evidence that the fetus contains abundant regulatory T
cells, but their significance is unclear.
There is evidence that immune responses to the fetus
may be regulated by local concentrations of tryptophan
and its metabolites in the decidua. The enzyme
indolamine 2,3-dioxygenase (100) catabolizes tryptophan.
and the IDa-inhibiting drug 1-methyl-tryptophan induces
abortions in mice in a T cell-dependent manner. These
observations led to the hypothesis that T cell responses
to the fetus are normally blocked because decidual tryptophan levels are kept low or the levels of toxic metabolites are high.
Trophoblast and decidua may also be relatively resistant to complement-mediated damage because they
express high levels of a C3 and C4 inhibitor called Crry.
Crry-deficient embryos die before birth and show evidence of complement activation on trophoblast cells.
Thus. this inhibitor may block maternal alloantibodymediated damage through the classical pathway of
complement activation.

patterns are called hyperacute,
(Fig. 16-6).

Hyperacute

acute, and chronic

Rejection

Hyperacute rejection is characterized by thrombotic
occlusion of the graft vasculature that begins within

.
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Histopathology
of different forms of graft rejection. A. Hyperacute rejection of a kidney allograft
platelet and thrombin thrombi, and early neutrophil infiltration in a glomerulus.
B. Acute rejection of a kidney with
connective
tissue around the tubules and between epithelial cells of the tubules. C. Acute rejection of a kidney
inflammatory
reaction destroying the endothelial layer of an artery. D. Chronic rejection in a kidney allograft with
vascular lumen is replaced by an accumulation
of smooth muscle cells and connective tissue in the vessel intima.
Rennke, Department
of Pathology, Brigham and Women's Hospital and Harvard Medical School, Boston.)

mosed to graft vessels and is mediated by preexisting
antibodies in the host circulation that bind to donor
endothelial antigens (Fig. 16-7). Binding of antibody to
endothelium activates complement, and antibody and
complement induce a number of changes in the graft
endothelium that promote intravascular thrombosis.
Complement activation leads to endothelial cell injury
and exposure of subendothelial basement membrane
proteins that activate platelets. The endothelial cells are
stimulated to secrete high molecular weight forms of
von Willebrand factor that mediate platelet adhesion
and aggregation. Both endothelial cells and platelets
undergo membrane vesiculation, leading to shedding of
lipid particles that promote coagulation. Endothelial
cells lose the cell surface heparan sulfate proteoglycans
that normally interact with antithrombin III to inhibit
coagulation. These processes contribute to thrombosis
and vascular occlusion (see Fig. 16-6A), and the grafted
organ suffers irreversible ischemic damage.
In the early days of transplantation,
hyperacute
rejection was often mediated by preexisting IgM allo.
antibodies, which are present at high titer before
transplantation. Such "natural antibodies" are believed
to arise in response to carbohydrate antigens expressed
by bacteria that normally colonize the intestine. The
best known examples of such alloantibodies are those
directed against the ABO blood group antigens
expressed on red blood cells (Box 16-2). ABO antigens
are also expressed on vascular endothelial cells. Today,
hyperacute
rejection by anti-ABO antibodies
is
extremely rare because all donor and recipient pairs are
selected so that they have the same ABO type. However,
as we shall discuss later in this chapter, hyperacute rejection caused by natural antibodies is the major barrier to
xenotransplantation
and limits the use of animal organs
for human transplantation.
Currently, hyperacute rejection of allografts, when it
occurs, is usually mediated by IgG antibodies directed
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with endothelial damage,
inflammatory
cells in the
allograft with destructive
graft arteriosclerosis.
The
(Courtesy of Dr. Helmut

against protein alloantigens, such as foreign MHC
molecules, or against less well defined alloantigens
expressed on vascular endothelial cells. Such antibodies
generally arise as a result of previous exposure to
alloantigens through blood transfusion, previous transplantation, or multiple pregnancies. If the titer of these
alloreactive antibodies is low, hyperacute rejection may
develop slowly, over several days. In this case, it is sometimes referred to as accelerated allograft rejection
because the onset is still earlier than that typical for
acute rejection. As we will discuss later in this chapter,
patients in need of allografts are routinely screened
before grafting for the presence of antibodies that bind
to cells of a potential organ donor to avoid hyperacute
rejection.
Acute

Rejection

Acute rejection is a process of vascular and parenchymal injury mediated by T cells and antibodies that
usually begins after the first week of transplantation.
Effector T cells and antibodies that mediate acute rejection develop over a few days or weeks in response
to the graft, accounting for the time of onset of acute
rejection.
T lymphocytes playa central role in acute rejection by
responding to alloantigens, including MHC molecules,
present on vascular endothelial and parenchymal cells
(see Fig. 16-7B). The activated T cells cause direct killing
of graft cells or produce cytokines that recruit and activate inflammatory cells, which injure the graft, In vascularized grafts such as kidney grafts, endothelial cells
are the earliest targets of acute rejection. Microvascular
endothelialitis is a frequent early finding in acute rejection episodes, Endothelialitis or intimal arteritis in
medium sized arteries also occurs at an early stage of
acute rejection and is indicative of severe rejection,
which, if left untreated, will likely result in acute graft
failure.
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FIGURE 16-7 Immune mechanisms of graft rejection. A. In hyperacute rejection, preformed antibodies reactive with vascular endothelium activate complement and trigger rapid intravascular thrombosis and necrosis of the vessel wall. B. In acute rejection, CD8' T lymphocytes reactive with alloantigens on endothelial cells and parenchymal cells mediate damage to these cell types. Alloreactive antibodies formed
after engraftment may also contribute to vascular injury. C. In chronic rejection with graft arteriosclerosis, injury to the vessel wall leads to
intimal smooth muscle cell proliferation and luminal occlusion. This lesion may be caused by a chronic DTH reaction to alloantigens in the
vessel wall.
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The first alloantigen
system to be defined in mammals
was a family of red blood cell surface antigens called
A80, which are the targets of blood transfusion reactions
(see text). The antigens in this system are cell surface
glycosphingolipids.
All normal individuals
synthesize
a
common
core glycan, called the 0 antigen,
that is
attached to a sphingolipid.
Most individuals
possess a
fucosyltransferase
that adds a fucose moiety to a nonterminal sugar residue of the 0 antigen, and the fucosylated glycan is called the H antigen. A single gene on chromosome 9 encodes a glycosyltransferase
enzyme, which
further modifies the H antigen. There are three allelic variants of this gene. The 0 allele gene product is devoid of
enzymatic
activity. The A allele-encoded
enzyme transfers a terminal N-acetylgalactosamine
moiety, and the 8
allele gene product transfers a terminal galactose moiety.
Individuals who are homozygous
for the 0 allele cannot
attach terminal sugars to the H antigen and express only
the H antigen. In contrast, individuals who possess an
A allele (M homozygotes,
AO heterozygotes,
or A8
heterozygotes)
form the A antigen by adding terminal
N-acetylgalactosamine
to some of their H antigens.
Similarly, individuals who express a B allele (B8 homozygotes, 80 heterozygotes,
or A8 heterozygotes)
form the
B antigen by adding terminal
galactose
to some of
their H antigens. A8 heterozygotes
form both A and B
antigens from some of their H antigens. The terminology
has been simplified
so that 00 individuals are said to
be blood type 0; M and AO individuals are blood type A;
88 and 80 individuals are blood type 8; and A8 individuals are blood type A8. Mutations
in the gene encoding
that produces the H antigen are
I the fucosyltransferase
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___
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-
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Both C04+ T cells and COB+T cells may contribute to
acute rejection. Several lines of evidence suggest that
recognition and killing of graft cells by alloreactive COB+
CTLs is an important mechanism of acute rejection.
o The cellular infiltrates present in grafts undergoing
acute cellular rejection (Fig. l~B)
are markedly

enriched for CDB+ CTLs specificfor graft alloantigens.
o The presence ofCTLs in renal graft biopsy specimens,
as indicated by sensitive reverse-transcriptase polymerase chain reaction assays for RNAs encoding
CTL-specific genes (e.g., perforin and granzyme B),
is a specific and sensitive indicator of clinical acute
rejection.
o Alloreactive COW CTLs can be used to adoptively
transfer acute cellular graft rejection.

o The destruction

of allogeneic

cells in a graft is highly

specific, a hallmark of CTL killing. The best evidence
for this specificity has come from mouse skin graft
experiments using chimeric grafts that contain two
distinct cell populations. one syngeneic to the host
and one allogeneic to the host. When these skin grafts
are transplanted. the allogeneic cells are killed
without injury to the "bystander" syngeneic cells.

I

I

I

rare; people who are homozygous
for such a mutation
cannot produce H. A. or 8 antigens. These individuals
make antibodies against H, A, and 8 antigens and cannot
receive type 0, A. 8, or A8 blood.
The same glycosphingolipid
that carries the ABO
determinants
can be modified
by other glycosyltransferases to generate minor blood group antigens that may
elicit milder transfusion
reactions than the A80 antigens.
For example. addition of fucose moieties at other nonterminal positions can be catalyzed by different fucosyltransferases
and results in epitopes of the Lewis antigen system.
Lewis antigens
have recently
received
much attention
from immunologists
because
these
carbohydrate
groups serve as ligands for E-selectin and
P-selectin.
The Rhesus (Rh) antigens, named after the monkey
species in which they were originally identified, is another
clinically important
group of blood group antigens.
Rh
antigens are nonglycosylated,
hydrophobic
cell surface
proteins found in the red blood cell membranes
and are
structurally
related to other red cell membrane glycoproteins with transporter functions. Rh proteins are encoded
by two tightly linked and highly homologous
genes, but
only one of them, called RhO, is commonly considered in
clinical blood typing. This is because up to 15% of the
population
have a deletion or other alterations
of the
RhO allele. These people. called Rh negative, are not
tolerant to the RhO antigen and will make antibodies to
the antigen if they are exposed to Rh-positive blood cells.
The major clinical significance
of anti-Rh antibodies
is
related to problems with pregnancy, as discussed in the
text.

C04+ T cells may be important
in mediating
acute graft rejection by secreting cytokines and inducing
DTH-like reactions in grafts, and some evidence indicates that C04+ T cells are sufficient to mediate acute
rejection.
o Acute rejection of allografts does occur in knockout
mice lacking CDB+T cells or perforin, suggesting that
other effector mechanisms also contribute.
o Adoptive transfer of alloreactive CD4+T cells into a
mouse can cause rejection of an allograft.
Antibodies can also mediate acute rejection if a graft
recipient mounts a humoral immune response to vessel
wall antigens and the antibodies that are produced bind
to the vessel wall and activate complement. The histologic pattern of this form of acute rejection is one of
transmural necrosis of graft vessel walls with acute
inflammation (see Fig. 16-6C), which is different from
the thrombotic occlusion without vessel wall necrosis
seen in hyperacute rejection. Immunohistochemical
identification of the C4d complement fragment in
capillaries of renal allografts is used clinically as an
indicator of activation of the classical complement
pathway and humoral rejection.
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Graft Vasculopathy
Chronic Rejection

and

Vascularized grafts that survive for more than 6 months
slowly develop arterial occlusion as a result of the proliferation of intimal smooth muscle cells, and eventually
fail due to ischemic damage. The arterial changes are
called graft vasculopathy or accelerated graft arteriosclerosis (see Fig. 16-6D). Graft vasculopathy is frequently seen in failed cardiac and renal allografts and
can develop in any vascularized organ transplant within
6 months to a year after transplantation. The pathogenesis of the lesions likely involves a combination of
processes, including a response of the vessel to. inj~ry
caused by perioperative ischemia and acute rejectIOn
episodes, in combination with a chronic DTH-like reaction of host lymphocytes to donor alloantigens in the
graft vessel. The smooth muscle cell accumulation in the
graft arterial intima appears to be stimulated b~ growth
factors and chemokines secreted by endothelIal cells,
smooth muscle cells, and macrophages in response to
interferon-y (lFN-y) and tumor necrosis factor (TNF)
produced by alloreactive T cells (see Fig. 16-7C).

o Knockout mice lacking different components of the
adaptive immune system have been used as graft
recipients and show varying resistance to graft arteriosclerosis. For instance, accelerated graft arteriosclerosis does not develop in IFN-y-deficient
recipients, consistent with the hypothesis that DTH is
involved in lesion formation. Other studies with
knockout mice indicate that CD4+T cells and B lymphocytes are more important for the development of
graft arteriosclerosis than are CD8+T cells.
As the arterial lesions of graft arteriosclerosis
progress, blood flow to the graft parenchyma is compromised, and the parenchyma is slowly replaced by nonfunctioning fibrous tissue. In addition, fibrosis in older
grafts may also reflect the final outcome of parenchymal
injury caused by episodes of acute rejection. Several
growth factors and cytokines have been implicated in
graft fibrosis, including fibroblast growth factor, transforming growth factor-p (TGF-P), and interleukin-13 (lL13). Often, the process of graft fibrosis is called chronic
rejection. As therapy for controlling acute rejection has
improved, graft vasculopathy and chronic rejection have
emerged as the major cause of allograft loss.
.
Chronic rejection of different transplanted organs IS
associated with distinct pathologic changes. Lung transplants undergoing chronic rejection show .thickened
small airways (bronchiolitis obliterans), and lIver transplants show fibrotic and nonfunctional bile ducts (the
vanishing bile duct syndrome).
PREVENTION
ALLOGRAFT

AND TREATMENT

OF

clinical practice and in experimental models to avoid or
delay rejection are general immunosuppression
and
minimizing the strength of the specific allogeneic reaction. An important goal in transplantation is to induce
donor-specific tolerance, which would allow grafts to
survive without nonspecific immunosuppression.
Immunosuppression
to Prevent
Treat Allograft
Rejection

Immunosuppression
is the major approach for the
prevention and management of transplant rejection.
Several methods of immunosuppression
are commonly
used (Table 16-1).
Immunosuppressive
drugs that inhibit or kill T
lymphocytes are the principal treatment regimen for
graft rejection. The most important immunosuppre~sive agents in current clinical use are the calcineunn
inhibitors,
including
cyclosporine
and
FK-506
(tacrolimus). The major action of these drugs is to inhibit
T cell transcription of certain genes, most notably those
encoding cytokines such as IL-2. Cyclosporine is a cyclic
peptide made by a species of fungus, which binds with
high affinity to a ubiquitous cellular protein called
cyclophilin. As discussed in Chapter 9, the complex of

Table 16-1. Methods of Immunosuppression
in Clinical Use
Drug

Mechanism

I

of action

I

Cyclosporine
and FK-506

Block T cell cytokine production
by inhibiting activation of the
NFAT transcription
factor

Azathioprine

Blocks proliferation
of
lymphocyte
precursors

Mycophenolate

Blocks lymphocyte
proliferation
by inhibiting guanine nucleotide
synthesis in lymphocytes

mofetil
Rapamycin

Blocks lymphocyte
proliferation
by inhibiting IL-2 signaling

Corticosteroids

Reduce inflammation
macrophage
cytokine

Anti-CD3
monoclonal
antibody

Depletes T cells by binding to CD3
and promoting phagocytosis
or
complement-mediated
lysis
(used to treat acute rejection)

Anti-IL-2
receptor
antibody

(CD25)

by inhibiting
secretion

Inhibits T cell proliferation
by
blocking IL-2 binding and depletes
activated T cells that express CD25

CTLA-4-lg

Inhibits T cell activation by blocking
B7 costimulator
binding to
T cell CD28; in clinical trials

Anti-CD40
ligand

Inhibits macrophage
and
endothelial
activation by blocking
T cell CD40 ligand binding to
CD40; in clinical trials

REJECTION

If the recipient of an allograft has a fully functional
immune system, transplantation
almost invariab.ly
results in some form of rejection. The strategies used III

or to
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cyclosporine and cyclophilin binds to and inhibits the
enzymatic activity of the calcium/calmodulin-activated
protein phosphatase calcineurin. Because calcineurin
is required to activate the transcription factor NFAT
(nuclear factor of activated T cells). cyclosporine blocks
NFAT activation and the transcription of IL-2 and other
cytokine genes. The net result is that cyclosporine blocks
the IL-2-dependent growth and differentiation ofT cells.
FK-506 is a macrolide lactone made by a bacterium that
functions like cyclosporine. FK-506 and its binding
protein (called FKBP) share with the cyclosporinecyclophilin complex the ability to bind calcineurin and
inhibit its activity.
The introduction of cyclosporine into clinical practice ushered in the modern era of transplantation.
Before the use of cyclosporine, the majority of transplanted hearts and livers were rejected. Now the majority of these allografts survive for more than 5 years
(Fig. 16-8). Nevertheless, cyclosporine is not a panacea
for transplantation.
Drug levels needed for optimal
immunosuppression
cause kidney damage, and some
rejection episodes are refractory to cyclosporine treatment. FK-506 has been used most frequently in liver
transplant recipients and in cases of kidney allograft
rejection that are not adequately
controlled by
cyclosporine.
Another class of immunosuppressive
agents that are
used frequently to control allograft rejection are the
inhibitors of the cellular enzyme called mammalian
target of rapamycin (mTOR). The first drug discovered in
this class is rapamycin, whose principal effect is to
inhibit T cell proliferation. Like FK-506, rapamycin also
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FIGURE 16-8 Influence of cyclosporine
on graft survival. Fiveyear survival rates for patients receiving cardiac allografts increased
significantly
beginning when cyclosporine
was introduced in 1983.
(Data from Transplant
Patient DataSource,
United Network
for
Organ Sharing, Richmond, Va. Retrieved February 16, 2000, from
http://207.239.150.13/tpd/.)

binds to FKBp, but the rapamycin-FKBP complex does
not inhibit calcineurin. Instead, this complex binds to
mTOR, which is a serine/threonine
protein kinase
required for translation of proteins that promote cell
proliferation.
Interaction
of the rapamycin-FKBP
complex with mTOR inhibits the function of mTOR
and thus blocks cellular proliferation. Combinations
of cyclosporine (which blocks IL-2 synthesis) and
rapamycin (which blocks IL-2-driven proliferation) are
potent inhibitors of T cell responses. In addition to
rapamycin, other mTOR inhibitors have been developed
for immunosuppression
of allograft recipients and for
cancer therapy.
Metabolic toxins that kill proliferating T cells are also
used to treat graft rejection. These agents inhibit the
maturation of lymphocytes from immature precursors
and also kill proliferating mature T cells that have been
stimulated by alloantigens. The first such drug to be
developed for the prevention and treatment of rejection
was azathioprine. This drug is still used, but it is toxic
to precursors of leukocytes in the bone marrow and
enterocytes in the gut. The newest and most widely
used drug in this class is mycophenolate
mofetil
(MMF). MMF is metabolized to mycophenolic acid,
which blocks a lymphocyte-specific isoform of inosine
monophosphate dehydroxygenase, an enzyme required
for de novo synthesis of guanine nucleotides. Because
MMF selectively inhibits the lymphocyte-specific
isoform of this enzyme, it has relatively few toxic effects
on other cells. MMF is now routinely used, often in combination with cyclosporine, to prevent acute allograft
rejection.
Antibodies that react with T cell surface structures
and deplete or inhibit T cells are used to treat acute
rejection episodes. The most widely used antibody is a
mouse monoclonal antibody called OKT3 that is specific
for human CD3. It may seem surprising that one would
use a potential polyclonal activator such as anti-CD3
antibody to reduce T cell reactivity. In vivo, however,
OKT3 either acts as a lytic antibody by activating the
complement system to eliminate T cells or opsonizes T
cells for phagocytosis. T cells that escape elimination
probably do so by endocytosing ("modulating") CD3 off
their surface, but such cells may be rendered nonfunctional. Another antibody now in clinical use is specific
for CD25, the a-subunit of the IL-2 receptor. This
reagent, which is administered at the time of transplantation, may prevent T cell activation by blocking IL-2
binding to activated T cells, and it may deplete CD25expressing activated T cells by mechanisms similar to
those described for OKT3. The major limitation on the
use of mouse monoclonal antibodies is that humans
given these agents produce anti-mouse immunoglobulin (lg) antibodies that eliminate the injected mouse Ig.
For this reason, human-mouse chimeric ("humanized")
antibodies to CD3 and CD25 that may be less immunogenic have been developed.
Drugs that block T cell costimulatory pathways are
now llsed to prevent acute allograft rejection. The
rationale for the use of these types of drugs is to prevent
the delivery of second signals required for activation of
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T cells (see Chapter 9). A soluble form of CTLA-4 fused
to an IgG Fc domain (called CTLA-4-lg) prevents B7 molecules on APCs from interacting with T cell CD28. and is
approved for use in allograft recipients.
o Clinical studies have shown that CTLA-4-lg can be as
effective as cyclosporine in preventing acute rejection. Studies with experimental animals show that
graft rejection is reduced or delayed by CTLA-4-lg,
and as well as by an antibody that binds to T cell CD40
ligand and prevents its interactions with CD40 on
APCs (see Chapters 7 and 9). In some experimental
protocols, simultaneous blockade of both B7 and
CD40 appears to be more effective than either alone
in promoting graft survival. Antibody to CD40 ligand
also delays the rejection of kidney and pancreatic islet
allografts in primates. It is likely that these treatments
inhibit the activation of alloreactive T cells and do not
induce long-lived tolerance in these cells.
Acute antibody-mediated
rejection can be treated
with drugs that inhibit antibody production. Several
new immunosuppressive
agents, including rapamycin
and brequinar, inhibit antibody synthesis and are therefore potentially useful in preventing acute vascular
rejection.
Anti-inflammatory
agents are also routinely used
for the prevention and treatment of graft rejection.
The most potent anti-inflammatory
agents available
are corticosteroids. The proposed mechanism of action
of these natural hormones and their synthetic analogues
is to block the synthesis and secretion of cytokines,
including TNF and IL-I, and other inflammatory mediators by macrophages. Lack of TNF and IL-I synthesis
reduces graft endothelial cell activation and recruitment
of leukocytes (see Chapters 2 and 13). Corticosteroids
may also block the generation of prostaglandins, reactive oxygen species, and nitric oxide. Very high doses of
corticosteroids may inhibit T cell secretion of cytokines
or even kill T cells, but it is unlikely that the levels of
corticosteroids achieved in vivo act in this way. Newer
anti-inflammatory agents are in clinical trials, including
soluble cytokine receptors, anti-cytokine antibodies,
and antibodies that block leukocyte-endothelial
adhesion (e.g., anti-intercellular adhesion molecule-I [antiICAM-I]).
A new therapeutic agent, called FTY720, works by
binding to and blocking sphingosine
I-phosphate
receptors on lymphocytes. This phospholipid is involved
in the egress of lymphocytes from lymphoid organs (see
Chapter 3), and blocking its action leads to the sequestration of lymphocytes in lymph nodes. This inhibits
immune responses to transplants. This drug is now in
clinical trials for preventing graft rejection and treating
some autoimmune diseases.
Current immunosuppressive
protocols have dramatically improved graft survival. Before the use of
cyclosporine, the I-year survival rate of unrelated cadaveric kidney grafts was between 50% and 60%, with a
90% rate for grafts from living related donors (which are

better matched with the recipients). Since cyclosporine
and MMF have been introduced, the survival rate of
unrelated cadaveric kidney grafts has approached about
90% at I year. The use of rapamycin promises to improve
early survival of grafts even more. Heart transplantation,
for which human leukocyte antigen (HLA) matching
(discussed later) is not practical, has significantly
improved with the use of cyclosporine and now has a
similar 90% I-year survival rate. Experience with other
organs is more limited, but survival rates for liver
and lung transplants have also benefited from modern
immunosuppressive therapy.
Acute rejection, when it occurs, is managed by rapidly
intensifying immunosuppressive
therapy. In modern
transplantation, chronic rejection has become a more
common cause of allograft failure, especially in cardiac
transplantation.
Chronic rejection is more insidious
than acute rejection, and it is much less reversible by
immunosuppression.
Sustained immunosuppression
required for prolonged graft survival leads to increased susceptibility to
viral infections and virus-associated tumors. The major
thrust of transplant-related
immunosuppression
is to
reduce the generation and function of helper T cells and
CTLs, which mediate acute cellular rejection. It is therefore not surprising that defense against viruses, the
physiologic function of CTLs, is also undermined in
immunosuppressed
transplant recipients. Reactivation
of latent cytomegalovirus, a herpesvirus, is particularly common in immunosuppressed
patients. For this
reason, transplant recipients are now given prophylactic
antiviral therapy for cytomegalovirus infections. Two
malignant tumors commonly seen in allograft patients
are B cell lymphomas and squamous cell carcinoma
of the skin. The B cell lymphomas are thought to be
sequelae of unchecked infection by Epstein-Barr virus,
another herpesvirus (see Chapter 17, Box 17-2). The
squamous cell carcinomas of the skin are associated
with human papillomavirus.

Methods to Reduce
of Allografts

the Immunogenicity

In human transplantation, the major strategy to reduce
graft immunogenicity has been to minimize alloantigenic differences between the donor and recipient. To
avoid hyper-acute rejection, the ABO blood group antigens of the graft donor are selected to be identical to
those of the recipient. Patients in need of allografts are
also tested for the presence of preformed antibodies
against donor cells. This type of testing is called crossmatching. It is done by mixing recipient serum
with leukocytes from potential donors and adding
complement to promote classical pathway-mediated
lysis of donor cells. If preformed antibodies, usually
against donor MHC molecules. are present in the recipient's serum, the donor cells are lysed (called a positive
crossmatch), and such lysis indicates that the donor is
not suitable for that recipient. For kidney transplantation from living related donors, attempts are made to
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minimize both
ences between
kidney donors
determine the

class I and class II MHC allelic differthe donor and recipient. All potential
and recipients are "tissue typed" to
identity of the HLA molecules that are
expressed (Box 16-3).

I

In kidney transplantation, the larger the number of
MHC alleles that are matched between the donor and
recipient, the better the graft survival, especially in the
first year after transplantation (Fig. 16-9). MHC matching had a more profound influence on graft survival

Several clinical laboratory tests are routinely performed to

PCR methods with use of primers that bind to conserved

sequences within the 5' and 3' ends of exons encoding
the polymorphic
regions of class ,'and class II MHC molecules. The amplified segment of DNA can then readily
be sequenced. Thus, the actual nucleotide sequence, and

reduce the risk for immunologic rejection in transplantar tion. These include ABO blood typing; the determination
of HLA alleles expressed on donor and recipient cells,
called tissue typing; the detection of preformed antibodies in the recipient that recognize HLAand other antigens
representative of the donor population; and the detection
of preformed antibodies in the recipient that bind to antigens of an identified donor's leukocytes, called crossmatching. Not all of these tests are done in all types of
transplantation.

I

therefore

I

·

I
I

t

number of differences in HLA alleles expressed on donor
and recipient cells, which will have a modest effect in
reducing the chance of rejection. In bone marrow transplantation, HLA matching is essential to reduce the risk
for GVHD. Routine HLA typing focuses only on HLA-A,
HLA-B, and HLA-DR because these are the only loci that
appear to predict the likelihood of rejection or GVHD. Until
recently, most HLA haplotype determinations
were performed by serologic
testing. This procedure
relies on

SCREENING

FOR THE PRESENCE

OF PREFORMED

ANTIBODIES. Patients waiting for organ transplants

are

antibodies
reactive with allogeneic HLA molecules. These antibodies,
as a result of previous
pregnanI which may be produced
cies, transfusions,
or transplantation,
can identify
risk for
hyperacute
or acute vascular
rejection.
Small amounts
of
screened

I

for the presence

the patient's

serum

of preformed

are mixed,

cells

in separate

from a panel of 40 to 60 different
tative of the organ donor population.
I

patient's

antibodies

wells,

with

donors
represenBinding
of the

to cells of each donor of the panel is

determined
by complement-mediated
lysis, as described
before,
or by flow cytometry
with use of fluorescentlabeled secondary
antibodies
to human
IgG. The results
are reported
as percent
reactive
antibody
(PRAJ. which is
the percentage
of the donor cell pool with which
the
patient's
serum reacts. The PRA is determined
on multiple occasions
while a patient waits for an organ allograft.

standardized collections of sera from multiple donors pre-

viously sensitized
to different
HLA molecules
by pregnancy or transfusions.
Each of these sera is mixed with
a person's lymphocytes
in separate wells of a tissue
culture plate. A source of complement
is added to the
wells, as is a fluorescent
dye that will enter only dead I This is because
the PRA can vary, since each panel is
cells. After an incubation time, the wells are examined
chosen at random,
and the patient's
serum antibody
titers
may change over time.
under a fluorescence
microscope
for the presence of
dead cells. B lymphocytes
are used as target cells
CROSSMATCHING. If a potential
donor is identified,
the
because they normally express both class I and class II
cross matching test will determine whether
the patient
MHC molecules.
On the basis of which antisera cause
lysis, the HLA haplotype of the individual can be deterhas antibodies
that react specifically
with the donor cells.
The test is performed in a way similar to the antibody
mined. Since the typing sera may not be absolutely
speI screening assays, but in this case, the recipient's
serum
cific for a single allelic product, serologic typing cannot
I is tested for reactivity
always
resolve
exactly which alleles are present.
against only the particular
donor's
cells (typically
lymphocytes).
Cytotoxic and flow cytoThe polymerase chain reaction (PCR) has recently

been used for more detailed typing of the MHC, replac- i
ing serologic methods. MHC genes can be amplified by I

I

can be

of many alleles previously called HLA-DRB1 based on
serologic techniques.

I

'.

amino acid sequence,

precise molecular tissue typing. Based on these DNA
sequencing efforts, the nomenclature
of HLA alleles has
changed to reflect the identification
of many alleles not
distinguished
by previous serologic methods. Each allele
defined by sequence has at least a four-digit number, but
some alleles require 6 or 8 digits for precise definition.
The first two digits usually correspond to the serologically
defined allotype. The third and fourth digits indicate the
subtypes. Alleles with differences
in the first four digits
encode proteins with different amino acids. For example,
HLA-DRB 1 * 1301 is a sequence-defined allele that is one

ABO BLOOD TYPING. This test is uniformly used in all
transplantation
because no type of graft will survive if
there are ABO incompatibilities
between the donor and
recipient. Natural IgM antibodies
specific for allogeneic
ABO blood group antigens (see Box 16-2) will cause
hyperacute rejection. Blood typing is performed by mixing
a patient's red blood cells with standardized
sera containing anti-A or anti-B antibodies. If the patient expresses
either blood group antigen, the serum specific for that
antigen will agglutinate the red cells.
TISSUE TYPING: HLA MATCHING. For living related
kidney transplantation, attempts are made to reduce the

the predicted
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FIGURE 16-9 Influence of MHC matching on graft survival.
Matching of MHC alleles between the donor and recipient significantly improves renal allograft survival. The data shown are for living
donor grafts. HLA matching has even more of an impact on survival
of renal allografts from cadaver donors, and some MHC alleles are
more important than others in determining outcome. (Data from
Organ Procurement and Transplantation Network/Scientific Registry

annual report,

2003.)

before modern immunosuppressive
drugs were routinely used. Clinical experience has shown that of all the
class I and class II loci, matching only HLA-A, HLA-B,
and HLA-DR is important for predicting outcome. (HLAC is not as polymorphic as HLA-A or HLA-B, and HLADR and HLA-DQ are in strong linkage disequilibrium,
so matching at the DR locus often also matches at the
DQ locus. DP typing is not in common use, and its
importance is unknown.) Because two co dominantly
expressed alleles are inherited for each of these MHC
genes, it is possible to have zero to six MHC antigen mismatches between the donor and recipient. Zero-antigen
mismatches predict the best survival of living related
donor grafts, and one-antigen-matched
grafts do
slightly worse. The survival of grafts with two to six MHC
mismatches all are significantly worse than zero- or oneantigen mismatches. MHC matching has an even greater
impact on nonliving (unrelated) donor renal allografts.
HLA matching in renal transplantation
is possible
because donor kidneys can be stored in organ banks
before transplantation
until a well-matched recipient
can be identified, and because patients needing a kidney
allograft can be maintained on dialysis until a wellmatched organ is available. In the case of heart and liver
transplantation,
organ preservation is more difficult,
and potential recipients are often in critical condition.
For these reasons, HLA typing is not considered in
pairing of potential donors and recipients, and the
choice of donor and recipient is based only on ABO
blood group matching and anatomic compatibility.

Methods
Tolerance

to Induce
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nisms that are involved in tolerance to self antigens
(see Chapter 11), namely peripheral anergy, deletion,
or active suppression of alloreactive T cells. Tolerance
is desirable in transplantation
because it is alloantigen specific and will therefore avoid the major
problem associated with nonspecific immunosuppression, namely, increased susceptibility to infection and to
virus-induced tumors. In addition, achieving graft tolerance may reduce chronic rejection, which has to date
been unaffected by the commonly used immunosuppressive agents that prevent and reverse acute rejection
episodes.
Several experimental approaches and clinical observations have suggested that it should be possible to
achieve tolerance to allografts.
o In experiments with skin grafts in mice, Medawar and
colleagues showed that if neonatal mice of one strain
(the recipient) are given spleen cells of another strain
(the donor), the recipients will subsequently accept
grafts from the donor. Such tolerance is alloantigen
specific because the recipients will reject grafts from
mouse strains that express MHC alleles that differ
from the donor's (see Chapter II, Fig. 11-2).
o Renal transplant patients who have received blood
transfusions containing allogeneic leukocytes have a
lower incidence of acute rejection episodes than do
those who have not been transfused. The postulated
explanation for this effect is that the introduction of
allogeneic leukocytes by transfusion produces tolerance to alloantigens. Indeed, pretreatment of potential recipients with blood transfusions is now used as
prophylactic therapy to reduce rejection.
o Animals given bone marrow transplants who subsequently contain both donor and recipient cells in the
circulation (called mixed chimerism) are tolerant to
organ allografts derived from the same donor as the
bone marrow graft. Human allogeneic bone marrow
transplantation to establish mixed chimerism has
been tried in a small number of patients before solid
organ transplantation, but this approach may be
limited by the problem of graft-versus-host disease
(GVHD), which is discussed later in this chapter. More
benign methods to establish mixed chimerism in
humans are under investigation.
Strategies are also being developed for inducing regulatory T lymphocytes specific for graft alloantigens.
Although the best approaches for inducing tolerance
need to be established in clinical trials, it is hoped that
tolerance induction will become a standard part of
transplantation therapy in the near future.

Donor-Specific

Allograft rejection may be prevented by making the host
tolerant to the alloantigens of the graft. Tolerance in this
setting means that the host does not injure the graft
despite the absence or withdrawal of immunosuppressive and anti-inflammatory agents. It is presumed that
tolerance to an allograft will involve the same mecha-

XENOGENEIC

TRANSPLANTATION

The use of solid organ transplantation
as a clinical
therapy is greatly limited by the lack of availability of
donor organs. For this reason, the possibility of transplantation of organs from other mammals, such as pigs,
into human recipients has kindled great interest.
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A major immunologic barrier to xenogeneic transplantation is the presence of natural antibodies that
cause hyperacute rejection. More than 95% of primates
have natural IgM antibodies that are reactive with the
carbohydrate determinants expressed by the cells of
members of species that are evolutionarily distant, such
as the pig. The vast majority of human anti-pig natural
antibodies are directed at one particular carbohydrate
determinant formed by the action of a pig a-galactosyltransferase enzyme. This enzyme places an a-linked
galactose moiety on the same substrate that in human
and other primate cells is fucosylated to form the blood
group H antigen (see Box 16-2). Species combinations
that give rise to natural antibodies against each other are
said to be discordant. Natural antibodies are rarely
produced against carbohydrate determinants of closely
related, concordant species, such as humans and chimpanzees. Thus, chimpanzees or other higher primates
technically can and have been used as organ donors for
humans. However, ethical and logistic concerns have
limited such procedures. For reasons of anatomic compatibility, pigs are the preferred xenogeneic species for
organ donation to humans.
Natural antibodies against xenografts induce hyperacute rejection by the same mechanisms as those
seen in hyperacute allograft rejection. These mechanisms include the generation of endothelial cell procoagulants and platelet-aggregating substances, coupled
with the loss of endothelial anticoagulant mechanisms.
However, the consequences
of activating human
complement on pig cells are typically more severe
than the consequences of activation of complement
by natural antibodies on human allogeneic cells, possibly because some of the complement regulatory proteins made by pig cells, such as decay accelerating factor,
are not able to interact with human complement proteins and thus cannot limit the extent of complementinduced injury (see Chapter 14). A strategy under
exploration for reducing hyperacute rejection in xenotransplantation
is to breed transgenic pigs expressing
human proteins that inhibit complement activation or
fail to express enzymes that synthesize pig antigens.
Such pigs could, for example, overexpress human H
group fucosyltransferase and overexpress human complement regulatory proteins such as decay accelerating
factor.
Even when hyperacute
rejection is prevented,
xenografts are often damaged by a form of acute
vascular rejection that occurs within 2 to 3 days of transplantation. This form of rejection has been called
delayed xenograft rejection, accelerated acute rejection,
or acute vascular rejection and is characterized by
intravascular thrombosis and fibrinoid necrosis of vessel
walls. The mechanisms of delayed xenograft rejection
are incompletely understood, but it is likely to be caused
by natural antibodies to various endothelial antigens
and byT cell activation and cytokine-mediated endothelial damage.
Xenografts can also be rejected by T cell-mediated
immune responses to xenoantigens. The mechanisms of
cell-mediated rejection of xenografts are believed to be

similar to those that we have described for allograft
rejection, and T cell responses to xenoantigens can be as
strong as or even stronger than responses to alloantigens. Human T cell recognition of pig MHC molecules
may involve both direct and indirect pathways. Furthermore, several intercellular molecular interactions
required forT cell responses, such as CD4/class II MHC,
CD8/class I MHC, CD2/LFA-3, CD28/B7, CD40L/CD40,
and VLA-4/vascular cell adhesion molecule-l (VCAM-l),
are functional even when one member of these pairs is
from a pig and the other from a human.
Cell-mediated responses to xenografts may be too
strong to be adequately controlled by the immunosuppressive protocols used for allograft rejection, and
research is therefore focused on inducing specific tolerance to xenografts. The methods of tolerance induction
that are being considered include those we have discussed for allografts, such as mixed hematopoietic
chimerism, costimulation blockade, and administration
of peptides from xenogeneic MHC molecules to induce
specific tolerance.

BLOOD

TRANSFUSION

Blood transfusion is a form of transplantation in which
whole blood or blood cells from one or more individuals are transferred intravenously into the circulation of a
host. Blood transfusions are performed to replace blood
lost by hemorrhage or to correct defects caused by inadequate production of blood cells, which may occur in a
variety of diseases. The major barrier to successful blood
transfusions is the immune response to cell surface molecules that differ between individuals. The most important alloantigen system in blood transfusion is the ABO
system (see Box 16-2). ABO antigens are expressed on all
cells, including red blood cells. Individuals lacking a particular blood group antigen may produce natural IgM
antibodies against that antigen, probably as a result of
responses to cross-reactive antigens expressed on bacteria that colonize the gut. If such individuals are given
blood cells expressing the missing antigen, the preexisting antibodies bind to the transfused cells, activate complement, and lyse the transfused cells. Lysis of the
foreign red blood cells results in transfusion reactions,
which can be life threatening. Transfusion across an ABO
barrier may trigger an immediate hemolytic reaction,
resulting in both intravascular lysis of red blood cells,
probably mediated by the complement system, and
extensive phagocytosis of antibody- and complementcoated erythrocytes by macrophages of the liver and
spleen. Hemoglobin is liberated from the lysed red cells
in quantities that may be toxic for kidney cells, producing acute renal tubular cell necrosis and kidney failure.
High fevers, shock, and disseminated intravascular
coagulation may also develop, suggestive of massive
cytokine release (e.g., ofTNF or lL-l; see Chapter 15, Box
15-1).

The disseminated intravascular coagulation con-

sumes clotting factors faster than they can be synthesized, and the patient may paradoxically die of bleeding

Chapter

in the presence of widespread clotting. More delayed
hemolytic reactions may result from incompatibilities of
minor blood group antigens. These result in progressive
loss of the transfused red cells, leading to anemia, and
jaundice, a consequence of overloading the liver with
hemoglobin-derived pigments.
The choice of blood donors for a particular recipient
is based on our understanding of blood group antigens.
Virtually all individuals express the H antigen, and therefore they are tolerant to this antigen and do not produce
anti-H antibodies. Individuals who express A or B antigens are tolerant to these molecules and do not produce
anti-A or anti-B antibodies, respectively. However, 00
and AO individuals (see Box 16-2) produce anti-B IgM
antibodies, and 00 and BO individuals produce anti-A
IgM antibodies. If a patient receives a transfusion of red
blood cells from a donor who expresses the antigen not
expressed on self red blood cells, a transfusion reaction
may result (described above). It follows that AB individuals can tolerate transfusions from all potential donors
and are therefore called universal recipients; similarly,
00 individuals can tolerate transfusions only from 00
donors but can provide blood to all recipients and are
therefore called universal donors. In general, differences
in minor blood groups lead to red cell lysis only after
repeated transfusions trigger a secondary antibody
response.
ABO antigens are expressed on many other cell types
in addition to blood cells, including endothelial cells. For
this reason, ABO typing is critical to avoid hyperacute
rejection of solid organ allografts, as discussed earlier in
the chapter.
The Rhesus (Rh) antigen is another important red
blood cell antigen that may be responsible for transfusion reactions (see Box 16-2). Although there are no
natural antibodies to Rh antigens, individuals who do
not express the RhO antigen (approximately 15% of
the population) can be sensitized to this antigen and
produce anti-Rh antibodies if they receive blood transfusions from an RhO-expressing donor. Transfusion
reactions can arise after a second transfusion of Rhpositive blood. In addition, Rh-negative mothers carrying an Rh-positive fetus can be sensitized by fetal red
blood cells that enter the maternal circulation, usually
during childbirth. Subsequent pregnancies in which the
fetus is Rh positive are at risk because the maternal antiRh antibodies can cross the placenta and mediate the
destruction of the fetal red blood cells. This causes
erythroblastosis
fetalis (hemolytic disease of the
newborn) and can be lethal for the fetus. This disease
can be prevented by administration of anti-RhO (RhOimmune) antibodies to the mother within 72 hours of
birth of the first Rh-positive baby. The treatment prevents the baby's Rh-positive red blood cells that entered
the mother's circulation from inducing the production of
anti-Rh antibodies in the mother. The exact mechanisms
of action of the antibodies are not clear, but may include
phagocytic clearance or complement-mediated
lysis of
the baby's red cells, or Fc receptor-dependent
feedback
inhibition of the mother's RhO-specific B cells (see
Chapter 10).

BONE
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MARROW TRANSPLANTATION

Bone marrow transplantation is the transplantation of
pluripotent hematopoietic stem cells, most commonly
in an inoculum of bone marrow cells collected by aspiration. Hematopoietic stem cells can also be purified
from the blood of donors after treatment with colonystimulating factors, which mobilize stem cells from the
bone marrow. After transplantation, stem cells repopulate the recipient's bone marrow and differentiate into all
the hematopoietic lineages. We consider bone marrow
transplantation
separately in this chapter because
several unique features of this type of grafting are not
encountered with solid organ transplantation.
Bone marrow transplantation may be used clinically
to remedy acquired defects in the hematopoietic system
or in the immune system because blood cells and lymphocytes develop from a common stem cell. It has also
been proposed as a means of correcting inherited
deficiencies or abnormalities
of enzymes or other
proteins (e.g., abnormal hemoglobin) by providing a
self-renewing source of normal stem cells. Some stem
cells in the bone marrow may also have the potential
to differentiate into various nonhematopoietic
tissue
cell types, which is an area of active investigation for the
possible treatment of diseases of many organ systems. In
addition, allogeneic bone marrow transplantation may
be used as part of the treatment of bone marrow malignant disease (i.e., leukemias) and disseminated solid
tumors. In this case, the chemotherapeutic
agents
needed to destroy cancer cells also destroy normal
marrow elements, and bone marrow transplantation is
used to "rescue" the patient from the side effects of
chemotherapy. In addition, in some forms of leukemia,
the grafted cells can be effective in destroying
residual leukemia cells by a process analogous to the
graft-versus-host responses discussed later. For other
malignant tumors, when the marrow is not involved by
tumor or when it can be purged of tumor cells, the
patient's own bone marrow may be harvested and reinfused after chemotherapy. This procedure, called autologous bone marrow transplantation, does not elicit the
immune responses associated with allogeneic bone
marrow transplantation
and will not be discussed
further.
Before bone marrow is transplanted, recipients must
often be "prepared" with radiation and chemotherapy to
deplete their own marrow cells and vacate these sites
to allow the transplanted stem cells to "home" to the
marrow and establish themselves in the appropriate
environment. Allogeneic stem cells are readily rejected
by even a minimally immunocompetent
host, and therefore the donor and recipient must be carefully matched
at all polymorphic MHC loci. In addition, it is often necessary to greatly suppress the recipient's immune system
to permit successful bone marrow transplantation.
Such suppression is accomplished by radiation and
chemotherapy. The mechanisms of rejection of bone
marrow cells are not completely known, but in addition
to adaptive immune mechanisms, hematopoietic stem
cells may also be rejected by NK cells. The role of NK cells
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in bone marrow rejection has been studied in experimental animals.
o Irradiated FI hybrid mice reject bone marrow
donated by either inbred parent. This phenomenon,
called hybrid resistance, is in distinction to the classical laws of solid tissue transplantation (see Fig.
16-2). Hybrid resistance is seen in T cell-deficient
mice, and depletion of recipient NK cells with
anti-NK cell antibodies prevents the rejection of
parental bone marrow. Hybrid resistance is probably
due to host NK cells reacting against bone marrow
precursors that lack class I MHC molecules expressed
by the host.
Even after successful engraftment, two additional
problems are frequently associated with bone marrow
transplantation, namely, GVHD and immunodeficiency.
Graft-Versus-Host

Disease

GVHD is caused by the reaction of grafted mature T cells
in the marrow inoculum with alloantigens of the host.
It occurs when the host is immunocompromised
and
therefore unable to reject the allogeneic cells in the graft.
In most cases, the reaction is directed against minor
histocompatibility
antigens of the host because bone
marrow transplantation
is not performed when the
donor and recipient have differences in MHC molecules.
GVHD may also develop when solid organs that contain
significant numbers of T cells are transplanted, such as
the small bowel, lung, or liver.
GVHD is the principal limitation to the success of
bone marrow transplantation. As in solid organ transplantation, GVHD may be classified on the basis of histologic patterns into acute and chronic forms.
Acute GVHD is characterized by epithelial cell death
in the skin, liver (mainly the biliary epithelium), and gastrointestinal tract (Fig. 16-10). It is manifested clinically

FIGURE 16-10 Histopathology of acute GVHD in the skin. A
sparse lymphocytic infiltrate can be seen at the dermal-epidermal
junction, and damage to the epithelial layer is indicated by spaces at
the dermal-epidermal junction (vacuolization), cells with abnormal
keratin staining (dyskeratosis), apoptotic keratinocytes, and disorganization of maturation of keratinocytes from the basal layer to the
surface. (Courtesy of Dr. Scott Grantor, Department of Pathology,
Brigham and Women's Hospitaland Harvard Medical School, Boston.)

by rash, jaundice, diarrhea, and gastrointestinal hemorrhage. When the epithelial cell death is extensive, the
skin or lining of the gut may slough off. In this circumstance, acute GVHD may be fatal.
Chronic GVHD is characterized by fibrosis and
atrophy of one or more of the same organs, without evidence of acute cell death. Chronic GVHD may also
involve the lungs and produce obliteration of small
airways. When it is severe, chronic GVHD leads to complete dysfunction of the affected organ.
In animal models, acute GVHD is initiated by mature
T cells present in the bone marrow inoculum, and elimination of mature donor T cells from the graft can
prevent the development of GVHD. Efforts to eliminate
T cells from the marrow inoculum have reduced the incidence of GVHD but also reduce the efficiency of
engraftment, probably because mature T cells produce
colony-stimulating factors that aid in stem cell repopulation. A current approach is to combine removal of
T cells with supplemental
granulocyte-macrophage
colony-stimulating factor treatment to promote engraftment. Elimination of T cells from the donor marrow
also decreases the graft-versus-Ieukemia effect that is
often critical in treating leukemias by bone marrow
transplantation.
Although GVHD is initiated by grafted T cells recognizing host alloantigens, the effector cells that cause
epithelial cell injury are less well defined. On histologic
examination, NK cells are often attached to the dying
epithelial cells, suggesting that NK cells are important
effector cells of acute GVHD. CD8+ CTLs and cytokines
also appear to be involved in tissue injury in acute
GVHD.
The relationship of chronic GVHD to acute GVHD is
not known and raises issues similar to those of relating
chronic allograft rejection to acute allograft rejection.
For example, chronic GVHD may represent the fibrosis
of wound healing secondary to loss of epithelial cells.
However, chronic GVHD can arise without evidence of
prior acute GVHD. An alternative explanation is that
chronic GVHD represents a response to ischemia caused
by vascular injury.
Both acute and chronic GVHD are commonly treated
with intense immunosuppression.
It is not clear that
either condition responds very well. A possible explanation for this therapeutic failure is that conventional
immunosuppression
is targeted against T lymphocytes,
especially CTLs, but is less effective in controlling NK
cell-mediated responses. Agents that suppress cytokine
production, such as the drug thalidomide, or that
antagonize cytokine action have been used for treating
GVHD in clinical trials. Much effort has focused on prevention of GVHD, and HLA typing is important in this
regard. Cyclosporine and the metabolic toxin methotrexate are also used for prophylaxis against GVHD.
Immunodeficiency
after
Marrow Transplantation

Bone

Bone marrow transplantation is often accompanied by
clinical immunodeficiency. Several factors may con-
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tribute to defective immune responses in recipients.
Bone marrow transplant recipients may be unable to
regenerate a complete new lymphocyte repertoire. Radiation and chemotherapy
used to prepare recipients
for transplantation
are likely to deplete the patient's
memory cells and long-lived plasma cells, and it can take
a long time to regenerate these populations.
The consequence of immunodeficiency is that bone
marrow transplant recipients are susceptible to viral
infections, especially cytomegalovirus infection, and to
many bacterial infections. They are also susceptible to
Epstein-Barr virus-provoked
B cell lymphomas. The
immunodeficiencies
of bone marrow transplant recipients can be more severe than those of conventionally
immunosuppressed
patients. Therefore, bone marrow
transplant recipients commonly receive prophylactic
antibiotics and anticytomegalovirus
therapy and are
often actively immunized against capsular bacteria such
as Pneumococcus prior to transplantation.

SUMMARY
. Transplantationof tissues fromone individualto a
genetically nonidentical recipient leads to a specific immune response called rejection that can
destroy the graft. The major molecular targets in
transplant rejection are allogeneic class I and class
II MHC molecules.

.

Many different, normally present T cell clones specific for different foreign peptides plus self MHC
molecules may cross-react with an individual allogeneic MHC molecule. This high frequency of
T cells capable of directly recognizing allogeneic
MHC molecules explains why the response to
alloantigens is much stronger than the response to
conventional foreign antigens.

. AllogeneicMHCmolecules may be presented on
donor APCs to recipient T cells (the direct
pathway), or the alloantigens may be picked up by
host APCs that enter the graft or reside in draining
lymphoid organs and be processed and presented
to T cells as peptides associated with self MHC
molecules (the indirect pathway).

. Graft rejection is mediated by T cells, including
CTLs that kill graft cells and helper T cells that
cause DTH reactions, and by antibodies.

. Several effector mechanisms cause rejection of
solid organ grafts, and each mechanism may lead
to a histologically characteristic reaction. Preexisting antibodies cause hyperacute rejection characterized by thrombosis of graft vessels. Alloreactive
T cells and antibodies produced in response to
the graft cause blood vessel wall damage and
parenchymal cell death, called acute rejection.

Chronic rejection is characterized by fibrosis and
vascular abnormalities (accelerated arteriosclerosis), which may represent a chronic DTH reaction
in the walls of arteries.

. Rejection may be prevented

or treated by

immunosuppression
of the host and by minimizing the immunogenicity of the graft (by limiting
MHC allelic differences). Most immunosuppression is directed at T cell responses and entails the
use of cytotoxic drugs, specific immunosuppressive agents, or anti- T cell antibodies. The
most widely used immunosuppressive
agent is
cyclosporine, which blocks T cell cytokine synthesis. Immunosuppression
is often combined with
anti-inflammatory
drugs such as corticosteroids
that inhibit cytokine synthesis by macrophages.

. Patients receiving solid organ transplants may
become immunodeficient because of their therapy
and are susceptible to viral infections and virusrelated malignant tumors.

. Xenogeneic transplantation of solid organs is
limited by the presence of natural antibodies to
carbohydrate antigens on the cells of discordant
species that cause hyperacute rejection, antibodymediated acute vascular rejection, and a strong T
cell-mediated immune response to xenogeneic
MHC molecules.

. Bone
marrow transplants are susceptible to rejection, and recipients require intense preparatory
immunosuppression.
In addition, T lymphocytes
in the bone marrow graft may respond to alloantigens of the host and cause GVHD. Acute GVHD is
characterized by epithelial cell death in the skin,
intestinal tract, and liver; it may be fatal. Chronic
GVHD is characterized by fibrosis and atrophy of
one or more of these same target organs as well as
the lungs and may also be fatal. Bone marrow
transplant recipients also often develop severe
immunodeficiency, rendering them susceptible to
infections.
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Cancer is a major health problem worldwide and one of
the most important causes of morbidity and mortality in
children and adults. Cancers arise from the uncontrolled
proliferation and spread of clones of transformed cells.
The growth of malignant tumors is determined in large
part by the proliferative capacity of the tumor cells and
by the ability of these cells to invade host tissues and
metastasize to distant sites. The possibility that cancers
can be eradicated by specific immune responses has
been the impetus for a large body of work in the field of

tumor immunology. The concept of immune surveillance, which was proposed by Macfarlan1e Burnet in the
1950s, states that a physiologic function bf the immune
system is to recognize and destroy clone~:oftransformed
cells before they grow into tumors anUJto kill tumors
after they are formed. The existence of immune surveillance has been demonstrated by the incrJased incidence
of some types of tumors in immunocofupromised
experimental animals and humans. Althobgh the overall
importance of immune surveillance ha~ been controversial, it is now clear that the immune sy~tem does react
against many tumors, and exploiting th~se reactions to
specifically destroy tumors remains an important goal of
tumor immunologists. In addition, one df the factors in
the growth of malignant tumors is the ~bility of these
cancers to evade or overcome the mech\inisms of host
defense. In this chapter, we describe thJ types of antigens that are expressed by malignant tJmors, how the
immune system recognizes and responds to these antigens, and the application of immunologi~ approaches to
the treatment of cancer.
I

GENERAL

FEATURES

OF TUMOR

IMMUNITY

Several characteristics of tumor antigens and immune
responses to tumors are fundamental to understanding
tumor immunity and developing strategies for cancer
immunotherapy.

. Tumors express antigens that are recognized as
foreign by the immune system of the tumor-bearing
host. Clinical observations and animal experiments
have established that although tumor cells are
derived from host cells, the tumors elicit immune
responses.
o Histopathologic studies show that many tumors
are surrounded by mononuclear cell infiltrates composed of T lymphocytes, natural killer (NK) cells,
and macrophages, and activated lymphocytes and
macro phages are present in lymph nodes draining
the sites of tumor growth. The presence of lymphocytic infiltrates in some types of melanoma and breast
cancer is predictive of a better prognosis.
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o The first experimental demonstration that tumors
can induce protective immune responses came from
studies of transplanted tumors performed in the
1950s (Fig. 17-1). A sarcoma may be induced in an
inbred mouse by painting its skin with the chemical
carcinogen methylcholanthrene (MCA). If the MCAinduced tumor is excised and transplanted into other
syngeneic mice, the tumor grows. In contrast, if the
tumor is transplanted back into the original host, the
mouse rejects the tumor. The same mouse that had
become immune to its tumor is incapable of rejecting
MCA-induced tumors produced in other mice. Furthermore, T cells from the tumor-bearing animal can
transfer protective immunity to the tumor to another
tumor-free animal. Thus, immune responses to
tumors exhibit the defining characteristics of adaptive immunity, namely, specificity and memory, and
are mediated by lymphocytes.

.

The immunogenicity of tumors implies that tumor
cells express antigens that are recognized as foreign
by the adaptive immune system. As predicted from
the transplantation
experiments, defense against
tumors is mediated mainly by T lymphocytes.

Transplant
tumor cells
into original
tumor-bearing
mouse

No tumor

Tumor
cells

Immune responses frequently fail to prevent the
growth of tumors. There may be several reasons that
anti-tumor immunity is unable to eradicate transformed cells. First, tumor cells are derived from host
cells and therefore resemble normal cells in many
respects. In other words, most tumors express only a
few antigens that may be recognized as nonself, and
as a result, most tumors tend to be weakly immunogenic. Tumors that elicit strong immune responses
include those induced by oncogenic viruses, in which
the viral proteins are foreign antigens, and tumors
induced in animals by potent carcinogens, which
often cause mutations in normal cellular genes. Many
spontaneous tumors induce weak or even undetectable immunity, and studies of such tumors led
to considerable skepticism about the concept of
immune surveillance. In fact, the importance of
immune surveillance and tumor immunity is likely
to vary with the type of tumor. Second, the rapid
growth and spread of tumors may overwhelm the
capacity of the immune system to eradicate tumor
cells, and control of a tumor requires that all the
malignant cells be eliminated. Third, many tumors
have specialized mechanisms
for evading host

Adoptively transfer
T cells into recipient
of tumor transplant

Transplant
tumor cells
into syngeneic
mouse

Tumor

growth
I

growth
I

FIGURE 17-1 Experimental demonstration of tumor immunity. Mice that have been surgicallycured of a chemicalcarcinogen(MCA)induced tumor reject subsequent transplants of the same tumor, whereas the transplanted tumor grows in normal syngeneic mice. The
tumor is also rejected in normal mice that are given adoptive transfer of T lymphocytes from the original tumor-bearing animal.
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immune responses. We will return to these mechanisms later in the chapter.

. The immune system can be activated by external
stimuli to effectively kill tumor cells and eradicate
tumors. As we shall see at the end of the chapter, this
realization has spurred new directions in tumor
immunotherapy in which augmentation of the host
anti-tumor response is the goal of treatment.

TUMOR

ANTIGENS

A variety of tumor antigens that may be recognized by T
and B lymphocytes have been identified in human and
animal cancers. In the experimental situation, as in
MCA-induced mouse sarcomas, it is often possible to
demonstrate that these antigens elicit adaptive immune
responses and are the targets of such responses. Tumor
antigens have also been identified in humans, but the
methods used in this case are generally not suitable for
proving that these antigens can elicit protective immunity to tumors. Nevertheless, it is important to identify
tumor antigens in humans because they may be used as
components of tumor vaccines, and antibodies and
effector T cells generated against these antigens may be
used for immunotherapy.
The earliest classification of tumor antigens was
based on their patterns of expression. Antigens that are
expressed on tumor cells but not on normal cells are
called tumor-specific antigens; some of these antigens
are unique to individual tumors, whereas others are
shared among tumors of the same type. Tumor antigens
that are also expressed on normal cells are called tumorassociated antigens; in most cases, these antigens are
normal cellular constituents whose expression is aberrant or dysregulated in tumors. The modern classification of tumor antigens relies on the molecular structure
and source of the antigens, which is how we will discuss
tumor antigens.
The existence of tumor antigens was first established
by transplantation experiments in animals, as described
earlier. The initial attempts to purify and characterize
these antigens were based on producing monoclonal
antibodies specific for tumor cells and defining the antigens that these antibodies recognized. The antibodies
were made by immunizing mice with tumors from other
species, and most of the anti-tumor antibodies recognized antigens that are shared by different tumors
arising from the same types of cells and that are also
found on some normal cells and benign tumor cells. A
more recently developed approach for identification
of tumor antigens specifically recognized by antibodies
in the serum of cancer patients is called serologic
analysis of recombinant complementary DNA expression (SEREX). In this method, expression libraries
of complementary
DNA (cDNA) derived from a
patient's tumor RNA are screened using the cancer
patient's serum immunoglobulins.
In this way, gene
sequences are obtained, and predicted protein products
are identified.
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Anti-tumor antibodies do not recognize the major
histocompatibility complex (MHC)-associated pep tides
that are the antigens seen byT cells. Tumor antigens that
are recognized byT cells are likely to be the major inducers of tumor immunity and the most promising candidates for tumor vaccines. An important breakthrough in
tumor immunology was the development of techniques
for identifying antigens that are recognized by tumorspecific T lymphocytes (Box 17-1). Much of our knowledge of these antigens is limited to antigens recognized
by CD8+ cytotoxic T lymphocytes (CTLs), and only
recently have attempts been made to identify antigens
that are recognized by CD4+helper cells. Tumor antigens
that are recognized by CD8+T cells are peptides derived
from proteins processed in the cytosol and displayed on
the tumor cell surface bound to class I MHC molecules
(see Chapter 5). In the following section, we describe the
main classes of tumor antigens (Fig. 17-2 and Table
17-1) and use selected examples of human and animal
tumors to illustrate the importance of these antigens in
tumor immunity and their potential as therapeutic
targets.
Products

of Mutated

Genes

Some tumor antigens are produced by oncogenic
mutants of normal cellular genes. Many tumors express
genes whose products are required for malignant
transformation or for maintenance of the malignant
phenotype. Often, these genes are produced by point
mutations, deletions, chromosomal translocations, or
viral gene insertions affecting cellular proto-oncogenes
or tumor suppressor genes. The products of these
altered proto-oncogenes and tumor suppressor genes
are synthesized in the cytoplasm of the tumor cells, and
like any cytosolic protein, they may enter the class I
antigen-processing pathway. In addition, these proteins
may enter the class II antigen-processing
pathway in
antigen-presenting cells (APCs) that have phagocytosed
dead tumor cells. Because these altered genes are not
present in normal cells, peptides derived from them do
not induce self-tolerance and may stimulate T cell
responses in the host. Some patients with cancer have
circulating CD4+and CDa+T cells that can respond to the
products of mutated oncogenes such as Ras and Bcr-Abl
proteins and mutated tumor supressor genes such as
p53. Furthermore,
in animals, immunization
with
mutated Ras or p53 proteins induces CTLs and rejection
responses against tumors expressing these mutants.
However, these proteins do not appear to be major
targets of tumor-specific CTLs in most patients with a
variety of tumors.
Thmor antigens may be produced by randomly
mutated genes whose products are not related to the
transformed phenotype. Tumor antigens that were
defined by the transplantation of carcinogen-induced
tumors in animals, called tumor-specific transplantation antigens (TSTAs), are mutants of various host cellular proteins. Studies with chemically induced rodent
sarcomas, such as those illustrated in Figure 17-1, established that different rodent tumors, all induced by the
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Tumor antigens recognized
by T cells have been identified by two main approaches:
transplantation
of tumors
in rodents and the identification
of peptides recognized
by tumor-specific
CTLs or identification
of the genes
encoding these peptides.
TUMOR TRANSPLANTATION.
Studies of transplanted
tumors in rodents were the first experiments
to indicate

the existence of tumor antigens recognized by T cells.
Initial studies of this type used chemically induced rodent
sarcomas (see Fig. 17-1 and the text), and they demonstrated the existence
of tumor-specific
transplantation
antigens
(TSTAs) that elicited highly specific immune
responses. Another, more recent approach to characterize antigens that stimulate tumor rejection by CTLs relies
on the in vitro mutagenesis
of an established tumorigenic
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mouse cell line and isolation of nontumorigenic
variants
that are rejected on transplantation
into syngeneic mice.
In this system, the tumorigenic
cell line does not express
TSTAs and therefore grows unchecked when it is injected
into a host animal, but the mutagenized
cell line does
express mutant protein antigens that induce its rejection.
The role of CTLs in the rejection process in this model
has been established
by adoptive transfer experiments
and by the propagation
of CTL clones that recognize the
tumor, as discussed
below. The actual genes encoding
the rejection antigens in a few of these tumor variants
have been cloned, by methods described below.
GENERATION
OF TUMOR-SPECIFIC
cn CLONES. The
establishment
of cloned CTL lines that recognize tumor
antigens has been a key advance in the identification
of
tumor antigens because such clones provide sensitive
probes for identifying tumor antigens that are likely to be
important targets of host anti-tumor immune responses.
This approach is particularly valuable for human tumors,
whose immunogenicity
cannot easily be studied by transplantation in animals. Many cloned CTL lines specific for
human tumors, particularly
melanomas,
have been generated from the T cells of patients. Melanomas, which are
malignant tumors of melanocytes,
are often readily accessible, surgically resectable tumors that may be grown in
tissue culture. CTLs specific for these tumors may be
propagated and subsequently
cloned by culturing T cells
from a melanoma
patient with cells derived from the
patient's melanoma.
The T cells can be isolated from
peripheral blood, lymph nodes draining the tumor, or cells
that have actually infiltrated the tumor in vivo. Because
the T cells and the tumor are from the same individual,
the MHC restriction
of the T cells matches the MHC
alleles expressed by the tumor. In these cocultures, CTLs
that recognize peptide antigens displayed by the tumor
cells are stimulated
to grow, and single-cell clones are
propagated
in IL-2 by limiting dilution techniques
(see
Figure).
IDENTIFICATION
OF TUMOR
ANTIGENS
RECOGNIZED BY T CELLS. Identification
of the peptide antigens
that induce CTL responses
in patients with tumors and
identification
of the genes encoding the proteins from
which the peptides are derived have relied on cloned

same carcinogen,

expressed
different
transplantation
antigens.
For example,
an MCA-induced
sarcoma
will
induce protective
immunity
against itself but not against
another MCA-induced
sarcoma, even if both tumors are
derived from the same normal cell type and in the same
mouse. We now know that the tumor antigens identified
by such experiments
are pep tides derived from mutated
self proteins
and presented
in the form of peptide-class
I MHC complexes
capable
of stimulating
CTLs. These
antigens
are extremely
diverse because the carcinogens
that induce the tumors
may randomly
mutagenize
virtually any host gene, and the class I MHC antigenpresenting
pathway
can display
pep tides from any
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tumor-specific
CTL lines. These tumor antigens
have
been identified by two methods. First, a direct biochemical approach is used in which peptides bound to tumor
cell class I MHC molecules are eluted by acid treatment
and fractionated
by reverse-phase
high-performance
liquid chromatography
(HPLC). The fractions are tested
for their ability to sensitize
MHC-matched
nontumor
target cells for lysis by a tumor-specific
CTL clone. This
strategy relies on having a target cell that expresses the
class I MHC molecules for which the CTL clone is specific but does not normally express the tumor antigen,
and on the ability to load these cell surface MHC molecules with the exogenous
HPLC-purified
peptides.
Peptide fractions that do sensitize the target cells are
then analyzed by mass spectroscopy
to determine
their
amino acid sequences.
Once the peptide sequence
is
known, it may be possible to compare it with databases
of protein sequences to see whether it matches with any
previously
characterized
protein
and to determine
whether any point mutations are present in the normal
sequences.
The second method of identifying
tumor antigens is
molecular cloning of the genes encoding these antigens
(see Figure). This method relies on preparing a cDNA
library from a tumor cell line that contains genes encoding all the tumor proteins. The library is prepared in molecular constructs
that will allow constitutive
expression
of
the genes when they are introduced into cell lines. Pools
of DNA from such a library are transfected
into a cell line
expressing
a class I MHC allele also expressed
by the
tumor, and the transfected
cells are tested for sensitivity
to lysis by an anti-tumor CTL clone. The DNA pools that
sensitize
the target cell line contain the gene that
encodes the protein antigen recognized by the CTL clone.
Multiple rounds of transfections
using smaller and smaller
subfractions
of the DNA pool can lead to isolation of the
single relevant gene. The sequence of the gene can then
be determined,
and comparisons
can be made with
known genes. Synthetic peptides corresponding
to different regions of the encoded protein can be tested for
their ability to sensitize target cells in much the same way
as in the peptide elution approach. Both the biochemical
and genetic approaches
have been used successfully
to
identify human melanoma
antigens that stimulate
CTL
responses in the patients with melanoma.

mutated
cytosolic
protein in each tumor. Mutated
cellular proteins
are found more frequently
in chemical
carcinogenor radiation-induced
animal
tumors
than in
spontaneous
human cancers, probably
because chemical carcinogens
and radiation
mutagenize
many cellular
genes. Nevertheless,
TSTAs of experimental
animal
tumors are relevant to the study of human cancers in two
ways. First, the finding
of TSTAs was the first result to
prove that adaptive
immune
responses
may be able to
control
tumors.
Second,
the general
principle
that
mutated
host proteins
can function
as tumor antigens,
which also came from studies of animal TSTAs, has been
demonstrated
in human cancers as well.
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Examples
I

Normal host
cell displaying
multiple MHCassociated
self antigens

Normal
self protein

~~
-

Muta~ed self~~
protein

No T cell
response
Various mutant proteins in
carcinogen
or radiation
induced animal tumors;
various mutated proteins
in melanomas

~~~

Oncogene
products:
Ras, Bcr/Abl
fusion

Product of
oncogene or
mutated tumor
suppressor
gene

Tumor cells
expressing
different
types of
tumor antigens

Tumor suppressor
gene
products:
mutated
p53 protein

Overexpressed:
tyrosinase,
gp100, MART in melanomas.
Aberrantly expressed:
Cancer/testis
antigens
(MAGE, BAG E)

Overexpressed
or aberrantly
expressed
self protein

~ ~
~'

~nCOgeniC

virus

_

Virus
antigenspecific
CD8+ CTL

~

FIGURE

17-2

mutated
forms
genic viruses.

Abnormally

Types of tumor
of normal

self

Expressed

antigens
proteins,

recognized
products

Cellular

mutated
proteins

by T cells.

of oncogenes,

Tumor antigens
overexpressed

Proteins

Tumor antigens may be normal cellular proteins that
are abnormally expressed in tumor cells and elicit
immune responses. Many such antigens have been identified in human tumors, such as melanomas, by the
molecular cloning of antigens that are recognized by T
cells from tumor-bearing patients (see Box 17-1). One
of the surprises that emerged from these studies was
that some tumor antigens are normal proteins that are
produced at low levels in normal cells and overexpressed
in tumor cells (see Table 17-1). One such antigen
is tyrosinase, an enzyme involved in melanin biosynthesis that is expressed only in normal melanocytes
and melanomas. Both class I MHC-restricted COB+CTL
clones and class II MHC-restricted C04+ T cell clones
from melanoma patients recognize peptides derived
from tyrosinase. On face value, it is surprising that these
patients are able to respond to a normal self antigen. The
likely explanation is that tyrosinase is normally produced in such small amounts and in so few cells that it
is not recognized by the immune system and fails to
induce tolerance. The finding of tyrosinase-specific T

Human
papilloma
virus
E6, E7 proteins
in cervical
carcinoma;
EBNA proteins
in EBV-induced
lymphomas

that are recognized
by tumor-specific
or aberrantly
expressed
self proteins,

CD8+ T cells may be
or products
of onco-

cell responses in patients raises the possibility that
tyrosinase vaccines may stimulate such responses to
melanomas; clinical trials with these vaccines are
ongoing.
Cancer/testis antigens are proteins expressed in
gametes and trophoblasts, and in many types of cancers,
but not in normal somatic tissues. The first cancer Itestis
antigens were identified by cloning genes from human
melanomas that encoded cellular protein antigens recognized by melanoma-specific CTL clones derived from
the melanoma-bearing
patients. These were called
MAGE proteins, and they were subsequently found to be
expressed in other tumors in addition to melanomas,
including carcinomas of the bladder, breast, skin, lung,
and prostate, and some sarcomas, as well as in normal
testes. Subsequent to identification of the MAGE genes,
several other unrelated gene families have been identified that encode melanoma antigens recognized by CTL
clones derived from melanoma patients. Like the MAGE
proteins, these other melanoma antigens are silent in
most normal tissues, except the testes or trophoblasts
in the placenta, but they are expressed in a variety of
malignant tumors. There are now over 44 different
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Antigens

Examples of human tumor antigens

Type of antigen
I

I

Products
of oncogenes,
tumor
suppressor
genes

Oncogenes:
Ras mutations (-10% of human carcinomas),
p210 product of Bcr/Abl
rearrangements
(CML), overexpressed
Her-2/neu (breast and other carcinomas)
------------------------.-----------------------------------------------------------Tumor supressor genes: mutated p53 (present in -50% of human tumors)

Mutants of cellular
genes not involved
tumorigenesis

p91 A mutation in mutagenized murine mastocytoma;
melanomas recognized by CTLs

in

Products
of genes
that are silent in
most normal tissues

Cancer/testis

Products
of
overexpressed

Tyrosinase,

Products
viruses

antigens expressed in melanomas

expressed

mainly

and many carcinomas;

in the testis and placenta

gp100, MART in melanomas

(normally expressed in melanocytes)

genes

of oncogenic

Oncofetal

normally

various mutated proteins in

antigens

Papillomavirus E6 and E7 proteins (cervical carcinomas)
.--------------------.------------------------------------------------_.------------EBNA-1 protein of EBV (EBV-associated lymphomas, nasopharyngeal carcinoma)
---------------------------_.-.-.------------------------------------------------.--SV40 T antigen (SV40-induced rodent tumors)
Carcinoembryonic
antigen (CEA) on many tumors, also expressed in liver and
other tissues

during

inflammation

-----------------------------------------------------------------------------------.Alpha-fetoprotein
(AFP)
Glycolipids
glycoproteins

and

Differentiation
antigens
normally
present in
tissue of origin

GM2, GD2 on melanomas
Prostate-specific antigen
------------------------------------------------------------------------------------Markers of lymphocytes: CD1 0, CD20, Ig idiotypes on B cells

Abbreviations:
CML, chronic myelogenous
leukemia; CTL, cytotoxic T lymphocyte;
EBNA, Epstein-Barr
nuclear antigen; EBV, Epstein-Barr
virus; Ig, immunoglobulin;
MART, melanoma antigen recognized
by T cells.

cancer/testis antigen families identified. About half are
encoded by genes on the X-chromosome, while the rest
are encoded by genes distributed throughout the
genome. Although some cancer/testis antigens have
been shown to regulate transcription or translation of
other genes, the functions of most cancer/testis antigens
are unknown. In general, they are not required for the
malignant phenotype of the cells, and their sequences
are identical to the corresponding genes in normal cells;
that is, they are not mutated. Several X-linked cancer!
testis antigens are currently being used in tumor vaccine
trials.
Antigens

of Oncogenic

Viruses

The products of oncogenic viruses function as tumor
antigens and elicit specific T cell responses that may
serve to eradicate the tumors. DNA viruses are implicated in the development of a variety of tumors in
humans
and experimental
animals. Examples in
humans include the Epstein-Barr virus (EBV), which is
associated with B cell lymphomas and nasopharyngeal
carcinoma (Box 17-2), and human papillomavirus

(HPV), which is associated with cervical carcinoma.
Papovaviruses, including polyomavirus and simian virus
40 (SV40), and adenoviruses induce malignant tumors in
neonatal or immunodeficient
adult rodents. In most
of these DNA virus-induced
tumors, virus-encoded
protein antigens are found in the nucleus, cytoplasm, or
plasma membrane of the tumor cells. These endogenously synthesized proteins can be processed, and complexes of processed viral peptides with class I MHC
molecules may be expressed on the tumor cell surface.
Because the viral peptides are foreign antigens, DNA
virus-induced tumors are among the most immunogenic tumors known.
The ability of adaptive immunity to prevent the
growth of DNA virus-induced tumors has been established by many observations.
o EBV-associated lymphomas and HPV-associated
skin and cervical cancers arise more frequently in
immunosuppressed individuals, such as allograft
recipients receiving immunosuppressive therapy and
patients with acquired immunodeficiency syndrome
(AIDS).than in normal individuals.
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EBV is a double-stranded
DNA virus of the herpesvirus
family. The virus is transmitted
by saliva, infects nasopharyngeal epithelial cells and B lymphocytes,
and is ubiquitous in human populations worldwide.
It infects human B
cells by binding specifically to complement
receptor type
2 (CR2, or C021), followed by receptor-mediated
endocytosis and fusion of the viral envelope with the endosomal membrane.
Two types of cellular infections
can
occur. In a lytic infection, viral DNA, RNA, and protein are
synthesized,
followed by assembly of viral particles and
lysis of the infected cell. Alternatively,
a latent non lytic
infection can occur in which the viral DNA is maintained
as an episome in infected cells. Various virally encoded
antigens are detectable
in infected cells. At least six
Epstein-Barr
nuclear antigens
(EBNAs) are expressed
early in lytic infections
and may also be expressed
by
some latently infected cells. Two other proteins, called
latent membrane
proteins (LMPs), are expressed on the
surface of latently infected cells. Viral antigens are typically expressed in infected naive and recently activated B
cells but not in memory
B cells. Other viral structural
protein antigens, including viral capsid antigens (VCAs),
are expressed within infected cells and on released viral
particles during lytic infections.
EBV has profound effects on B lymphocyte
growth
in vitro. The virus is a T cell-independent
polyclonal
activator of B cell proliferation.
EBV immortalizes
human
B cells so that they proliferate
in culture indefinitely.
The resulting long-term
B Iymphoblastoid
cell lines are
latently infected
with the virus, express EBNAs and
LMPs, and have a malignant phenotype as demonstrated
by transplantation
into immunodeficient
mice. Five
EBNAs and LMP-1 have been shown to be critical for
transforming
B lymphocytes
into immortal cells. The cytoplasmic tail of LMP-1 binds the physiologic signaling molecules TRAF-1 and TRAF-2, which normally transduce
signals resulting from engagement
of TNF receptors and
the important
B cell activation
molecule
C040 (see
Chapter 12, Box 12-1). By this mechanism,
EBVappears
to have co-opted a normal B cell activation pathway to
promote proliferation of the cells that the virus infects and
lives in.
The spectrum of clinical sequelae to EBV infection is
wide. Most people are infected during childhood; they do
not experience
any symptoms,
and viral replication
is
apparently
controlled
by humoral and T cell-mediated
immune
responses.
In previously
uninfected
young
adults, infectious mononucleosis
typically develops after
EBV infection.
This disease is characterized
by sore
throat, fever, and generalized
lymphadenopathy.
Large
morphologically
atypical lymphocytes
are abundant in the
peripheral blood of patients with infectious mononucleosis. Most of these cells are CTLs; in fact, in acute infections, up to 10% of all the C08+ T cells in the blood may
be EBV specific, and small numbers of these CTLs may
persist for life. Previously
infected,
healthy individuals
harbor the virus for the rest of their lives in latently
infected B cells and often in nasopharyngeal
epithelium.

An estimated one of every million B cells in a previously
infected individual is latently infected. Importantly,
EBV
infection is one of the etiologic factors for the development of certain malignant tumors, including nasopharyngeal
carcinoma
in Chinese
populations,
Burkitt's
lymphoma in equatorial Africa, and B cell lymphomas
in
immunosuppressed
patients.
The evidence
is compelling
that T cell-mediated
immunity is required for control of EBV infections and, in
particular, for killing of EBV-infected
B cells. First, individuals with deficiencies
in T cell-mediated
immunity
are
susceptible
to uncontrolled,
widely disseminated,
and
lethal acute EBV infections. Second, EBV-infected
B cells
isolated from patients with infectious mononucleosis
can
be propagated in vitro indefinitely, but only if the patient's
T cells are removed or inactivated
by drugs such as
cyclosporine.
In fact, immortalization
of normal peripheral
blood B cells by in vitro infection with EBV is successful
only if the donor's T cells are removed or inactivated.
Third, CTLs specific for EBV-encoded antigens, including
EBNAs and LMp, are present in patients suffering from
acute infectious mononucleosis
and recovered patients.
Cloned CTL lines have been established
in vitro that
specifically
lyse EBV-infected
B cells, and these CTLs
most often recognize peptide fragments of EBNA or LMP
proteins in association with class I MHC molecules. EBVspecific T cells are required in vivo to limit the number of
infected B cells, but latently infected B cells can be found
in up to 90% of people worldwide.
A loss of normal T
cell-mediated
immunity allows these infected B cells to
progress toward malignant
transformation.
Infusion of
EBV-specific CTLs restores the normal balance and provides protection against the growth of malignant B cell
tumors.
The epidemiology
and molecular genetics of Burkitt's
lymphoma
and other EBV-associated
lymphomas
have
been the subject of intense investigation,
and they offer
fascinating
insight into various aspects of viral oncogenesis and tumor immunity.
Burkitt's lymphoma
is a
histologic type of malignant B cell tumor composed
of
monotonous
small malignant
B cells. The African form
of the disease is endemic in regions where both EBV
and malaria infection are common. In these regions, the
tumor occurs frequently
in young children, often beginning in the jaw. Virtually 100% of patients with African
Burkitt's lymphoma have evidence of previous EBV infection, and their tumors usually carry the EBV genome and
express EBV-encoded antigens. Malarial infections in this
population are known to cause T cell immunodeficiencies, and this association
may be the link between EBV
infection and the development
of lymphoma.
Sporadic
Burkitt's lymphoma occurs less frequently
in other parts
of the world, and although these B cell tumors are histologically similar to the endemic form, only about 20%
carry the EBV genome.
Both endemic
and sporadic
Burkitt's lymphoma
cells have reciprocal chromosomal
translocations
involving Ig gene loci and the cellular MYC
gene on chromosome
8.
--
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B cell lymphomas
occur at a high frequency
in T
cell-immunodeficient
individuals,
including
individuals
with congenital immunodeficiencies,
patients with AIDS,
and kidney or heart allograft recipients receiving immunosuppressive
drugs. Only some of these tumors can be
called Burkitt's
lymphomas
on the basis of histology.
Regardless of their histologic appearance, many of these
tumors are latently infected with EBV, like Burkitt's lymphoma. A smaller subset also contains MYC translocations to Ig loci.
These observations
can be synthesized
into a hypothesis about the pathogenesis
of EBV-associated
B cell
tumors. African children with malaria, allograft recipients,
congenitally
immunodeficient
children, and AIDS patients
all have abnormalities
in T cell function. Because of a deficiency of EBV-specific
T cells, EBV-induced
polyclonal
proliferation
of B cells is uncontrolled.
This exuberant proliferation of B cells increases the chances of errors made
during DNA replication,
including translocations
of oncogenes. The Ig loci are accessible sites for translocations

compared with other loci in B cells. Translocation
of the
MYC gene to the Ig locus leads to transcriptional
deregulation and abnormal expression of MYC, and this alteration appears
to be causally
related to malignant
transformation
and outgrowth
of a neoplastic clone of
cells. Many EBV-positive
tumors in immunosuppressed
patients do not have MYC translocations,
and the proteins encoded by the integrated EBV genome may be sufficient to cause lymphomas.
This proposed
scheme
predicts that early in their course, EBV-associated
B
cell tumors may be polyclonal because they arise from
a polyclonally
stimulated
population
of normal B cells.
Later, one or a few clones may obtain selective growth
advantages,
perhaps because of deregulation
of MYC or
other cellular or viral genes. As a result, the polyclonal
proliferation
evolves into a monoclonal
or oligoclonal
tumor. In fact, such has been shown to be the case by
Southern blot analysis of Ig gene rearrangements
in some
EBV-positive
B cell tumors
from immunosuppressed
patients.

o Adenovirus
infection
quently in neonatal
normal adult mice.

1 (HTLV-I), the etiologic agent for adult T cell
leukemia/lymphoma
(ATL), a malignant tumor of C04+
T cells. Although immune responses specific for HTLVI-encoded antigens have been demonstrated in individuals infected with the virus, it is not clear whether
they play any role in protective immunity against the
development of tumors. Furthermore, patients with ATL
are often profoundly immunosuppressed,
probably
because the virus infects C04+ T cells and induces functional abnormalities in these cells.

o Tumor

much more fremice than in

of the kind
that animals
may
be specifically
immunized
against
DNA
virus-induced
tumors and will reject transplants
of
these tumors. Unlike MCA-induced
tumor antigens,
which are the products of randomly
mutated cellular
genes, virus-encoded
tumor antigens are not unique
for each tumor but are shared by all tumors induced
by the same type of virus.

illustrated

transplantation

induces tumors
or T cell-deficient
experiments

in Figure 17-1 have shown

o Immunization
of experimental
animals with SV40
virus and adenovirus
produces protective
immunity
against the development
of tumors induced by each
virus, and immunity
is mediated
by class I MHCrestricted CTLs specific for the antigens of that virus.
o Immunization
of women with human papillomavirus
(HPV) coat proteins prevents the development
of precancerous lesions in the uterine cervix.
Thus, a competent
immune
system may playa role in
surveillance
against virus-induced
tumors because of its
ability to recognize
and kill virus-infected
cells. In fact,
the concept
of immune
surveillance
against tumors is
better established
for DNA virus-induced
tumors than
for any other type of tumor.
RNA tumor
viruses
(retroviruses)
are important
causes of tumors in animals.
Retroviral
oncogene
products theoretically
have the same potential
antigenic
properties
as mutated
cellular oncogenes,
and humoral
and cell-mediated
immune
responses
to retroviral
gene
products
on tumor cells can be observed experimentally.
The only well-defined
human
retrovirus
that is known
to cause tumors
is human
T cell lymphotropic
virus

Oncofetal

Antigens

Oncofetal antigens are proteins that are expressed at
high levels in cancer cells and in normal developing
fetal but not adult tissues. It is believed that the genes
encoding these proteins are silenced during development and are derepressed with malignant transformation. Oncofetal antigens are identified with antibodies
raised in other species, and their main importance is
that they provide markers that aid in tumor diagnosis. As
techniques for detecting these antigens have improved,
it has become clear that their expression in adults is not
limited to tumors. The proteins are increased in tissues
and in the circulation in various inflammatory conditions and are found in small quantities even in normal
tissues. There is no evidence that oncofetal antigens are
important inducers or targets of anti-tumor immunity.
The two most thoroughly characterized oncofetal antigens are carcinoembryonic
antigen (CEA) and afetoprotein (AFP).
CEA (C066) is a highly glycosylated integral membrane protein that is a member of the immunoglobulin
(lg) superfamily. It is an intercellular adhesion molecule
that functions to promote the binding of tumor cells to
one another. High CEA expression is normally restricted
to cells in the gut, pancreas, and liver during the first two
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trimesters of gestation, and low expression is seen in
normal adult colonic mucosa and the lactating breast.
CEA expression is increased in many carcinomas of the
colon, pancreas, stomach, and breast, and serum levels
are increased in these patients. The level of serum CEA
is used to monitor the persistence or recurrence of
the tumors after treatment. The usefulness of CEA as a
diagnostic marker for cancer is limited by the fact
that serum CEA can also be elevated in the setting of
non-neoplastic diseases, such as chronic inflammatory
conditions of the bowel or liver.
AFP is a circulating glycoprotein normally synthesized and secreted in fetal life by the yolk sac and
liver. Fetal serum concentrations can be as high as 2
to 3 mg/mL, but in adult life, the protein is replaced
by albumin, and only low levels are present in serum.
Serum levels of AFP can be significantly elevated in
patients with hepatocellular
carcinoma, germ cell
tumors, and, occasionally, gastric and pancreatic
cancers. An elevated serum AFP level is a useful indicator of advanced liver or germ cell tumors or of recurrence
of these tumors after treatment. Furthermore, the detection of AFP in tissue sections by immunohistochemical
techniques can help in the pathologic identification of
tumor cells. The diagnostic value of AFP as a tumor
marker is limited by the fact that elevated serum levels
are also found in non-neoplastic diseases, such as cirrhosis of the liver.
Altered Glycolipid
and
Glycoprotein
Antigens
Most human and experimental tumors express higher
than normal levels or abnormal forms of surface glycoproteins and glycolipids, which may be diagnostic
markers and targets for therapy. These altered molecules include gangliosides, blood group antigens, and
mucins. Some aspects of the malignant phenotype of
tumors, including tissue invasion and metastatic behavior, may reflect altered cell surface properties that result
from abnormal glycolipid and glycoprotein synthesis.
Many antibodies have been raised in animals that recognize the carbohydrate groups or peptide cores ofthese
molecules. Although most of the epitopes recognized by
these antibodies are not specifically expressed on
tumors, they are present at higher levels on cancer cells
than on normal cells. This class of tumor-associated
antigen is a target for cancer therapy with specific
antibodies.
Among the glycolipids expressed at high levels in
melanomas are the gangliosides GM2, G02, and G03.
Clinical trials of anti-GM2 and anti-G03 antibodies and
immunization with vaccines containing GM2 are under
way in patients with melanoma. Mucins are high molecular weight glycoproteins containing numerous 0linked carbohydrate side chains on a core polypeptide.
Tumors often have dysregulated expression of the
enzymes that synthesize these carbohydrate side chains,
which leads to the appearance of tumor-specific epitopes on the carbohydrate side chains or on the abnormally exposed polypeptide core. Several mucins have

been the focus of diagnostic and therapeutic studies,
including CA-125 and CA-19-9, expressed on ovarian
carcinomas, and MUC-l, expressed on breast carcinomas. Unlike many mucins, MUC-l is an integral membrane protein that is normally expressed only on the
apical surface of breast ductal epithelium, a site that is
relatively sequestered from the immune system. In
ductal carcinomas of the breast, however, the molecule
is expressed in an unpolarized fashion and contains
new, tumor-specific carbohydrate and peptide epitopes
detectable by mouse monoclonal
antibodies. The
peptide epitopes induce both antibody and T cell
responses in cancer patients and are therefore being
considered as candidates for tumor vaccines.
Tissue-Specific

Differentiation

Antigens

Tumors express molecules that are normally present on
the cells of origin. These antigens are called differentiation antigens because they are specific for particular lineages or differentiation stages of various cell types. Their
importance is as potential targets for immunotherapy
and for identifying the tissue of origin of tumors. For
example, several melanoma antigens that are targets of
CTLs in patients are melanocyte differentiation antigens, such as tyrosinase, mentioned earlier. Lymphomas
may be diagnosed as B cell-derived tumors by the detection of surface markers characteristic of this lineage,
such as COlD (previously called common acute lymphoblastic leukemia antigen, or CALLA) and C020.
Antibodies against these molecules are also used for
tumor immunotherapy. The idiotypic determinants of
the surface Ig of a clonal B cell population are markers
for that B cell clone because all other B cells express different idiotypes. Therefore, the 19 idiotype is a highly
specific tumor antigen for B cell lymphomas and
leukemias. These differentiation antigens are normal self
molecules, and therefore they do not usually induce
strong immune responses in tumor-bearing hosts.

IMMUNE

RESPONSES

TO TUMORS

The effector mechanisms of both innate and adaptive
immunity have been shown to kill tumor cells in vitro.
The challenge for tumor immunologists is to determine
which of these mechanisms may contribute to protective immune responses against tumors in vivo, and to
enhance these effector mechanisms in ways that are
tumor specific. In this section, we review the evidence
for tumor killing by various immune effector mechanisms and discuss which are the most likely to be relevant to human tumors.
Innate

Immune

Responses

to Tumors

Much of the early research on functions of effector cells
of the innate immune system, including NK cells and
macrophages, focused on the ability of these cells to kill
cultured tumor cells.

Chapter17-

NK Cells
NK cells kill many types of tumor cells, especially cells
that have reduced class I MHC expression but do express
ligands for NK cell activating receptors. In vitro, NK cells
can kill virally infected cells and certain tumor cell lines,
especially hematopoietic tumors. NK cells also respond
to the absence of class I MHC molecules because the
recognition of class I MHC molecules delivers inhibitory
signals to NK cells (see Chapter 2, Fig. 2-10). As we shall
see later, some tumors lose expression of class I MHC
molecules, perhaps as a result of selection against class
I MHC-expressing cells by CTLs. This loss of class I MHC
molecules makes the tumors particularly good targets
for NK cells. Some tumors also express MICA, MICB, and
ULB, which are ligands for the NKG2D activating receptor on NK cells. In addition, NK cells can be targeted to
IgG antibody-coated
cells by Fe receptors (FcyRIII or
CD16). The tumoricidal capacity ofNK cells is increased
by cytokines, including interferons and interleukins
(lL-2 and IL-12), and the anti-tumor effects of these
cytokines are partly attributable to stimulation ofNK cell
activity. IL-2-activated NK cells, called lymphokineactivated killer (LAK) cells, are derived by culturing
peripheral blood cells or tumor-infiltrating lymphocytes
(TILs) from tumor patients with high doses of IL-2. The
use of LAKcells in adoptive immunotherapy for tumors
is discussed later.
The role of NK cells in tumor immunity in vivo is
unclear. It has been suggested that T cell-deficient mice
do not have a high incidence of spontaneous tumors
because they have normal numbers of NK cells that
serve an immune surveillance function. A few patients
have been described with deficiencies ofNK cells and an
increased incidence of EBV-associated lymphomas.
Macrophages
The role of macrophages in anti-tumor immunity is
largely inferred from the demonstration that, in vitro,
activated macrophages
can kill many tumor cells
more efficiently than they can kill normal cells. How
macrophages are activated by tumors is not known.
Possible mechanisms
include direct recognition of
some surface antigens of tumor cells and activation
of macrophages by interferon-y (lFN-y) produced by
tumor-specific T cells. Macrophages can kill tumor cells
by several mechanisms, probably the same as the mechanisms of macrophage killing of infectious organisms.
These mechanisms include the release of lysosomal
enzymes, reactive oxygen species, and nitric oxide. Activated macro phages also produce the cytokine tumor
necrosis factor (TNF), which was first characterized, as
its name implies, as an agent that can kill tumors mainly
by inducing thrombosis in tumor blood vessels.

Adaptive

Immune Responses

to Tumors

Both T cell-mediated and humoral immune responses
occur spontaneously to tumors, and some evidence suggests that the T cell responses playa protective role. Par-
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ticular efforts are now being made to enhance these T
cell responses in immunotherapeutic
protocols.

T Lymphocytes
The principal mechanism of tumor immunity is killing
of tumor cells by CDs+ CTLs. The ability of CTLs to
provide effective anti-tumor immunity in vivo is most
clearly seen in animal experiments using carcinogeninduced and DNA virus-induced tumors. As discussed
previously, CTLs may perform a surveillance function by
recognizing and killing potentially malignant cells t~at
express peptides derived from mutant cellular protems
or oncogenic viral proteins and presented in association
with class I MHC molecules. The role of immune surveillance in preventing common, non-virally induced
tumors remains controversial because the frequency of
such tumors in T cell-deficient animals or people is not
clearly greater than the frequency in immunocompetent individuals. However, tumor-specific CTLs can be
isolated from animals and humans with established
tumors, such as melanomas. Furthermore, mononuclear cells derived from the inflammatory infiltrate in
human solid tumors, called TILs, also include CTLs with
the capacity to kill the tumor from which they were
derived.
CDs+T cell responses specific for tumor antigens may
require cross-presentation of the tumor antigens by professional APCs, such as dendritic cells. Most tumor cells
are not derived from APCs and therefore do not express
the costimulators needed to initiate T cell responses or
the class II MHC molecules needed to stimulate helper
T cells that promote the differentiation of CD8+ T cells.
A likely possibility is that tumor cells or their antigens
are ingested by host APCs, particularly dendritic cells;
the tumor antigens are then processed inside the APCs,
and peptides derived from these antigens are displayed
bound to class I MHC molecules for recognition by CD8+
T cells. The APCs express co stimulators that may provide
the signals needed for differentiation of CD8+T cells into
anti-tumor CTLs, and the APCs express class II MHC
molecules that may present internalized tumor antigens
and activate CD4+ helper T cells as well (Fig. 17-3). This
process of cross-presentation,
or cross-priming, h~s
been described in earlier chapters (see Chapter 9, FIg.
9-3). Once effector CTLs are generated, they are able to
recognize and kill the tumor cells without a requirement
for costimulation. A practical application of the concept
of cross-priming is to grow dendritic cells from a patient
with cancer, incubate the APCs with the cells or antigens
from that patient's tumor, and use these antigen-pulsed
APCs as vaccines to stimulate anti-tumor T cell
responses.
The importance of CD4+ helper T cells in tumor
immunity is less clear. CD4+cells may playa role in antitumor immune responses by providing cytokines for
effective CTL development (see Chapter 13). In addition,
helper T cells specific for tumor antigens may secrete
cytokines, such as TNF and IFN-y, that can increase
tumor cell class I MHC expression and sensitivity to lysis
by CTLs. IFN-y may also activate macro phages to kill
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FIGURE 17-3 Induction of T cell responses

to tumors. CDB+ T cell responses to tumors may be induced by cross-priming
(crosspresentation),
in which the tumor cells or tumor antigens are taken up, processed, and presented to T cells by professional
antigen-presenting cells (APCs). In some cases, 87 costimulators
expressed by the APCs provide the second signals for differentiation
of CDB+ T cells.
The APCs may also stimulate CD4+ helper T cells, which provide the second signals for CTL development.
Differentiated
CTLs kill tumor
cells without a requirement
for costimulation
or T cell help. (The roles of cross-presentation
and CD4+ helper T cells in CTL responses are
discussed in Chapter 9).

tumor cells. The importance of IFN -y in tumor immunity
is demonstrated by the finding of increased incidence of
tumors in knockout mice lacking this cytokine, the IFNy receptor, or components of the IFN-y receptor signaling cascade.
Antibodies
Tumor-bearing hosts may produce antibodies against
various tumor antigens. For example. patients with EBVassociated lymphomas have serum antibodies against
EBV-encoded antigens expressed on the surface of the
lymphoma cells. Antibodies may kill tumor cells by
activating complement or by antibody-dependent
cellmediated cytotoxicity, in which Fe receptor-bearing
macrophages or NK cells mediate the killing. However,
the ability of antibodies to eliminate tumor cells has been
demonstrated largely in vitro. and there is little evidence
for effective humoral immunity against tumors.
Antibodies specific for oncogenic viruses, such as
HPV; can prevent infection by these viruses and thereby
prevent virally induced tumors.
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Many malignant tumors possess mechanisms that
enable them to evade or resist host immune responses
(Fig. 17-4). A major focus of tumor immunology is to
understand
the ways in which tumor cells evade
immune destruction, with the hope that interventions
can be designed to increase the immunogenicity of
tumors and the responses of the host. The process of
evasion may involve many different mechanisms. Experimental evidence in mouse models indicates that
immune responses to tumor cells impart selective pressures that result in the survival and outgrowth of variant
tumor cells with reduced immunogenicity, a process
that has been called "tumor editing."

tumor antigen

Antigen-loss
variant of tumor

cell
..

en
....

,

O

~..
~

~

Lack o! ! cell
recognition of
tumor

o ------------------------------------------------------E
::1 Mutations in MHC genes or genes needed

-

.c>-

§
aj

BY TUMORS

specificfor

MHC
molecule

Failure to produce tumor antigen

'(jj

EVASION OF IMMUNE RESPONSES

Tum:r~
antigen

T cell recognition
of tumor antigen
leading to T cell
activation

for antigen processing
Class I
MHC-deficient
tumor cell

~

~~
::1

E
E

Lack of T cell
recognition of
tumor

Production of immunosuppressive
proteins

.
\"

Inhibition of
T cell activation
-g.o-Immunosuppressive

cytokines

FIGURE 17-4 Mechanisms
by which tumors escape immune
defenses. Anti-tumor
immunity
develops when T cells recognize
tumor antigens and are activated. Tumor cells may evade immune
responses by losing expression of antigens or MHC molecules or
by producing immunosuppressive
cytokines.
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o When tumors are induced by carcinogen-treatment
in either immunodeficient or immunocompetent
mice, and the tumors are then transplanted into new
immunocompetent
mice, the tumors that were
derived from the immunodeficient mice are more frequently rejected by the recipient animal's immune
system than are the tumors derived from the
immunocompetent mice. This result indicates that
tumors developing in the setting of a normal immune
system become less immunogenic over time.

Tumor antigens may induce specific immunological
tolerance. Tolerance may occur because tumor antigens are self antigens encountered by the developing
immune system or because the tumor cells present
their antigens in a tolerogenic form to mature lymphocytes. Several experimental studies have shown
that tolerance to tumor antigens promotes the outgrowth of tumors expressing these antigens.
o Neonatal mice may acquire the mouse mammary
tumor virus from their mothers during nursing. The
mice become tolerant to the virus and carry it for life.
When these mice become adults, mammary cancers
induced by the virus often develop, and the tumors
do not elicit immune responses. However, the tumors
are potentially immunogenic because they are
rejected when they are transplanted into syngeneic,
virus-free (uninfected) adult mice.

.

Tumors may fail to induce CTLs because most tumor
cells do not express costimulators or class II MHC
molecules. Costimulators are required for initiating T
cell responses, and class II molecules are needed for
the activation of helper T cells, which are required, in
some circumstances, for the differentiation of CTLs.
Therefore, the induction of tumor-specific T cell
responses often requires cross-priming by dendritic
cells, which express co stimulators and class II molecules. If such APCs do not adequately take up and
present tumor antigens and activate helper T cells,
CTLs specific for the tumor cells may not develop.
Tumor cells transfected with genes encoding the
co stimulators 87-1 (CD80) and 87-2 (CD86) are able
to elicit strong cell-mediated immune responses. Predictably, CTLs induced by 87-transfected tumors are
effective against the parent (87-negative) tumor as
well because the effector phase of CTL-mediated
killing does not require costimulation (see Fig. 17-3).
As we shall see later, these experimental results
are being extended to the clinical situation as
immunotherapy for tumors.

.

The products of tumor cells may suppress anti-tumor
immune responses. An example of an immunosuppressive tumor product is transforming growth
factor-~, which is secreted in large quantities by many
tumors and inhibits the proliferation and effector
functions of lymphocytes and macrophages (see
Chapter 12). Some tumors express Fas ligand (FasL),
which recognizes the death receptor Fas on leukocytes that attempt to attack the tumor; engagement
of Fas by FasL may result in apoptotic death of the
leukocytes. The importance of this mechanism of

o Transgenic mice expressing the SV40 T antigen
throughout their lives develop tumors when they are
infected with the SV40 virus, and the high incidence
of these tumors correlates with tolerance to the SV40
T antigen. In contrast, other SV40 T antigen transgenic mice in which expression of the transgene is
delayed until later in life are not tolerant to the T
antigen and have a low incidence of tumors.
o In some experimental models, tumor cells transplanted into adult mice induce anergy in T cells specific for antigens expressed in these tumors.
Immunity against the tumors may be stimulated by
blocking CTLA-4,the inhibitory T cell receptor for 87
molecules. This result suggests that the tumor antigens may be presented to host T cells by APCs that
induce T cell tolerance, in part as a result of 87: CTLA4 interactions (see Chapter 11).
.

Regulatory T cells may suppress T cell responses to
tumors. Evidence from mouse model systems and
cancer patients indicates that the numbers of regulatory T cells are increased in tumor-bearing individuals, and these cells can be found in the cellular
infiltrates in certain tumors. Depletion of regulatory
T cells in tumor-bearing mice enhances antitumor
immunity and reduces tumor growth.

. Tumors lose expression of antigens that elicit
immune

responses. Such "antigen loss variants" are

TO TUMORS

common in rapidly growing tumors and can readily
be induced in tumor cell lines by culture with tumorspecific antibodies or CTLs. Given the high mitotic
rate of tumor cells and their genetic instability, mutations or deletions in genes encoding tumor antigens
are common. If these antigens are not required for
growth of the tumors or maintenance of the transformed phenotype, the antigen-negative tumor cells
have a growth advantage in the host. Analysis of
tumors that are serially transplanted from one animal
to another has shown that the loss of antigens
recognized by tumor-specific CTLs correlates with
increased growth and metastatic potential. Apart
from tumor-specific antigens, class I MHC expression
may be down-regulated on tumor cells so that they
cannot be recognized by CTLs. Various tumors
show decreased synthesis of class I MHC molecules,
~2-microglobulin, or components of the antigenprocessing machinery, including the transporter
associated with antigen processing and some subunits of the proteasome. These mechanisms are presumably adaptations of the tumors that arise in
response to the selection pressures of host immunity,
and they may allow tumor cells to evade T cellmediated immune responses. However, when the
level of MHC expression on a broad range of experimental or human tumor cells is compared with the in
vivo growth of these cells, there is no clear correlation.

Tumor editing is thought to underlie the emergence of tumors that "escape" immunosurveillance.
Tumor editing and escape may be a result of several
mechanisms.

.
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tumor escape is not established because FasL nas
been detected on only a few spontaneous tumors,
and when it is expressed in tumors by gene transfection, it is not always protective.
.

The cell surface antigens of tumors may be hidden
from the immune system by glycocalyx molecules,
such as sialic acid-containing mucopolysaccharides.
This process is called antigen masking and may be a
consequence of the fact that tumor cells often express
more of these glycocalyx molecules than normal cells
do.

the most tumor-specific treatment that can be devised.
Advances in our understanding of the immune system
and in defining antigens on tumor cells have encouraged
many new strategies. Immunotherapy for tumors aims
to augment the weak host immune response to the
tumors (active immunity) or to administer tumorspecific antibodies or T cells, a form of passive immunity. In this section, we describe some of the modes of
tumor immunotherapy that have been tried in the past
or are currently being investigated.
Stimulation
Responses

IMMUNOTHERAPY

FOR TUMORS

The potential for treating cancer patients by immunologic approaches has held great promise for oncologists
and immunologists for many years. The main reason for
interest in an immunologic approach is that current
therapies for cancer rely on drugs that kill dividing cells
or block cell division, and these treatments have severe
effects on normal proliferating cells. As a result, the
treatment of cancers causes significant morbidity and
mortality. Immune responses to tumors may be specific
for tumor antigens and will not injure most normal cells.
Therefore, immunotherapy has the potential of being

of Active
to Tumors

Host

Immune

The earliest attempts to boost anti-tumor immunity
relied on nonspecific immune stimulation.
More
recently, vaccines composed of killed tumor cells or
tumor antigens have been administered to patients, and
strategies for enhancing immune responses against the
tumor are being developed.

Vaccination with Tumor Cells and
Tumor Antigens
Immunization of tumor-bearing individuals with killed
tumor cells or tumor antigens may result in enhanced
immune responses against the tumor (Table 17-2 and

Table 17-2. Tumor Vaccines

Type of vaccine

Vaccine preparation

Animal

models

Killedtumor
vaccine

Killed

Melanoma,
others

colon

tumor

cells

+

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~_~tu_~~~~~

Tumor ceillysates
adjuvants

Purified
antigens

Melanoma

tumor

Cytokineand
costimulatorenhanced
vaccines

DNA vaccines
Viral vectors

Abbreviations:

cancer,

- - - - - - - - - - - - - - - - - - - - - - - - - - --

+

Sarcoma

antigens

Melanoma

-----------------------------

- - - - - - - ---

Dendritic
cells
tumor antigens

Melanoma,
lymphoma,

B cell
sarcoma

Dendritic cells transfected
with genes encoding
tumor antigens

Melanoma,

colon

Tumor cells transfected
with cytokine or B7 genes

Renal cancer, sarcoma,
B cell leukemia,
lung cancer

Heat

Professional
APCbased vaccines

Clinical trials

shock

proteins

pulsed

with

Various

- - - - - - - - - - - - - - - - --

Melanoma,

colon cancer

Melanoma
Melanoma
-.---------------------------Melanoma,
renal cancer,
sarcoma
Melanoma,
lymphoma,
others

cancer

Various

non-Hodgkin's
prostate
cancer,
carcinomas

Melanoma,

sarcoma,

APCs transfected
with
cytokine genes and pulsed
with tumor antigens

Melanoma,
others

renal cancer,

Immunization

Melanoma

encoding

Adenovirus,
encoding
cytokines

APC, antigen-presenting

with plasm ids Melanoma

tumor antigens

vaccinia virus

tumor antigen
cell.

I

:!:

Melanoma, sarcoma

Melanoma

others
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FIGURE 17-5 Tumor vaccines.
The types of tumor vaccines that
have shown efficacy in animal
models are illustrated. Many vaccine approaches are undergoing
clinical testing.
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Fig. 17-5). The identification of pep tides recognized by
tumor-specific CTLs and the cloning of genes that
encode tumor-specific antigens recognized by CTLs
have provided many candidates for tumor vaccines. One
of the earliest vaccine approaches, immunization with
purified tumor antigens plus adjuvants, is still being
tried. More recently, attempts to immunize patients with
cancer have been made with dendritic cells purified
from the patients and either incubated with tumor antigens or transfected with genes encoding these antigens
and by injection of plasmids containing cDNAs encoding tumor antigens (DNA vaccines). The cell-based and
DNA vaccines may be the best ways to induce CTL
responses because the encoded antigens are synthesized
in the cytoplasm and enter the class I MHC pathway
of antigen presentation. For antigens that are unique
to individual tumors, such as antigens produced by
random point mutations in cellular genes, these vaccination methods are impractical because they would
require identification of the antigens from every tumor.
On the other hand, tumor antigens shared by many
tumors, such as the MAGE, tyrosinase, and gplOO antigens on melanomas and mutated Ras and p53 proteins
in various tumors, are potentially useful immunogens
for all patients with certain types of cancer. In fact, clinical trials of such cancer vaccines are under way for a
variety of tumors. A limitation of treating established
tumors with vaccines is that these vaccines need to be
therapeutic and not simply preventive, and it is often difficult to induce a strong enough immune response that
will eradicate all the cells of growing tumors.

Activation of
tumor-specific
T cells

The development of virally induced tumors can be
blocked by preventive vaccination with viral antigens or
attenuated live viruses. This approach is successful in
reducing the incidence of feline leukemia virus-induced
hematologic malignant tumors in cats and in preventing the herpesvirus-induced
lymphoma called Marek's
disease in chickens. In humans, the ongoing vaccination
program against hepatitis B virus may reduce the
incidence of hepatocellular carcinoma, a liver cancer
associated with hepatitis B virus infection. As mentioned earlier, newly developed HPV vaccines promise
to reduce the incidence of HPV-induced tumors, including uterine cervical carcinoma.
Augmentation
of Host Immunity to
Tumors with Costimulators
and Cytokines
Cell-mediated immunity to tumors may be enhanced
by expressing costimulators and cytokines in tumor
cells and by treating tumor-bearing individuals with
cytokines that stimulate the proliferation and differentiation of T lymphocytes and NK cells. As discussed
earlier in this chapter, tumor cells may induce weak
immune responses because they lack costimulators and
usually do not express class II MHC molecules, so they
do not activate helper T cells. 1\vo potential approaches
for boosting host responses to tumors are to artificially
provide costimulation for tumor-specific T cells and to
provide cytokines that can enhance the activation of
tumor-specific T cells, particularly CD8+ CTLs (Fig.
17-6). Many cytokines also have the potential to induce
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FIGURE 17-6 Enhancement of tumor cell immunogenicity by transfection of costimulator and cytokine genes.

Activation of
tumor-specific
T cells
Tumor

cells

that

do not

adequately stimulate T cells on transplantation
into an animal will not be rejected and will therefore grow into tumors. Vaccination with tumor
with GMcells transfected
with genes encoding costimulators
or IL-2 (A) can lead to enhanced activation of T cells, and tumors transfected
CSF (8) activate professional
APCs. notably dendritic cells. These transfected
tumor cell vaccines stimulate tumor-specific
T cells. leading
to T cell-mediated
rejection of the tumor (even untransfected
tumor cells).

nonspecific inflammatory responses, which by themselves may have anti-tumor activity.
The efficacy of enhancing T cell costimulation for
anti-tumor immunotherapy
has been demonstrated
by animal experiments in which tumor cells were
transfected with genes that encode B7 costimulatory
molecules and used to vaccinate animals. These
B7-expressing tumor cells induce protective immunity
against unmodified tumor cells injected at a distant site.
The successes with experimental tumor models have led
to therapeutic trials in which a sample of a patient's
tumor is propagated in vitro, transfected with costimulator genes, irradiated, and reintroduced into the
patient. Such approaches may succeed even if the
immunogenic antigens expressed on tumors are not
known.
It is possible to use cytokines to enhance adaptive and
innate immune responses against tumors. Tumor cells
may be transfected with cytokine genes to localize the
cytokine effects to where they are needed (Table 17-3).
For instance, when rodent tumors transfected with
IL-2, IL-4, IFN-y, or granulocyte-macrophage
colonystimulating factor (GM-CSF) genes are injected into
animals, the tumors are rejected or begin to grow and
then regress. In some cases, intense inflammatory infiltrates accumulate
around
the cytokine-secreting

tumors, and the nature of the infiltrate varies with the
cytokine. Different cytokines may stimulate anti-tumor
immunity by different mechanisms (see Fig. 17-6).
Importantly, in several of these studies, the injection
of cytokine-secreting
tumors induced specific, T
cell-mediated immunity to subsequent challenges by
unmodified tumor cells. Thus, the local production of
cytokines may augment T cell responses to tumor antigens, and cytokine-expressing tumors may act as effective tumor vaccines. Several clinical trials with cytokine
gene-transfected tumors are under way in patients with
advanced cancer.
Cytokines may also be administered systemically for
the treatment of various human tumors (Table 17-4).
The largest clinical experience is with IL-2 administered
in high doses alone or in combination with adoptive cellular immunotherapy (discussed later). IL-2 presumably
works by stimulating the proliferation and anti-tumor
activity of NK cells and CTLs. The limitation of this
treatment is that it can be highly toxic and induces fever,
pulmonary edema, and vascular shock. These side
effects occur because IL-2 stimulates the production of
other cytokines by T cells, such as TNF and IFN-y, and
these cytokines act on vascular endothelium and other
cell types. IL-2 has been effective in inducing measurable tumor regression responses in about 10% of patients
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with Cytokine Gene-Transfected Tumor Cells

Cytokine

Tumor rejection Inflammatory Immunity against
in animals
infiltrate
parental tumor
(animal models)

Interleukin-2

Yes; mediated

Interleukin-4

Clinical trials

Lymphocytes,
neutrophils

In some cases of renal
cancer, melanoma

Renal cancer,
melanoma

Yes

Eosinophils,
macrophages

No long-lasting
in human trials

immunity

Melanoma,
renal cancer

Interferon-y

Variable

Macrophages,
other cells

Sometimes

TNF

Variable

Neutrophils
lymphocytes

GM-CSF

Yes

Macrophages,
other cells

Yes (long-lived
immunity)

T cell

Renal cancer

Interleukin-3

Sometimes

Macrophages,
other cells

Sometimes

by

Tcells

Abbreviations:GM-CSF,
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granulocyte-macrophage

and

No

colony-stimulating

factor;

TNF,

tumor

necrosis

factor.

cancer are now under way. Hematopoietic
growth
factors, including GM -CSF, G-CSF, and IL-II, are used in
cancer treatment protocols to shorten periods of neutropenia and thrombocytopenia after chemotherapy or
autologous bone marrow transplantation.

with advanced melanoma and renal cell carcinoma and
is currently an approved therapy for these cancers. IFNa may be effective against tumors because it increases
the cytotoxic activity of NK cells and increases class I
MHC expression on various cell types (see Chapter 12).
Clinical trials of this cytokine indicate that it can induce
the regression of renal carcinomas, melanomas, Kaposi's
sarcoma, various lymphomas, and hairy cell leukemia
(a B cell lineage tumor). IFN-a is currently used in
combination with chemotherapy for the treatment of
melanoma. Other cytokines, such as TNF and IFN-y, are
effective anti-tumor agents in animal models, but their
use in patients is limited by serious toxic side effects. The
potential of IL-12 to enhance anti-tumor T cell- and
NK cell-mediated
immune responses has aroused
great interest, and early trials in patients with advanced

Blocking Inhibitory
Tumor Immunity

Pathways

to Promote

Another immunotherapy strategy is based on the idea
that T cells exploit various normal pathways of immune
regulation or tolerance to evade the host immune
response. One series of studies in mice and humans has
targeted the inhibitory receptor for B7, called CTLA-4,
which functions normally to shut off responses (see
Chapter 11). If tumor-bearing mice are vaccinated with

Table 17-4. Systemic Cytokine Therapy for Tumors
Cytokine

Tumor rejection
in animals

Clinical

trials

Toxicity

Interleukin-2

Yes

Melanoma, renal cancer,
colon cancer; limited
success«15°~response
rate)

Vascular

Interferon-a

No

Approved

Fever, fatigue

TNF

Only with local
administration

Sarcoma, melanoma

Septic

(isolated

syndrome

Interleukin-12

Variable

Toxicity trials (phase I) in Abnormal liver
melanoma,
others
function

GM-CSF

No

In routine

for melanoma
limb perfusion)

use to promote

colony-stimulating

shock

Bone pain

bone marrow recovery

Abbreviations:
GM-CSF, granulocyte-macrophage
TNF, tumor necrosis factor.

leak,

shock, pulmonary
edema
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the tumor and also treated with an antibody that blocks
CTLA-4, the mice develop strong anti-tumor T cell
responses and destroy the tumor. The potential of such
approaches for tumor immunotherapy
in humans is
being evaluated. In clinical trials, a common complication of this treatment has been the development of
autoimmune reactions. This is predictable in light of the
known role of CTLA-4 in maintaining self-tolerance. The
depletion of regulatory T cells may also enhance antitumor immunity, and this approach is being tested in
animal models.
Nonspecific Stimulation
the Immune System

of

Immune responses to tumors may be stimulated by the
local administration of inflammatory substances or by
systemic treatment with agents that function as polyclonal activators of lymphocytes. Nonspecific immune
stimulation of patients with tumors by injection of
inflammatory substances such as bacillus CalmetteGuerin (BCG) at the sites of tumor growth has been tried
for many years. The BCG mycobacteria
activate
macrophages
and thereby promote
macrophagemediated killing of the tumor cells. In addition, the
bacteria function as adjuvants and may stimulate T cell
responses to tumor antigens. Another approach for
immune stimulation is to administer low doses of activating anti-CD3 antibodies. In animal studies of transplantable tumors, this treatment results in polyclonal
activation of T cells and, concomitantly, prevention of
tumor growth. Early clinical trials with specific antibodies directed at tumor antigens and CD3 are ongoing. Cytokine therapies, discussed before, represent
another method of enhancing immune responses in a
nonspecific manner.

Passive Immunotherapy
T Cells and Antibodies

for Tumors

with

Passive immunotherapy involves the transfer of immune
effectors, including tumor-specific T cells and antibodies, into patients. Passive immunization against tumors
is rapid but does not lead to long-lived immunity.
Several approaches to passive immunotherapy are being
tried, with variable success.
Adoptive

Cellular Therapy

Adoptive cellular immunotherapy is the transfer of cultured immune cells that have anti-tumor reactivity into
a tumor-bearing host. The cells to be transferred are
expanded from the lymphocytes of patients with the
tumor. One protocol for adoptive cellular immunotherapy is to generate LAK cells by removing peripheral
blood leukocytes from patients with the tumor, culturing the cells in high concentrations of IL-2, and injecting the LAK cells back into the patients (Fig. 17-7). As
discussed previously, IAK cells are derived mainly from
NK cells. Adoptive therapy with autologous LAKcells, in
conjunction with in vivo administration
of IL-2 or

Tumor
regression

FIGURE 17-7 Adoptive cellular therapy.

In a commonly

used

approach for adoptive cellular therapy, lymphocytes
isolated from
the blood or tumor infiltrate of a patient are expanded by culture in
IL-2 and are infused back into the patient. This treatment, often combined with systemic IL-2 administration,
leads to tumor regression
in some patients.

chemotherapeutic drugs, has yielded impressive results
in mice, with regression of solid tumors. Human LAKcell
therapy trials have thus far been largely restricted to
advanced cases of metastatic tumors, and the efficacy of
this approach appears to vary from patient to patient.
A variation of this approach is to isolate TILs from
the inflammatory infiltrate present in and around solid
tumors, obtained from surgical resection specimens,
and to expand the TILs by culture in IL-2. The rationale
for this approach is that TILs may be enriched for tumorspecific CTLs and for activated NK cells. Human trials
with TIL therapy are ongoing.
Graft-versus-Leukemia

Effect

In leukemia patients, administration of alloreactive T
cells together with hematopoietic stem cell transplants
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mouse Ig, resulting in anti-mouse Ig antibodies that
caused increased clearance of the anti-tumor antibodies
or blocked binding of the therapeutic agent to its target.
This problem has been diminished by use of "humanized" antibodies consisting of the variable regions of
a mouse monoclonal antibody specific for the tumor
antigen combined with human Fc portions. One of the
most difficult problems with the use of anti-tumor antibodies is the outgrowth of antigen loss variants of the
tumor cells that no longer express the antigens that the
antibodies recognize. One way to avoid this problem
may be to use cocktails of antibodies specific for different antigens expressed on the same tumor.
Many variations on anti-tumor antibodies have been
tried in attempts to improve their effectiveness. Tumorspecific antibodies may be coupled to toxic molecules,
radioisotopes, and anti-tumor drugs to promote the
delivery of these cytotoxic agents specifically to the
tumor. Toxins such as ricin and diphtheria toxin are
potent inhibitors of protein synthesis and can be effective at extremely low doses if they are carried to tumors
attached to anti-tumor antibodies; such conjugates are
called immunotoxins. This approach requires covalent
coupling of the toxin (lacking its cell-binding component) to an anti-tumor antibody molecule without loss
of toxicity or antibody specificity. The systemically
injected immunotoxin is endocytosed by tumor cells,
and the toxin part is delivered to its intracellular site of
action. Several practical difficulties must be overcome
for this technique to be successful. The specificity of the
antibody must be such that it does not bind to nontumor cells. A sufficient amount of antibody must reach
the appropriate tumor target before it is cleared from the
blood by Fc receptor-bearing
phagocytic cells. The
toxins, drugs, or radioisotopes attached to the antibody
may have systemic effects as a result of circulation
through normal tissues. For example, hepatotoxicity and

can contribute to eradication of the tumor. This graftversus-leukemia
effect is directed at the allogeneic
MHC molecules present on the recipient's hematopoietic cells, including the leukemia cells. The challenge in
using this treatment to improve clinical outcome is
to minimize the dangerous graft-versus-host disease
that may be mediated by the same donor T cells (see
Chapter 16).

Therapy with Anti-tumor Antibodies
Tumor-specific

monoclonal

antibodies

may be useful for

specific immunotherapy
for tumors. The potential of
using antibodies as "magic bullets" has been alluring to
investigators for many years and is still an active area of
research. Currently there are over 100 different monoclonal antibodies being considered, either in experimental animal studies or in human trials, as therapeutic
agents for cancer, and a few have been approved for clinical use (Table 17-5). Anti-tumor antibodies may eradicate tumors by the same effector mechanisms that are
used to eliminate microbes, including opsonization and
phagocytosis and activation of the complement system
(see Chapter 14). In addition, some antibodies may
directly activate intrinsic apoptosis pathways in tumor
cells; this is the proposed mechanism for the use of antiCD30 to treat lymphomas, currently in clinical trials. A
monoclonal antibody specific for the oncogene product
Her-2/Neu, which is expressed at high levels in some
tumors, is effective in patients with breast cancer and
is approved for clinical use. In addition to eliciting
immune effector mechanisms, the anti-Her-2/Neu antibody interferes with growth-signaling functions of the
Her-2/Neu molecule.
Because the anti-tumor antibodies used in the early
human trials were mouse monoclonal antibodies, an
immune response frequently occurred against the

Table 17-5. Anti-tumor
Specificity
antibody

Antibodies

Approved

for Clinical Use

Form of
antibody used

Clinical

Her-2/Neu

Humanized
monoclonal

mouse

Breast cancer (approved
for clinical use)

CD20
(8 cell

Humanized
monoclonal

mouse

B cell lymphoma

CD10

Humanized
monoclonal,
immunotoxin

mouse

B cell lymphoma;
in routine
use to purge bone marrow of
residual tumor cells

CEA

Humanized
monoclonal

mouse

Gastrointestinal
lung cancer

CA-125

Mouse

GD3
ganglioside

Humanized
monoclonal

Abbreviation:

CEA, carcinoembryonic

marker)

of

Monoclonal

monoclonal
mouse

Ovarian

cancer

Melanoma

antigen.

trials

I

cancers,
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vascular leak syndromes are common problems with
immunotoxin therapy. Administration of immunotoxins
may result in antibody responses against the toxins and
the injected antibodies. Because of these practical difficulties, clinical trials of immunotoxins have had variable
and modest success.
Anti-idiotypic antibodies have been used to treat B
cell lymphomas that express surface Ig with particular
idiotypes. The idiotype is a highly specific tumor antigen
because it is expressed only on the neoplastic clone of B
cells, and it was once hoped that anti-idiotypic antibodies would be effective therapeutic reagents with absolute
tumor specificity. (Anti-idiotypic antibodies are raised
by immunizing rabbits with a patient's B cell tumor and
depleting the serum of reactivity against all other human
immunoglobulins.) The approach has not proved generally successful, largely because of the selective outgrowth of tumor cells with altered idiotypes that do not
bind the anti-idiotypic antibody. In part, this result may
reflect the high rate of somatic mutation in Ig genes and
the fact that the surface Ig is dispensable for tumor
growth.
Tumor growth is usually dependent
on growth
factors, which are potential targets for therapy. Antibodies that block the epidermal growth factor receptor
(EGFR) are approved for the treatment of colorectal
tumors. Tumors depend on the formation of new blood
vessels that supply the tumor with oxygen and nutrients.
This process, called tumor angiogenesis, is dependent
on other specialized growth factors, including vascular
endothelial growth factor (VEGF). Various inhibitors of
these angiogenic factors can block tumor growth. AntiVEGF antibodies are now approved for clinical use, in
combination with chemotherapeutic
agents, to treat
metastatic tumors.
Anti-tumor antibodies are also used to remove cancer
cells from the bone marrow before autologous marrow
transplantation.
In this protocol, some of the patient's
bone marrow is removed, and the patient is given doses
of radiation and chemotherapy lethal enough to destroy
tumor cells as well as the remaining normal marrow
cells. The bone marrow cells removed from the patient
are treated with antibodies or immunotoxins specific for
tumor antigens to kill any tumor cells. The treated
marrow, having been purged of tumor cells, is transplanted back into the patient to reconstitute the
hematopoietic
system destroyed by irradiation and
chemotherapy.

THE

ROLE

PROMOTING

OF THE IMMUNE
TUMOR

SYSTEM

IN

GROWTH

In addition to protection against cancer, the immune
system may contribute to the development of some
tumors. In fact, chronic inflammation has long been recognized as a risk factor for development of tumors in
many different tissues. Some cancers associated with
infections are considered to be an indirect result of the
carcinogenic effects of the chronic inflammatory states

that are induced by the infectious organisms. These
include gastric cancer in the setting of chronic Helieobaeter pylori infection and hepatocellular carcinomas
associated with chronic hepatitis Band C virus infections. Although the mechanisms by which chronic
inflammation can promote tumor development are not
well understood, there are several possibilities, supported by data in rodent models. Cells of the innate
immune system are considered the most direct tumorpromoting culprits among immune cells. Chronic activation of innate immune cells, notably macro phages, is
characterized by angiogenesis and tissue remodeling,
both of which favor tumor formation. Innate immune
cells can also contribute to malignant transformation of
cells by generating free radicals that cause DNA damage
and lead to mutations in tumor suppressor genes and
oncogenes. Some data suggest that cells of the innate
immune system, including mast cells, neutrophils, and
macro phages, secrete soluble factors that promote celIcycle progression and survival of tumor cells. The adaptive immune system can promote chronic activation of
innate immune cells in several ways, including T cell
mediated activation of macrophages in the setting of
persistent intracellular microbial infections. Thus, the
adaptive immune system may indirectly enhance the
tumor-promoting
activities of the innate immune
system. The tumor-promoting
effects of the immune
system are paradoxical, and a topic of active investigation at present. These effects of chronic inflammation
are theoretically also excellent targets for pharmacologic
intervention, because there are a large variety of effective anti-inflammatory
drugs already available. The
challenge for oncologists is to achieve a beneficial
balance in which protective anti-tumor
adaptive
immune responses are not compromised, while potentially dangerous chronic inflammatory conditions are
controlled.

SUMMARY

. Tumors
express antigens that are recognized by
the immune system, but most tumors are weakly
immunogenic, and immune responses often fail to
prevent the growth of tumors. The immune system
can be stimulated to effectively kill tumors.
. Tumor antigens recognized by CTLs are the principal inducers of and targets for antitumor immunity. These antigens include mutants of oncogenes
and other cellular proteins, normal proteins whose
expression is dysregulated or increased in tumors,
and products of oncogenic viruses.
. Antibodies specific for tumor cells recognize antigens that are used for diagnosis and are potential
targets for antibody therapy. These antigens
include oncofetal antigens, which are expressed
normally during fetal life and whose expression is
dysregulated in some tumors; altered surface gly-
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coproteins and glycolipids; and molecules that are
normally expressed on the cells from which the
tumors arise and are thus differentiation antigens
for particular cell types.

. tumor
Immune responses that are capable of killing
cells consist of CTLs, NK cells, and activated
macro phages. The role of these immune effector
mechanisms
in protecting
individuals
from
tumors is not well defined.
. Tumors evade immune responses by several mechanisms, including down-regulating the expression
of MHC molecules, selecting cells that do not
express tumor antigens, producing immunosuppressive substances, and inducing tolerance to
tumor antigens.

. Immunotherapy for tumors is designed to
augment active immune responses against these
tumors or to administer tumor-specific immune
effectors to patients. Immune responses may be
actively enhanced by vaccination with tumor cells
or antigens, administration of tumors modified to
express high levels of costimulators or cytokines
that stimulate T cell proliferation and differentiation, and systemic administration
of cytokines.
Anti-tumor immunity may also be enhanced by
blocking inhibitory pathways of immunoregulation. Approaches for passive immunotherapy
include the administration
of anti-tumor antibodies, antibodies conjugated with toxic drugs
(immunotoxins), and tumor-reactive T cells and
NK cells isolated from patients and expanded by
culture with growth factors.
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Adaptive immunity serves the important function of
host defense against microbial infections, but immune
responses are also capable of causing tissue injury and
disease. Disorders caused by immune responses are
called hypersensitivity diseases. This term arose from
the clinical definition of immunity as "sensitivity," which
is based on the observation that an individual who has

been exposed to an antigen exhibits a detectable reaction, or is "sensitive," to subsequent eAcounters with
that antigen. Normally, the immune resP9nse eradicates
infecting organisms without serious injury to host
tissues. However, sometimes these respohses are inadequately controlled or inappropriately tdrgeted to host
tissues, and in these situations, the norrhally beneficial

response is the cause of disease.

I

In this chapter, we describe the pathogenesis of different types of hypersensitivity diseases, Mth an emphasis on the effector mechanisms that cau~e tissue injury
and on the mechanisms of autoimmunity. Throughout
the chapter, we use examples of clinical and experimental diseases to illustrate important principles. We conclude with a brief consideration of the treatment of
immunologic diseases.

CAUSES AND TYPES OF
HYPERSENSITIVITY

DISEASES

Immune responses may be pathologic because of several different abnormalities.
. Autoimmunity. Failure of the normal mechanisms of
self-tolerance (see Chapter 11) results in reactions
against one's own cells and tissues that are called
autoimmunity. The diseases caused by autoimmunity
are referred to as autoimmune diseases. We will return
to the mechanisms of autoimmunity later in this
chapter.

. Reactions against microbes. Immune responses
against microbial antigens may cause disease if the
reactions are excessive or the microbes are unusually
persistent. If antibodies are produced against such
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antigens, the antibodies may bind to the microbial
antigens to produce immune complexes, which
deposit in tissues and trigger inflammation. T cell
responses against persistent microbes may give rise
to severe inflammation, sometimes with the formation of granulomas; this is the cause of tissue injury
in tuberculosis and other infections. Rarely, antibodies or T cells reactive with a microbe may cross-react
with a host tissue. Sometimes the disease-causing
immune response may be entirely normal, but in the
process of eradicating the infection host tissues are
injured. In viral hepatitis, the virus that infects liver
cells is not cytopathic, but it is recognized as foreign
by the immune system. Cytotoxic T lymphocytes
(CTLs) try to eliminate infected cells, and this normal
immune response damages liver cells. This type of
normal reaction is not considered hypersensitivity.

. Reactions against environmental antigens. Most
healthy individuals do not react against common,
generally harmless, environmental substances, but
almost 20% of the population is "abnormally responsive" to these substances. Reactions against these
environmental substances may be caused by immediate or delayed-type hypersensitivity (DTH) reactions (see below).
In all these conditions, the mechanisms of tissue
injury are the same as those that normally function to
eliminate infectious pathogens, namely, antibodies,
T lymphocytes, and various other effector cells. The
problem in hypersensitivity diseases is that the response
is triggered and maintained inappropriately. Because
the stimuli for these abnormal immune responses are
difficult or impossible to eliminate (e.g., self antigens

and persistent microbes), and the immune system has
many built-in positive feedback loops (amplification
mechanisms), once a pathologic immune response
starts it is difficult to control or terminate it. Therefore,
these hypersensitivity diseases tend to be chronic, often
debilitating, and therapeutic challenges. Since inflammation, typically chronic inflammation, is a major component of the pathology of these disorders, they are
sometimes grouped under the rubric immune-mediated
inflammatory diseases.
Hypersensitivity diseases are commonly classified
according to the type of immune response and the effector mechanism responsible for cell and tissue injury
(Table 18-1). Immediate hypersensitivity caused by
immunoglobulin
E (lgE) antibodies and mast cells,
which is also called type I hypersensitivity, is the most
prevalent type of hypersensitivity disease and will be
described separately in Chapter 19. Antibodies other
than IgE can cause tissue injury by activating the complement system, recruiting inflammatory cells, and by
interfering with normal cellular functions. Some of these
antibodies are specific for antigens of particular cells or
the extracellular matrix and are found either attached to
these cells or tissues or as unbound antibodies in the circulation; the diseases induced by such antibodies are
called type II hypersensitivity disorders. Other antibodies may form immune complexes in the circulation, and
the complexes are subsequently deposited in tissues,
particularly in blood vessels, and cause injury. Immune
complex diseases are also called type III hypersensitivity. Finally, tissue injury may be due to T lymphocytes
that activate the effector mechanisms of DTH or directly
kill target cells; such conditions are called type IV hypersensitivity disorders. We now realize that many hyper-

Table 18-1. Classification of Immunological Diseases
Type of
hypersensitivity

Pathologic immune
mechanisms

Mechanisms
of tissue
injury and disease

Immediate
hypersensitivity:
Type I

IgE antibody

Mast cells and their mediators
(vasoactive
amines, lipid
mediators, cytokines)

Antibody
Type II

IgM, IgG antibodies
against cell surface
extracellular
matrix
antigens

mediated:

or

Opsonization
phagocytosis

and
of cells

Complementand Fc receptormediated
recruitment
and
activation
of leukocytes
(neutrophils,
macrophages)
Abnormalities
e.g., hormone

in cellular
receptor

functions,
signaling

Immune complex
mediated: Type III

Immune complexes
of
circulating antigens and
IgM or IgG antibodies

Complementand Fc receptormediated
recruitment
and
activation
of leukocytes

T cell mediated:
Type IV

1. CD4+ T cells (delayedtype hypersensitivity)

1. Macrophage
activation,
cytokine-mediated
inflammation

2. CD8+ CTLs (T cellmediated cytolysis)

2. Direct target cell killing,
mediated
inflammation

cytokine-
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sensitivity diseases are Till mediated, in which the T cells
either directly cause inflammation or stimulate the production of antibodies that damage tissues and induce
inflammation. Other T cell populations that promote
inflammation are the IL-17-producing "TII17" cells. In
contrast, immediate hypersensitivity (allergic) diseases
are the prototypes of TH2-mediated diseases, in which
the T cells stimulate the production of IgE antibodies
(see Chapter 19).
In our discussion, we use descriptions that identify
the pathogenic mechanisms rather than the less informative numerical designations. This classification is useful
because distinct types of pathologic immune responses
show different patterns of tissue injury and may vary
in their tissue specificity. As a result, they produce disorders with distinct clinical and pathologic features.
However, immunologic diseases in the clinical situation
are often complex and due to combinations of humoral
and cell-mediated
immune responses and multiple
effector mechanisms. This complexity is not surprising
given that a single antigen may normally stimulate both
humoral and cell-mediated immune responses.

DISEASES CAUSED BY ANTIBODIES
Antibody-mediated
diseases are produced either by
antibodies that bind to antigens in particular cells or
extracellular tissues or by antigen-antibody
complexes
that form in the circulation and are deposited in vessel
walls (Fig. 18-1). To prove that a particular disease is
caused by antibodies, one would need to demonstrate
that the lesions can be induced in a normal animal by
the adoptive transfer of immunoglobulin purified from
the blood or affected tissues of individuals with the
disease. An experiment of nature is occasionally seen in
children of mothers suffering from antibody-mediated
diseases. These infants may be born with transient manifestations of such diseases because of transplacental
passage of antibodies. However, in clinical situations,
the diagnosis of diseases caused by antibodies or
immune complexes is usually based on the demonstration of antibodies or immune complexes in the circulation or deposited in tissues, as well as clinicopathologic
similarities with experimental diseases that are proved
to be antibody mediated by adoptive transfer.
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FIGURE 18-1 Types of antibody-mediated diseases. Antibodies
immune
injury.

,

in the circulation

may bind specifically to tissue antigens (A). or they may be deposited as
(B). In both cases, the deposited antibodies induce inflammation,
leading to tissue
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Diseases
Caused
by Antibodies
Fixed Cell and Tissue
Antigens

Against

destruction in autoimmune
hemolytic anemia and
autoimmune
thrombocytopenic
purpura. The same
mechanism is responsible for hemolysis in transfusion
reactions. Second, antibodies deposited in tissues
recruit neutrophils and macrophages, which bind to the
antibodies or attached complement proteins by Fc and
complement receptors. These leukocytes are activated
and their products induce acute inflammation and
tissue injury. This is the mechanism of injury in
antibody-mediated glomerulonephritis and many other
diseases. Third, antibodies that bind to normal cellular
receptors or other proteins may interfere with the functions of these receptors or proteins and cause disease
without inflammation or tissue damage. Antibodymediated functional abnormalities are the cause of
Graves' disease (hyperthyroidism)
and myasthenia
gravis. Examples of hypersensitivity diseases in humans
that are caused by autoantibodies against self antigens

Antibodies against cellular or matrix antigens cause diseases that specifically affect the cells or tissues where
these antigens are present, and these diseases are
often not systemic. In most cases, such antibodies are
autoantibodies, but they may occasionally be produced
against a foreign antigen that is immunologically crossreactive with a component of self tissues. Antibodies
against tissue antigens cause disease by three main
mechanisms (Fig. 18-2). First, antibodies may directly
opsonize cells, or they may activate the complement
system, resulting in the production of complement proteins that opsonize cells. These cells are phagocytosed
and destroyed by phagocytes that express receptors for
the Fc portions of antibodies and receptors for complement proteins. This is the principal mechanism of cell
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FIGURE 18-2 Effector mechanisms
of antibody-mediated
disease. A. Antibodies opsonize cells and may activate
complement,
generating
complement
products
that
also opsonize
cells,
leading to phagocytosis
of the cells
through phagocyte
Fc receptors
or C3
receptors.
B. Antibodies
recruit leukocytes by binding to Fc receptors or by
activating
complement
and thereby
releasing by-products
that are chemotactic for leukocytes,
C. Antibodies
specific for cell surface
receptors
for
hormones
or neurotransmitters
may
stimulate
the activity of the receptors
even in the absence of the hormone (left
panel) or may inhibit binding of the neurotransmitter
to its receptor (right panel).
TSH, thyroid-stimulating
hormone,
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of Diseases

Target

Caused

antigen

by Cell- or Tissue-Specific

Mechanisms

of

disease

Antibodies

Clinicopathologic
man ifestations

Erythrocyte membrane
proteins (Rh blood group
antigens, I antigen)

Opsonization
and
phagocytosis
of erythrocytes

Hemolysis,

Autoimmune
thrombocytopenic
purpura

Platelet membrane
proteins
(gpllb:llla integrin)

Opsonization
phagocytosis
of platelets

Bleeding

Pemphigus
vulgaris

Proteins in intercellular
junctions of epidermal
(epidermal cadherin)

Autoimmune
hemolytic

anemia

and

anemia

Antibody-mediated
activation of proteases,
disruption of
intercellular adhesions

Skin vesicles

Neutrophil granule proteins,
presumably
released from
activated neutrophils

Neutrophil degranulation
and inflammation

Vasculitis

Goodpasture's
syndrome

Noncollagenous
protein in
basement membranes
of
kidney glomeruli and lung
alveoli

Complementand
Fc receptormediated inflammation

Nephritis, lung
hemorrhage

Acute
fever

Streptococcal
cell wall
antigen; antibody crossreacts with myocardial
antigen

Inflammation,
macrophage
activation

Myocarditis,

Acetylcholine

Antibody inhibits
acetylcholine
binding,
down-modulates
receptors

Muscle weakness,
paralysis

Vasculitis

caused

by ANCA

rheumatic

Myasthenia

gravis

cells

receptor

arthritis

Graves'disease
(hyperthyroidism)

TSH receptor

Antibody-mediated
stimulation
of TSH receptors

Hyperthyroidism

Insulin-resistant
diabetes

Insulin receptor

Antibody inhibits
binding of insulin

Hyperglycemia,
ketoacidosis

Intrinsic factor of gastric
parietal cells

Neutralization
of intrinsic
factor, decreased
absorption of vitamin B12

Abnormal
anemia

Pernicious

Abbreviations:

anemia

ANCA,

antineutrophil

cytoplasmic

antibodies;

are listed in Table 18-2. Tissue deposits of antibodies
may be detected by morphologic examination in some
of these diseases, and the deposition of antibody is often
associated with local complement activation, inflammation, and tissue injury (Fig. 18-3).
Immune

Complex-Mediated

Diseases

Immune complexes that cause disease may be composed of antibodies bound to either self antigens or
foreign antigens. The pathologic features of diseases
caused by immune complexes reflect the site of immune
complex deposition and are not determined by the
cellular source of the antigen. Therefore, immune
complex-mediated
diseases tend to be systemic, with
little or no specificity for a particular tissue or organ.
The occurrence of diseases caused by immune
complexes was suspected as early as 1911 by an astute
physician named Clemens von Pirquet. At that time,

TSH,

thyroid-stimulating

(bullae)

erythropoiesis,

hormone.

diphtheria
infections
were being treated
with
serum from horses immunized with the diphtheria
toxin, which is an example of passive immunization
against the toxin by the transfer of serum containing
antitoxin antibodies. von Pirquet noted that joint
inflammation (arthritis), rash, and fever developed in
patients injected with the antitoxin-containing
horse
serum. 1\vo clinical features of this reaction suggested
that it was not due to the infection or a toxic component
of the serum itself. First, these symptoms appeared even
after the injection of horse serum not containing the
antitoxin, so the lesions could not be attributed to the
anti-diphtheria
antibody. Second, the symptoms appeared at least a week after the first injection of horse
serum and more rapidly with each repeated injection.
von Pirquet concluded that this disease was due to a host
response to some component of the serum. He suggested that the host made ,antibodies to horse serum
proteins, these antibodies formed complexes with the
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Anti-basement
membrane
antibody-mediated
glomerulonephritis

Immune complex
mediated
glomerulonephritis

Light microscopy

Immunofluorescence

Electron

microscopy

FIGURE 18-3 Pathologic features of antibody-mediated glomerulonephritis. A. Glomerulonephritis induced by' an antibody against the

glomerularbasement membrane (Goodpasture'ssyndrome):the light micrographshows glomerularinflammationand severe damage, and
immunofluorescence
shows smooth (linear) deposits of antibody along the basement membrane. B. Glomerulonephritis induced by the deposition of immune complexes (SLE): the light micrograph shows neutrophilic inflammation, and the immunofluorescence
and electron micrograph show coarse (granular) deposits of antigen-antibody complexes along the basement membrane. (Immunofluorescence
micrographs
are courtesy of Dr. Jean Olson, Department of Pathology, University of California San Francisco, and the electron micrograph is courtesy of
Dr. Helmut Rennke, Department of Pathology, Brigham and Women's Hospital, Boston.)

injected proteins, and the disease was due to the antibodies or immune complexes. We now know that his
conclusions were entirely accurate. He called this
disease serum disease; it is now more commonly known
as serum sickness and is the prototype for systemic
immune complex-mediated disorders.
o Much of our current knowledge of immune complex
diseases is based on analyses of experimental models
of serum sickness. Immunization of an animal such

as a rabbit with a large dose of a foreign protein
antigen leads to the formation of antibodies against
the antigen (Fig. 18-4). These antibodies complex
with circulating antigen and initially lead to
enhanced phagocytosis and clearance of the antigen
by macrophages in the liver and spleen. As more and
more antigen-antibody complexes are formed. some
of them are deposited in vascular beds. In these
tissues, the antibodies in the complexes may activate
complement. with a concomitant fall in serum com-
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18-4 Sequence of immunological responses in experi-

mental acute serum sickness.

Injection of bovine serum albumin
into a rabbit leads to the production of specific antibody and the formation of immune complexes.
These complexes
are deposited in
multiple tissues, activate complement
(leading to a fall in serum
complement
levels). and cause inflammatory
lesions, which resolve
as the complexes and the remaining antigen are removed. (Adapted
from Cochrane CG. Immune complex-mediated
tissue injury. In
Cohen S, PA Ward, and RT McCluskey
reds]. Mechanisms
of
Immunopathology.
Werbel & Peck, New York, 1979, pp 29-48.
Copyright 1979, Wiley-Liss,
Inc.)

plement

levels. Complement activation leads to

recruitment and activation of inflammatory cells.
predominantly neutrophils. at the sites of immune
complex deposition, and the neutrophils cause tissue
injury. Neutrophils also bind to the immune complexes by their Fey receptors. Because the complexes
are deposited mainly in small arteries. renal
glomeruli. and the synovia of joints. the clinical and
pathologic manifestations are vasculitis. nephritis.
and arthritis. The clinical symptoms are usually
short lived. and the lesions heal unless the antigen
is injected again. This type of disease is an example
of acute serum sickness. A more indolent and
prolonged disease. called chronic serum sickness, is
produced by multiple injections of antigen, which
lead to the formation of smaller complexes that are
deposited most often in the kidneys, arteries. and
lungs.
o A localized form of experimental
immune
complex-mediated vasculitis is called the Arthus
reaction. It is induced by injecting an antigen subcutaneously into a previously immunized animal or an
animal that has been given intravenous antibody
specific for the antigen. Circulating antibodies rapidly
bind to the injected antigen and form immune complexes that are deposited in the walls of small arteries
at the injection site. This deposition gives rise to a
local cutaneous vasculitis with tissue necrosis.

Antigen-antibody complexes are produced during
normal immune responses. but they cause disease
only when they are produced in excessive amounts,
are not efficiently cleared, and become deposited in
tissues. The amount of immune complex deposition in
tissues is determined by the nature of the complexes
and the characteristics of the blood vessels. Small complexes are often not phagocytosed and tend to be
deposited in vessels more than large complexes. which
are usually cleared by phagocytes. Complexes containing
cationic antigens bind avidly to negatively charged
components of the basement membranes of blood
vessels and kidney glomeruli. Such complexes typically
produce severe and long-lasting tissue injury. Capillaries
in the renal glomeruli and synovia are vessels in
which plasma is ultrafiltered (to form urine and synovial fluid. respectively) by passing through the capillary
wall at high hydrostatic pressure. and these locations
are among the mast common sites of immune complex
deposition. Immune complexes may also bind to Fc
receptors of most cells and leukocytes and activate these
cells to secrete cytokines and vasoactive mediators.
These mediators may enhance immune complex deposition by increasing vascular permeability and blood
flow.
The deposition of immune complexes in vessel walls
leads to complementand Fc receptor-mediated
inflammation and injury to the vessels and adjacent
tissues. Deposits of antibody and complement may be
detected in the vessels, and if the antigen is known, it
is possible to identify antigen molecules in the deposits
as well (see Fig. 18-3). Many systemic immunologic
diseases in humans are caused by the deposition of
immune complexes in blood vessels (Table 18-3). A prototype of such diseases is systemic lupus erythematosus
(SLE), an autoimmune
disease in which numerous
autoantibodies are produced. Its clinical manifestations
include glomerulonephritis
and arthritis, which are
attributed to the deposition of immune complexes composed of self DNA or nucleoprotein antigens and specific
antibodies (Box 18-1).
DISEASES CAUSED BY T LYMPHOCYTES
T lymphocytes injure tissues either by triggering DTH
reactions or by directly killing target cells (Fig. 18-5).
DTH reactions are elicited by CD4+ T cells of the Till
subset and CDS' cells, both of which secrete cytokines
that activate macro phages (interferon-y [IFN-y]) and
induce inflammation (such as tumor necrosis factor
[TNF]). The inflammatory reaction associated with
T cell-mediated diseases is typically chronic inflammation. Because inflammation plays a central role
in many T cell-mediated
diseases, these are often
referred to as "immune-mediated
inflammatory
diseases." In some T cell-mediated
disorders, CD8+
cytotoxic T lymphocytes
(CTLs) kill target cells
bearing class I major histocompatibility
complex
(MHC)-associated antigens. The T cells that cause tissue
injury may be auto reactive, or they may be specific for
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Table

18-3.

Examples

of Human

Disease

Immune

Antigen involved

Systemic lupus
erythematosus
Polyarteritis nodosa

Nephritis, arthritis,

vasculitis

Hepatitis B virus

Vasculitis

glomerulonephritis

Streptococcal cell wall Nephritis
antigen(s); may be
"planted" in glomerular
basement membrane

Serum sickness

Various proteins

hypersensitivity

M
APC or
tissue
antigen

~

,I

Cytokines
0

.

CD4+
T cell

I

g

.

Arthritis, vasculitis,
nephritis

Diseases
Caused
Hypersensitivity

I

by Delayed-Type

In DTH reactions, tissue injury results from the products
of activated macro phages. such as lysosomal enzymes,
reactive oxygen intermediates, nitric oxide, and proinflammatory cytokines (see Chapter 13). Vascular
endothelial cells in the lesions may express enhanced
levels of cytokine-regulated surface proteins such as
adhesion molecules and class II MHC molecules.
Chronic DTH reactions often produce fibrosis as a result
of the secretion of cytokines and growth factors by the
macrophages.

Inflammation
......
; .
'U

CD8+
T cell

Normal

Clinicopathologic
manifestations

DNA, nucleoproteins,

foreign protein antigens that are present in or bound to
cells or tissues. T lymphocyte-mediated
tissue injury
may also accompany
strong protective
immune
responses against persistent microbes. especially intracellular microbes that resist eradication by phagocytes
and antibodies.
A role for T cells in causing a particular immunologic
disease is suspected largely based on the demonstration
of T cells in lesions and the isolation of T cells specific
for self or microbial antigens from the tissues
or blood of patients. Animal models have also been
very useful for elucidating the pathogenesis of these
disorders.

Delayed-type

Diseases

others
surface antigen

Poststreptococcal

@

Complex-Mediated

Tissue
I

injury

I

I

4)

I

I

tissue

- - - - - - - - -cytolysis
- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - T cell-mediated
Cell killing and
tissue injury

FIGURE 18-5 Mechanisms
of
T cell-mediated
diseases. A. In
delayed-type
hypersensitivity
reactions,
C04+ T cells (and
sometimes
C08+ cells) respond
to tissue antigens by secreting
cytokines
that stimulate
inflammation and activate phagocytes,
leading
to tissue
injury. APC,
antigen-presenting
cell. B. In
some
diseases,
C08+
CTLs
directly kill tissue cells.
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Box 18-1
I

u

IN DEPTH: SYSTEMIC LUPUS ERYTHEMATOSUS
.. .

CLINICALFEATURES.SLE is a chronic, remitting and
relapsing, multisystem autoimmune disease that affects
predominantly women, with an incidence of 1 in 700
among women between the ages of 20 and 60 years
(about 1 in 250 among black women) and a female-tomale ratio of 10: 1. The principal clinical manifestations
are rashes, arthritis, and glomerulonephritis, but hemolytic anemia, thrombocytopenia, and CNS involvement
are also common. Many different autoantibodies are
found in patients with SLE. The most frequent are antinuclear, particularly anti-DNA, antibodies; others include
antibodies against ribonucleoproteins, histones, and
nucleolar antigens. Immune complexes formed from
these autoantibodies and their specific antigens are
responsible for glomerulonephritis, arthritis, and vasculitis involving small arteries throughout the body.
Hemolytic anemia and thrombocytopenia are due to
autoantibodies against erythrocytes and platelets, respectively. The principal diagnostic test for the disease is the
presence of antinuclear antibodies; antibodies against
double-stranded native DNA are specific for SLE.
PATHOGENESIS. The pathogenic antibodies in the
disease are high-affinity, helper T cell-dependent antibodies specific for nuclear components. It is not known
whether the primary pathogenic defect is failure of central
or peripheral tolerance in B lymphocytes, in helper T cells,
or in both. It is thought that the antigens that elicit autoantibody production are released from apoptotic cells,
which is one reason that exposure to ultraviolet light
(which promotes apoptosis) exacerbates disease. A
current model for the pathogenesis of the disease is that
apoptotic cells are not cleared efficiently, resulting in persistence of nuclear antigens. Together with failure of selftolerance, this results in the production of antibodies
against nuclear proteins and the formation of immune
complexes. Genetic factors also contribute to the
disease. The relative risk for individuals with HLA-DR2or
HLA-DR3is 2 to 3, and if both haplotypes are present,
the relative risk is about 5. Deficiencies of classical
pathway complement proteins, especially C1q, C2, or C4,
are seen in about 10% of patients with SLE. The complement deficiencies may result in defective clearance of
immune complexes and apoptotic cells. Studies with
mice also suggest a role of complement proteins in displaying self antigens and maintaining B cell tolerance.
Interestingly, the peripheral blood lymphocytes of
patients show evidence of excessive production and
response to type I IFNs. What this cytokine has to do
with the development of the disease remains unknown.
Recent studies suggest that engagement of Toll-like
recepters by RNA and DNA may playa role in activating
B cells to produce antibodies against these nucleic acids
and nucleoproteins. A duplication in TLR7 may be a susceptibility gene for lupus in the BXSB mouse strain,
described below.
ANIMAL MODELS. Several inbred mouse strains in
which lupus-like autoimmune diseases spontaneously
develop have provided valuable experimental systems for
analyzing the pathogenesis of this disorder. The first to

be described and the ones most like SLE are the NZB
strain and (NZBx NZW)F,. Kidney lesions and hemolytic
anemia develop in female mice, and anti-DNA autoantibodies are produced spontaneously. The B cells of (NZB
x NZW)F, mice are hyperresponsive to foreign antigens
as well as to polyclonal activators and cytokines, and
autoantibody production is dependent on pathogenic
helper T cells reactive with nucleosomal peptides. The
activation of B cells may also involve engagement of
Toll-like receptors (TLR-9) by nuclear DNA, perhaps
complexed with antibody. Extensive breeding studies
have shown that MHC genes from the NZW parent
and non-MHC genes inherited from both parental strains
contribute to development of the disease. Attempts
are being made to define the susceptibility genes
in these mice.
Mice with mutations in either the Fas or Fas ligand
genes develop an autoimmune disease with some
resemblance to SLE. The Ipr and gld genes are mutant
alleles of the Fas and Fas ligand genes, respectively, and
the mouse strains that are homozygous for these mutant
alleles have greatly reduced expression of Fas or nonfunctional Fas ligand. Both Ipr and gld mice produce
multiple autoantibodies, especially anti-DNA antibodies,
and develop immune complex nephritis. Severe lymphadenopathy also develops in these inbred strains because
of the accumulation of an unusual population of functionally inert CD3+CD4-CD8- T cells. Because of the
defect in Fas or Fas ligand in these mice, anergic B cells
cannot be eliminated by Fas-mediated killing, and selfreactive helper T cells may survive for abnormally long
times, as well. The disease of Ipr and gld mice is also
influenced by background genes in that it is more severe
in an inbred strain called MRL than in any other. A phenotypically similar human disease called the autoimmune
Iymphoproliferative syndrome is caused by mutations in
the gene encoding Fas that abolish the ability of this
death receptor to deliver apoptotic signals. No evidence
for Fas or Fas ligand abnormalities has been demonstrated in typical SLE.
A third inbred strain in which a lupus-like disease
develops is a recombinant strain called BXSB; disease
susceptibility in this strain is linked to the Y chromosome,
and only males are affected. These mice produce antiantibodies against nuclear antigens, and severe nephritis
and vasculitis develop.
Another mutant mouse strain, called the viable motheaten mouse (because of skin lesions), also produces
high levels of autoantibodies. The moth-eaten mouse
carries a mutation of the tyrosine phosphatase SHP-1,
which associates with several receptors that serve
negative regulatory functions in cells of the immune
system. The signal transduction abnormalities caused by
the phosphatase mutation and the mechanism of autoantibody production in moth-eaten mice are not well
defined. Knockout of the inhibitory Fc receptor, FcyRIIb,
also causes a lupus-like disease in mice.
Transgenic mouse models of lupus have been created
in which an antibody against self DNA is expressed in B
cells as a transgene. These models are useful for studying the control of self-reactive B cells.
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Many organ-specific
autoimmune
diseases are
caused by DTH reactions induced by autoreactive T cells
(Table 18-4). In type 1 diabetes mellitus (TlD) (Box
18-2). infiltrates of lymphocytes and macrophages are
found around the islets of Langerhans in the pancreas,
with destruction

of insulin-producing

~ cells

which arthritis is known to be caused by T cells specific
for joint collagen. Antibodies may also contribute to
joint inflammation in this disease. Antagonists against
the inflammatory cytokine TNF have a beneficial effect
in rheumatoid arthritis.
Cell-mediated immune responses to microbes and
other foreign antigens may also lead to tissue injury at
the sites of infection or antigen exposure. Intracellular
bacteria such as Mycobacterium tuberculosis induce
strong T cell and macrophage responses that result in
granulomatous inflammation and fibrosis; the inflammation and fibrosis may cause extensive tissue destruction and functional impairment, in this case in the lungs.
Tuberculosis is a good example of an infectious disease
in which tissue injury is mainly due to the host immune
response (see Chapter 15). A variety of skin diseases that
result from topical exposure to chemicals and environmental antigens, called contact sensitivity, are due to
DTH reactions, presumably against neoantigens formed
by the binding of the chemicals to self proteins.
Inflammatory bowel disease (lBD) consists of a
group of disorders, including Crohn disease and ulcerative colitis, in which an immunologic etiology has been
suspected for many years. Crohn disease is an inflammatory disease caused by T cells that presumably react
against intestinal microbes as well as self antigens.
About 25% of patients with this disease have mutations
in NOD2, an intracellular sensor of microbial products
(see Chapter 2). The pathogenetic link between NOD2
mutations and the disease is still not understood. Recent

in the islets

and a resultant deficiency in insulin production. In
animal models ofTlD, the disease can be transferred to
young, prediseased animals by injecting T cells from
older diseased animals. Multiple sclerosis (MS) is an
autoimmune
disease of the central nervous system
(CNS) in which CD4+ T cells of the Till and/or TII17
subset react against self myelin antigens (Box 18-3). The
DTH reaction results in the activation of macro phages
around nerves in the brain and spinal cord, destruction
of the myelin, abnormalities in nerve conduction, and
neurologic deficits. An animal model of MS is experimental autoimmune encephalomyelitis (EAE), induced
by immunization with protein antigens of CNS myelin in
adjuvant. Such immunization leads to an autoimmune
T cell response against myelin. EAEcan be transferred to
naive animals with myelin antigen-specific CD4+T cells,
and the disease can be prevented by treating immunized
animals with antibodies specific for class II MHC or for
CD4 molecules, indicating that CD4+ class II MHCrestricted T cells play an obligatory role in this disorder.
Rheumatoid arthritis (Box 18-4) is a systemic disease
affecting the small joints and many other tissues. A role
for T cell-mediated inflammation is suspected in this
disease because of its similarity to animal models in

Table

18-4. Examples

of T Cell-Mediated

Immunological

Diseases

Disease

Specificity of
pathogenic T cells

Human disease

Animal models

Type

Islet cell antigens
(insulin, glutamic acid
decarboxylase,
others)

Yes; specificity of
T cells not established

NOD mouse, BB rat,
transgenic mouse
models

Unknown antigen
joint synovium

Yes; specificity of T cells
and role of antibody
not established

Collagen-induced
arthritis, others

I (insulin-

dependent)
diabetes

mellitus

Rheumatoid

arthritis

in

Multiple
sclerosis,
experimental
autoimmune
encephalomyelitis

Myelin basic protein,
proteolipid protein

Yes; T cells recognize
myelin antigens

EAE induced by
immunization
with CNS
myelin antigens; TCR
transgenic models

Inflammatory
bowel
disease
(Crohn's,
ulcerative
colitis)

Unknown

Yes

Colitis induced by
depletion of regulatory
T cells, knockout of IL-10

Peripheral

P2 protein of peripheral
nerve myelin

Guillain-Barre

syndrome

Induced by immunization
with peripheral nerve
myelin antigens

Myocardial

Yes (post-viral
myocarditis);
specificity
of T cells not established

Induced by immunization
with myosin or infection
by Coxsackie virus

Autoimmune
myocarditis
Abbreviations:

neuritis

CNS, central

proteins

nervous

system;

NOD nonobese diabetic; TCR, T cell receptor
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T1D, previously
called insulin-dependent
diabetes
mellitus (100M).
is a multisystem
metabolic
disease
resulting
from impaired
insulin production.
The disease
is characterized by hyperglycemia
and ketoacidosis.
Chronic
complications
of T1D include
progressive
atherosclerosis
of
arteries,
which can lead to ischemic
necrosis
of limbs and
internal
organs,
and microvascular
obstruction
causing
damage
to the retina,
renal glomeruli,
and peripheral
nerves. The relationship
of abnormal
glucose
metabolism
and vascular
lesions is not known. Type 1 diabetes
affects
about 0.2% of the U.S. population,
with a peak age at
onset of 11 to 12 years, and the incidence
is increasing.
These patients
have a deficiency
of insulin resulting
from
destruction
of the insulin-producing
~ cells of the islets of
Langerhans
in the pancreas,
and continuous
hormone
replacement
therapy
is needed.
Several mechanisms
may contribute
to ~ cell destruc-

tion, including DTH reactions mediated by CD4+ T H 1 cells
reactive
with islet antigens
(including
insulin).
CTLmediated lysis of islet cells, local production of cytokines
(TNF and IL-1) that damage islet cells, and autoantibodies against islet cells. In the rare cases in which the pancreatic lesions have been examined at the early active
stages of the disease, the islets show cellular necrosis
and lymphocytic
infiltration.
This lesion is called insulitis.
The infiltrates consist of both CD4+ and CD8+ T cells. Surviving islet cells often express class II MHC molecules,
probably an effect of local production
of IFN-y by the T
cells. Autoantibodies
against islet cells and insulin are
also detected in the blood of these patients. These antibodies may participate in causing the disease or may be
a result of T cell-mediated
injury and release of normally
sequestered
antigens. In susceptible
children who have
not developed diabetes (such as relatives of patients), the
presence of antibodies against islet cells is predictive of
the development
of T1 D. This suggests that the anti-islet
cell antibodies contribute to injury to the islets.
Multiple genes are involved in T1 D. A great deal of
attention
has been devoted to the role of HLA genes.
Ninety percent to 95% of whites with T1D have HLADR3, or DR4, or both, in contrast to about 40% of normal
subjects, and 40% to 50% of patients are DR3/DR4 heterozygotes,
in contrast to 5% of normal subjects. Interestingly, susceptibility
to T1 0 is actually associated with
alleles of 002 and 008 that are often in linkage disequilibrium with DR3 and DR4. Sequencing of DO molecules
associated with diabetes has led to the hypothesis
that
development
of T1 0 is influenced by the structure of the
DO peptide-binding
cleft. with one particular
residue
(residue 57) playing a significant role. Despite the high relative risk for T1D in individuals with particular class II
alleles, most persons who inherit these alleles do not
develop the disease.
Non-HLA genes also contribute
to the disease. The
first of these to be identified
is insulin, with tandem
repeats in the promoter
region being associated
with
disease susceptibility.
The mechanism
of this association
is unknown; it may be related to the level of expression
of insulin in the thymus, which determines
whether or
not insulin-specific
T cells will be deleted (negatively
selected) during maturation.
Several polymorphisms
have

been identified in the NOD mouse model, including one
believed to be in the IL-2 gene. The functional
consequences of this polymorphism
are not known. Some
studies have suggested
that viral infections
(e.g., with
coxsackievirus
B4) may precede
the onset of T1D,
perhaps by initiating cell injury, inducing inflammation
and
the expression of costimulators,
and triggering an autoimmune response.
However, epidemiologic
data suggest
that repeated infections protect against T1 0, and this is
similar to the NOD model. In fact, it has been postulated
that one reason for the increased incidence of T1D in
developed countries is the control of infectious diseases.
ANIMAL MODELS OF SPONTANEOUS
T1D. The NOD
mouse strain develops a spontaneous
T cell-mediated
insulitis, which is followed by overt diabetes. Disease can
be transferred to young NOD mice with T cells from older,
affected animals. As mentioned earlier, the linkage of this
disease with the MHC is remarkably similar to the HLA
linkage of T1D in humans.
In NOD mice, disease is
induced by diabetogenic
T cells that may recognize
various islet antigens, including insulin and an islet cell
enzyme called glutamic acid decarboxylase.
Induction of
T cell tolerance to these antigens retards the onset of diabetes in NOD mice. The underlying abnormalities
in NOD
mice that lead to autoimmunity
include defective negative selection of self-reactive
T cells in the thymus and
reduced numbers
of regulatory
T cells in peripheral
tissues. Another animal model of the disease is the BB
rat, in which insulitis and diabetes are associated with
lymphopenia.
TRANSGENIC
MOUSE MODELS OF T1D. Several different transgenic models have been created by expressing transgenes

in pancreatic

islet

~

cells

by introducing

these genes into mice under the control of insulin promoters. Allogeneic
class I and class II MHC molecules
can be expressed in islet cells to test the hypothesis that
this will create an endogenous
"allograft"
that should be
attacked
by the immune
system.
Insulitis does not
develop in these mice because T cells specific for the allogeneic MHC molecules become tolerant, in part because
the insulin promoter
is leaky and the alloantigens
are
expressed in the thymus. Expression of the costimulator
B7-1 in islet cells increases susceptibility
to insulitis (see
text). In some models, if both allogeneic MHC molecules
and IL-2 are expressed
in islets, insulitis does develop,
probably because local IL-2 production
breaks T cell
anergy and initiates an allogeneic
reaction against the
islets. Other model protein antigens
have also been
expressed

in islet

~

cells,

and the

reaction

of T cells

to

these antigens has been studied as a model for T1 D.
A different transgenic model involves expressing
in T
cells

a T cell

receptor

(TCR)

specific

for an islet

~

cell

antigen. As these mice age, they develop insulitis and diabetes. A variation of this approach is to express a model
protein antigen in the islets and introduce
into these
antigen-expressing
mice T cells from TCR transgenic
mice expressing
receptors
specific
for that antigen.
These models are valuable for studying T cell tolerance
and responses to tissue antigens.
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MS is the most common
neurologic
disease of young
adults. On pathologic examination,
there is inflammation
in the CNS white matter with secondary demyelination.
The disease is characterized
clinically by weakness, paralysis, and ocular symptoms with exacerbations
and remissions; CNS imaging suggests that in patients with active
disease, there is frequent
new lesion formation.
The
disease is modeled by EAE in mice, rats, guinea pigs, and
nonhuman primates, and this is one of the best characterized experimental
models of an organ-specific
autoimmune disease mediated mainly by T lymphocytes.
EAE is
induced by immunizing
animals with antigens normally
present in CNS myelin, such as myelin basic protein
(MBP), proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein
(MaG), with an adjuvant containing
heat-killed mycobacterium,
which is necessary for eliciting a strong T cell response. About 1 to 2 weeks after
immunization,
animals
develop
an encephalomyelitis,
characterized
by perivascular infiltrates composed of lymphocytes and macrophages
in the CNS white matter, followed by demyelination.
The severity of the lesions
depends on the animal species, antigen, and adjuvant.
The neurologic
lesions can be mild and self-limited
or
chronic and relapsing.
In mice, EAE is caused by activated, CD4+ T cells specific for MBP, PLp, or MaG. This has been established by
many lines of experimental
evidence.
Mice immunized
with MBP or PLP contain CD4+ T cells that secrete IL-2
and IFN-y and proliferate
in response to that antigen in
vitro. The disease can be transferred
to naive animals by
CD4+ T cells from MBP- or PLP-immunized
syngeneic
animals or with MBP- or PLP-specific cloned CD4+ T cell
lines. Although it has been accepted for many years that
the pathogenic T cells are T H 1 cells, recent studies have
indicated

that

IL-17-producing

T H 17 cells

also contribute

to the devleopment
of EAE in mice. In humans, T cells
specific for myelin proteins can be isolated from the
peripheral
blood of normal subjects
as well as from
patients with MS; however,
as predicted
by the EAE
model, the myelin-reactive
T cells derived from patients
with MS are in an activated state compared with those
from normal subjects, which appear to be naive.
Disease-causing
T cells in EAE express high levels of
the ~, integrin very late antigen-4 (VLA-4). The infiltration
of T cells into the CNS is thought to depend on the
binding of VLA-4 to its ligand, vascular cell adhesion

molecule-1

(VCAM-1),

on microvascular

endothelium.

Studies in EAE have demonstrated
that monoclonal antibodies blocking the VLA-4-VCAM
interaction
block the
onset of EAE. Similarly, blocking VLA-4 can significantly
prevent
the onset of new lesions in MS patients.
However, in rare patients, blocking T cell traffic into the
brain has allowed secondary viral infections to occur in
the CNS, with serious consequences.

I

The sequence of events in the development
of EAE,
and by analogy MS, is thought to be the following. Potentially autoreactive
T cells specific for myelin proteins are
present in the circulation
of normal individuals.
Immunization with a myelin antigen together with an adjuvant
leads to T cell activation against epitopes of autologous
myelin proteins. Activated
T cells traffic into the CNS
more readily than do naive cells. In the CNS, the activated
T cells encounter myelin proteins and release cytokines
that recruit and activate macrophages
and other T cells,
leading to myelin destruction.
The disease is propagated
by the process known as epitope spreading.
Within
weeks after the onset of EAE, there is tissue breakdown
with release of new protein epitopes;
local antigenpresenting cells in the CNS itself express high levels of
class II MHC and costimulatory
molecules.
Thus, the
immunologically
activated brain tissue induces the activation of autoreactive
T cells recognizing
many myelin
proteins other than the antigen that triggered the disease.
The clinical relevance of the phenomenon
is that by the
time patients present to the clinic, there is unlikely to be
a single antigen driving the disease.
EAE has been used to analyze the fine specificity of
myelin-reactive
encephalitogenic
T cells and to help
define immunodominant
regions of myelin proteins that
may be relevant to MS in humans. Mutational analysis of
various MBP and PLP peptides has shown that some
amino acid residues are critical for binding to MHC molecules and others for recognition
by T cells. Altered
peptide
ligands
may be produced
by introducing
conservative
substitutions
in the TCR contact residues of
MBP or PLP. Administration
of such mutant peptides
blocks the induction of EAE. It is thought that the altered
peptide ligands induce anergy in T cells specific for native
MBP or PLP or stimulate the development
of anti-inflammatory T H2 cells specific for these myelin antigens. This
approach has recently been tried in patients with MS.
TCR contact residues identified in an immunodominant
MBP peptide were modified to produce an APL, and the
APL was injected into patients. At high antigen doses, a
subset of patients experienced
a flare-up of the disease
associated with very high frequencies
of MBP-reactive
T
cells that were cross-reactive
with the native self antigen.
These unfortunate
results provide strong evidence that
flare-ups of MS are related to T cell responses to myelin
proteins.
Both EAE and MS have strong genetic components
and occur only in genetically susceptible
hosts. Identical
twins have a 25% to 40% concordance
rate for development of MS, whereas nonidentical twins have a 1 % concordance rate. In both mice and humans, certain MHC
haplotypes have been linked to the disease.
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Rheumatoid
arthritis is an inflammatory
disease involving
small joints of the extremities,
particularly of the fingers,
as well as larger joints including
shoulders,
elbows,
knees, and ankles. Rheumatoid
arthritis is characterized
by inflammation
of the synovium associated with destruction of the joint cartilage and bone, with a morphologic
picture suggestive of a local immune response. Both cellmediated
and humoral
immune
responses
may contribute
to development
of synovitis.
C04+ T cells,
activated B lymphocytes,
plasma cells, and macrophages,
as well as other inflammatory
cells, are found in the
inflamed synovium,
and in severe cases, well-formed
lymphoid follicles with germinal centers may be present.
Numerous cytokines, including IL-l, IL-8, TNF, and IFN-y,
have been detected in the synovial (joint) fluid. Cytokines,
especially TNF, are believed to activate resident synovial
cells to produce proteolytic
enzymes, such as collagenase, that mediate destruction
of the cartilage, ligaments,
and tendons of the joints. Many of the cytokines thought
to play a role in initiating joint destruction
are probably
produced as a result of local T cell and macrophage
activation. Antagonists
against TNF have proved to be of
benefit in patients, and soluble TNF receptor as well as
anti-TNF antibody are now approved for treatment of the
disease. The bone destruction
in rheumatoid
arthritis is
due to increased osteoclast activity in the joints, and this
may be related to the production
of the TNF family
cytokine RANK (receptor activator of nuclear factor KB)
ligand by activated T cells. RANK ligand binds to RANK,
a member of the TNF receptor family that is expressed
on osteoclast precursors, and induces their differentiation
and activation. The specificity
of the T cells that may be
involved in the pathogenesis
of arthritis and the nature of
the initiating antigen are not known. Significant numbers
of T cells expressing
the yo antigen receptor have also
been detected in the synovial fluid of some patients with
rheumatoid
arthritis.
However,
the pathogenic
role of
this subset of T cells, like their physiologic
function, is
obscure.
Systemic complications
of rheumatoid arthritis include
vasculitis,
presumably
caused by immune complexes,
and lung injury. The nature of the antigen or the antibod-

studies suggest that a mutation in the gene encoding the
IL-23 receptor is strongly associated with lED. IL-23 is
the cytokine that enhances TH17 responses, and TH17
cells may be involved in the inflammatory lesions ofIBD.
It is not known if the IL-23R mutation influences this
reaction. Several mouse models ofIBD suggest that deficiency of regulatory T cells may be involved in the excessive reactions to enteric bacteria.
Although T cell-induced chronic inflammation is
believed to be the common pathogenetic basis for all
these diseases, recent therapeutic trials suggest that
there may be subtle differences in the pathogenesis of
these diseases. For instance, TNF antagonists are beneficial in patients with rheumatoid arthritis and Crohn's
disease but not multiple sclerosis. Also, as mentioned

ies in these complexes
is not known. Patients with the
adult form of rheumatoid
arthritis frequently
have circulating antibodies, which may be IgM or IgG, reactive with
the Fc (and rarely Fab) portions of their own IgG molecules. These
autoantibodies
are called rheumatoid
factors, and their presence is used as a diagnostic test
for rheumatoid
arthritis. Rheumatoid
factors may participate in the formation of injurious immune complexes,
but
their pathogenic
role is not established.
Although activated B cells and plasma cells are often present in the
synovia of affected joints, the specificities
of the antibodies produced by these cells or their roles in causing
joint lesions are not known. Susceptibility
to rheumatoid
arthritis is linked to the HLA-OR4 haplotype and less so
to ORl and ORW1D. In all these alleles, the amino acid
sequences

from

positions

65 to 75 of the

~

chain

are

nearly identical. These residues are located in or close to
the peptide-binding
clefts of the HLA molecules,
suggesting that they influence antigen presentation
or T cell
recognition.
There are several experimental
models of arthritis.
MRUlpr mice develop spontaneous
arthritis and have
high serum levels of rheumatoid
factors. The immune
mechanisms
of joint disease in MRUlpr mice are not
known. T cell-mediated
arthritis can be induced in susceptible strains of mice and rats by immunization
with
type II collagen (the type found in cartilage). and the
disease can be adoptively
transferred
to unimmunized
animals with collagen-specific
T cells. However, in the
human disease, there is no convincing evidence for collagen-specific
autoimmunity.
An antibody-mediated
arthritis that mimics some aspects of rheumatoid
arthritis is
seen in a TCR transgenic strain of mice called KlB x N. In
this model, autoantibodies
that recognize the ubiquitous
cytoplasmic
enzyme
glucose-6-phosphate
isomerase
mediate inflammation
specifically
on articular surfaces.
Experimental
arthritis can also be produced by immunization with various bacterial antigens, including mycobacterial and streptococcal
cell wall proteins. However,
such diseases bear little resemblance
to human rheumatoid arthritis.

earlier in the chapter, T cells may play an indirect role in
antibody-mediated diseases by activating self-reactive B
lymphocytes.
Diseases
Caused
T Lymphocytes

by Cytotoxic

CTL responses to viral infection can lead to tissue injury
by killing infected cells, even if the virus itself has no
cytopathic effects. The principal physiologic function of
CTLs is to eliminate intracellular microbes, primarily
viruses, by killing infected cells. Some viruses directly
injure infected cells and are said to be cytopathic,
whereas others are not. Because CTLs cannot distinguish a priori between cytopathic and noncytopathic
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viruses, they kill virally infected cells regardless of
whether the infection itself is harmful to the host.
Examples of viral infections in which the lesions are due
to the host CTL response and not the virus itself include
lymphocytic choriomeningitis in mice and certain forms
of viral hepatitis in humans (see Chapter 15).
Few examples of autoimmune diseases mediated
only by CTLs have been documented. Myocarditis with
infiltration of the heart by CD8+T cells develops in mice,
and sometimes in humans, infected with coxsackievirus
B. The infected animals contain virus-specific, class I
MHC-restricted CTLs as well as CTLs that kill uninfected
myocardial cells. It is postulated that the heart lesions
are initiated by the virus infection and virus-specific
CTLs, and myocardial injury leads to the exposure or
alteration of self antigens and the subsequent development of auto reactive CTLs. CTLs may also contribute to
tissue injury in disorders that are caused primarily by
CD4+T cells, such as type 1 diabetes.

PATHOGENESIS

OF AUTOIMMUNITY

The possibility that an individual's immune system may
react against autologous antigens and cause tissue
injury was appreciated by immunologists from the time
that the specificity of the immune system for foreign
antigens was recognized. In the early 1900s, Paul Ehrlich
coined the rather melodramatic phrase "horror autotoxicus" for harmful ("toxic") immune reactions against
self. When Macfarlane Burnet proposed the clonal selection hypothesis about 50 years later, he added the corollary that clones of auto reactive lymphocytes were
deleted during development to prevent autoimmune
reactions. We now know that the key events in the development of autoimmunity are the recognition of self antigens by auto reactive lymphocytes, the activation of
these cells to proliferate and differentiate into effector
cells, and the tissue injury caused by the effector cells
and their products. How self-tolerance fails and selfreactive lymphocytes are activated are the fundamental
issues in autoimmunity and likely to be the basis for
understanding the pathogenesis of these diseases.
Autoimmunity is an important cause of disease in
humans and is estimated to affect 2% to 5% of the U.S.
population. The term autoimmunity
is often erroneously used for any disease in which immune reactions
accompany tissue injury, even though it may be difficult
or impossible to establish a role for immune responses
to self antigens in causing these disorders. Our understanding of autoimmunity has improved greatly during
the past two decades, mainly because of the development of a variety of animal models of these diseases
and the identification of genes that may predispose
to autoimmunity. Nevertheless, the etiology of most
human autoimmune diseases remains obscure, and
understanding these disorders is a major challenge in
immunology.
Several important general concepts have emerged
from analyses of autoimmunity.

. Autoimmunity results from a failure or breakdown of
the mechanisms normally responsible for maintaining self-tolerance in B cells, T cells, or both. The potential for autoimmunity exists in all individuals because
during their development, lymphocytes may express
receptors specific for self antigens, and many self
antigens are readily accessible to the immune system.
As discussed in Chapter II, tolerance to self antigens
is normally maintained by selection processes that
prevent the maturation of some self antigen-specific
lymphocytes and by mechanisms that inactivate or
delete self-reactive lymphocytes that do mature. Loss
of self-tolerance may result from abnormal selection
or regulation of self-reactive lymphocytes and by
abnormalities in the way that self antigens are presented to the immune system.
Much recent attention has focused on the role ofT
cells in autoimmunity, for two main reasons. First,
helper T cells are the key regulators of all immune
responses to proteins. Second, several autoimmune
diseases are genetically linked to the MHC (the HLA
complex in humans), and the function of MHC molecules is to present peptide antigens to T cells. Therefore, it is believed that failure ofT cell tolerance is an
important mechanism of autoimmune
diseases.
Failure of self-tolerance in T lymphocytes may result
in autoimmune diseases in which the lesions are
caused by cell-mediated immune reactions. HelperT
cell abnormalities may also lead to autoantibody production because helper T cells are necessary for the
production of high-affinity antibodies against protein
antigens.
.

The major factors that contribute to the development
of autoimmunity are genetic susceptibility and environmental triggers, such as infections. Susceptibility
genes and infections both contribute to the breakdown of self-tolerance, and infections in tissues
promote the influx of autoreactive lymphocytes and
activation of these cells, resulting in tissue injury (Fig.
18-6). Infections and tissue injury may also alter the
way in which self antigens are displayed to the
immune system, leading to failure of self-tolerance.
The roles of these factors in the development of
autoimmunity are discussed later.

. Autoimmune diseases may be either systemic or

.

organ specific. For instance, the formation of circulating immune complexes composed of self antigens
and specific antibodies typically produces systemic
diseases, such as SLE. In contrast, autoantibody or T
cell responses against self antigens with restricted
tissue distribution lead to organ-specific diseases,
such as myasthenia gravis, T10, and MS.
Various effector mechanisms are responsible for
tissue injury in different autoimmune diseases. These
mechanisms include immune complexes, circulating
autoantibodies, and autoreactive T lymphocytes and
are discussed earlier in the chapter.

. Autoimmune reactions initiated against one self
antigen that injure tissues may result in the release
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FIGURE 18-6 Postulated mechanisms of autoimmunity. In this proposed model of an organ-specific T cell-mediated
autoimmune
disease,
various genetic loci may confer susceptibility
to autoimmunity,
in part by influencing the maintenance
of self-tolerance.
Environmental
triggers, such as infections and other inflammatory
stimuli, promote the influx of lymphocytes
into tissues and the activation of self-reactive
T cells, resulting in tissue injury.

and alterations of other tissue antigens, activation of
lymphocytes specific for these other antigens, and
exacerbation of the disease. This phenomenon
is
called epitope spreading, and it may explain why
once an autoimmune disease has developed, it tends
to be chronic and often progressive.
In the following section, we describe the general principles of the pathogenesis of autoimmune diseases, with
an emphasis on susceptibility genes, infections, and
other factors that contribute to the development of
autoimmunity.
Genetic

Susceptibility

to Autoimmunity

From the earliest studies of autoimmune diseases in
patients and experimental animals, it has been appreciated that these diseases have a strong genetic component. For instance, TlD (see Box 18-2) shows a
concordance of 35% to 50% in monozygotic twins and
5% to 6% in dizygotic twins. Much more has been
learned about the genes involved in autoimmune diseases by linkage analyses in families, breeding studies in
animal models, and genome scanning methods exploiting the large amount of information that has been developed about human and mouse genome sequences.
Most autoimmune
diseases are polygenic, and
affected individuals inherit multiple genetic polymor-

phisms that contribute to disease susceptibility. Some
of these polymorphisms are associated with several
autoimmune diseases, suggesting that the causative
genes influence general mechanisms of immune regulation and self-tolerance. Other loci are associated with
particular diseases, suggesting that they affect endorgan damage (Fig. 18-7). It is believed that the products
of many of these polymorphic genes influence the development of self-tolerance,
and affected individuals
express products of the genes that are defective in the
maintenance of tolerance. However, most of the susceptibility loci identified to date span large chromosomal
segments that have been shown to be disease associated
by family and linkage studies. These loci may contain
tens or hundreds of genes, and the actual diseaseassociated genes or their causal associations with the
disease are often not known. Furthermore, the mechanistic links between suspected genes and failure of selftolerance are not defined. An illustrative example is TlD
(see Box 18-2). In both the human disease and the
mouse model, the nonobese diabetic (NOD) strain,
more than 20 susceptibility loci have been identified;
several of these are also susceptibility loci for other
autoimmune diseases. The first disease-associated gene
to be identified in TlD, and the only one that is common
to both humans and mice, is a class II MHC gene, consistent with the fact that the disease is caused by class
II-restricted CD4+T lymphocytes.
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FIGURE 18-7 Susceptibility loci for autoimmune diseases. The chromosomal lociassociated with some autoimmune diseases are shown.
The location of candidate genes of immunologic interest are indicated as ovals on the left of the chromosomes. These ovals are color coded
to indicate the diseases to which the genes are linked. SLE. systemic lupus erythematosus; AITD.autoimmune thyroid disease; RA.rheumatoid arthritis; T1D. type 1 diabetes. (Modified from Yamada Rand KYmamoto. Recent findings on genes associated with inflammatory diseases. Mutation Research 573: 136-151. Copyright 2005 with permission from Elsevier.)

Among the genes that are associated with autoimmunity, the strongest associations are with MHC genes,
especially class II MHC genes. HLA typing oflarge groups
of patients with various autoimmune
diseases has
shown that some HLA alleles occur at higher frequency
in these patients than in the general population. From
such studies. one can calculate the relative risk for development of a disease in individuals who inherit various
HLA alleles (Table 18-5). The strongest such association
is between ankylosing spondylitis, an inflammatory, presumably autoimmune, disease of vertebral joints, and
the class I HLA allele B27. Individuals who are HLA-B27
positive have a 90- to lOO-fold greater chance for developing ankylosing spondylitis than do individuals lacking
B27. Neither the mechanism of this disease nor the basis
of its association with HLA-B27 is known. The association of class II HLA-DR and HLA-DQ alleles with autoimmune diseases has received great attention, mainly
because class II MHC molecules are involved in the
selection and activation of CD4+T cells. and CD4+T cells
regulate both humoral and cell-mediated
immune
responses to protein antigens.
Several features of the association of HLA alleles with
autoimmune diseases are noteworthy. First, an HLAdisease association may be identified by serologic typing
of one HLA locus, but the actual association may be with
other alleles that are linked to the typed allele and inher-

ited together. For instance, individuals with a particular
HLA-DR allele (hypothetically, DRl) may show a higher
probability of inheriting a particular HLA-DQ allele
(hypothetically DQ2) than the probability of inheriting
these alleles separately and randomly (Le., at equilibrium) in the population. Such inheritance is an example
of linkage disequilibrium. A disease may be found to be
DRI associated by HLA typing, but the causal association may actually be with the co-inherited DQ2. This
realization has emphasized the concept of "extended
HLA haplotypes," which refers to sets of linked genes,
both classical HLA and adjacent non-HLA genes, that
tend to be inherited together as a single unit. Second, in
many autoimmune
diseases, the disease-associated
HLA molecules differ from HLA molecules that are not
disease associated in their peptide-binding clefts. This
finding is not surprising because polymorphic residues
ofMHC molecules are located within and adjacent to the
clefts, and the structure of the clefts is the key determinant of both functions of MHC molecules, namely,
antigen presentation and recognition by T cells (see
Chapters 5 and 6). These results support the general
concept that MHC molecules influence the development of autoimmunity by controlling T cell selection and activation. Third, disease-associated
HLA
sequences are found in healthy individuals. In fact, if all
individuals bearing a particular disease-associated HLA
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allele are monitored prospectively, most will never
acquire the disease. Therefore, expression of a particular
HLA gene is not by itself the cause of any autoimmune
disease, but it may be one of several factors that contribute to autoimmunity.
The mechanisms underlying the association of particular HLA alleles with various autoimmune diseases
are still not clear. The disease-associated MHC molecule
may present a particular self peptide and activate
pathogenic T cells, or it may influence negative selection
of developing T cells.
Studies with knockout mice and patients have identified several non-MHC genes that influence the maintenance of tolerance to self antigens. Many of these
genes were mentioned in Chapter 11, when we discussed the molecular pathways of self-tolerance. The
known mutations that predispose to autoimmunity have
provided valuable information about the importance of
various mechanisms of self-tolerance (Table 18-6).

o

Knockout of the gene encoding CTLA-4, the
inhibitory T cell receptor for B7 molecules, results in
fatal autoimmunity with T cell infiltrates and tissue
destruction involving the heart, pancreas, and other
organs. Blocking CTLA-4 with specific antibodies
also greatly exacerbates the severity of autoimmune
tissue injury in mouse models of encephalomyelitis
and diabetes. Because CTLA-4may function normally
to induce and maintain T cell anergy to self antigens,
eliminating this function leads to autoimmunity. A
polymorphism of CTLA4 has been shown to be associated with autoimmune thyroid disease and TiD.
This polymorphism affects production of a splice
variant of the protein that is believed to inhibit T cell
activation.

Table 18-5. Examples of HLA-Linked
Immunological Diseases
I

Disease

I

HLAallele Relative risk*1
I

Rheumatoid arthritis DR4

4

Insulin-dependent
diabetes mellitus

DR3
DR4

5
5-6

DR3/DR4
heterozygote

25

DR2

4

DR2/DR3

5

DR4

14

827

90-100

Multiple sclerosis
Systemic lupus
erythematosus
Pemphigus
vulgaris
Ankylosing
spondylitis

-Relative risk is defined as the probability of development
of a disease in individuals with a particular HLAallele versus
individuals lacking that HLAallele. The numbers given are
approximations.
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o Mutations in the autoimmune regulator (AIRE) gene
in humans and mice result in the autoimmune polyendocrine syndrome (APS),characterized by destruction of several endocrine organs. AlRE is required for
expression or presentation of tissue-specific proteins
in thymic epithelial cells, and hence for deletion (negative selection) ofT cells that recognize these self proteins (see Chapter 11).
o Mutations in the gene encoding the transcription
factor FoxP3 cause deficiencies of regulatory T cells
and systemic autoimmunity. The human disease
associated with these mutations is called IPEX
(immune
dysregulation,
poIyendocrinopathy,
enteropathy, X-linked), and the mouse strain that
develops systemic autoimmunity because of mutations in FoxP3 is called the scurfy mouse. FoxP3 is
required for the development of regulatory T cells.

o

Mice lacking interleukin-2

(lL-2) or the a or

~ chain

of the IL-2 receptor develop splenomegaly, lymphadenopathy, autoimmune hemolytic anemia, antiDNA autoantibodies, and IBD. These mice are
deficient in CD4+CD25+regulatoryT cells, which need
IL-2 for their survival and function.
o Genetic deficiencies of several complement proteins,
including Clq, C2, and C4 (see Chapter 14, Box 14-2),
are associated with lupus-like autoimmune diseases.
The postulated mechanism of this association is that
complement activation promotes the clearance of
circulating immune complexes and apoptotic cell
bodies, and in the absence of complement proteins,
these complexes accumulate in the blood and are
deposited in tissues and the antigens of dead cells
persist.
o As mentioned above, mutations in the intracellular
microbial sensor NOD2 are associated with Crohn's
disease, and mice in which the NOD2 gene is knocked
out develop IBD. It is not clear if these mutations
reduce host defense against microbes and allow
infections to become chronic and elicit inflammatory
reactions, or if the mutations lead to excessive host
reactions to intestinal microbes.
o Several autoimmune diseases (RA,T10, autoimmune
thyroid disease) are associated with particular variants of the protein tyrosine phosphatase PTPN22,
especially in white populations. Because RA is the
most prevalent autoimmune disease, PTPN22 is
the most common autoimmunity-associated gene.
One explanation for this association is that the
disease-associated variants have reduced function,
and decreased phosphatase activity allows uncontrolled lymphocyte stimulation by self antigens.
However, some of the variants are thought to be gain
of function, and could promote autoimmunity by
altering selection of self-reactive lymphocytes during
maturation.
o Mice carrying homozygous mutations of the [as or [as
ligand gene provided the first clear evidence that
failure of apoptotic cell death results in autoimmunity (see Box 18-1). These mice die by the age of 6
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Table

Gene

Phenotype

or knockout

of Gene Mutations

of mutant

mouse

that Result in Autoimmunity

Mechanism
of
failure
of tolerance

Human

Autoimmune
polyendocrine
syndrome (APS)

AIRE

Destruction
of endocrine
organs by antibodies,
lymphocytes

Failure of central

C4

SLE

Defective clearance of
immune complexes;
failure of B cell tolerance?

SLE

CTLA-4

Lymphoproliferation;
T cell infiltrates in multiple
organs, especially heart;
lethal by 3-4 weeks

Failure of anergy
CD4+ T cells

CTLA-4 polymorphisms
associated with several
autoimmune
diseases

Fas/FasL

Anti-DNA and other
autoantibodies;
immune
complex nephritis;
arthritis; Iymphoproliferation

Defective deletion of anergic
self-reactive
B cells; reduced
deletion of mature CD4+
Tcells

Autoimmune
Iymphoproliferative
syndrome (ALPS)

FoxP3

Multi-organ
lymphocytic
infiltrates, wasting

Deficiency
Tcells

IPEX

IL-2;

Defective development,
survival or function of
regulatory T cells

None known

IL-2RaJ~

Inflammatory
bowel
disease; anti-erythrocyte
and anti-DNA autoantibodies

SHP-1

Multiple

Failure of negative
of B cells

None known

PTPN22

Increased lymphocyte
proliferation,
antibody
production

autoantibodies

Abbreviations:
AIRE, autoimmune
polyendocrinopathy,
enteropathy,

tolerance

disease?

in

of regulatory

regulation

Reduced inhibition by
tyrosine phosphatase?

PTPN22 polymorphisms
are associated
with several
autoimmune
diseases

regulator gene; IL-2, interleukin-2;
IPEX, immune dysregulation,
X-linked syndrome; SHP-1, SH2-containing
phosphatase-1.
I

months of a systemic autoimmune disease with multiple autoantibodies and nephritis. The lpr/lpr (for
"lymphoproliferation") mouse strain produces low
levels of Fas protein, and the gldl gld (for "generalized
lymphoproliferative disease") strain produces Fas
ligand with a point mutation that interferes with its
signaling function. A principal cause of autoimmunity is believed to be accumulation of autoreactive B
cells. because these B cells are normally eliminated by
Fas-dependent death resulting from interactions with
T cells, and this pathway of B cell deletion is defective
in lpr and gld mice. In addition, defects in Fas or Fas
ligand may result in an inability to delete mature
CD4+T cells by activation-induced cell death. Children with a phenotypically similar disease have been
identified and shown to carry mutations in the gene
encoding Fas or in genes encoding proteins in the
Fas-mediated death pathway that result in a failure of
activation-induced cell death. These diseases are the
only ones known in which genetic abnormalities in
one apoptosis-inducing ligand-receptor pair lead to
phenotypically complex autoimmune diseases.
Role of Infections

in Autoimmunity

Viral and bacterial infections may contribute to the
development and exacerbation of autoimmunity.
In
patients, the onset of autoimmune diseases is often

associated with or preceded by infections, and in several
animal models, autoimmune tissue injury is reduced
when the animals are free of infections. (One notable
and unexplained exception is the NOD mouse, in which
infections tend to ameliorate insulitis and diabetes.) In
most of these cases, the infectious microorganism is not
present in lesions and is not even detectable in the individual when autoimmunity develops. Therefore, the
lesions of autoimmunity are not due to the infectious
agent itself but result from host immune responses that
may be triggered or dysregulated by the microbe.
Infections may promote the development of autoimmunity by two principal mechanisms (Fig. 18-8).

. Infections of particular tissues may induce local
innate immune responses that recruit leukocytes into
the tissues and result in the activation of tissue APCs.
These APCs express costimulators and secrete T
cell-activating cytokines. resulting in the breakdown
of T cell tolerance. Thus. the infection results in the
activation ofT cells that are not specific for the infectious pathogen; this type of response is called
bystander activation. The importance of aberrant
expression of costimulators has been demonstrated
by several types of experiments.
o Experimental T cell-mediated autoimmune diseases,
such as encephalomyelitis (see Box 18-3) and thyroiditis. develop only if the self antigens (myelin pro-
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FIGURE 18-8 Role of infections
in the development of autoimmunity.
A. Normally, encounter of a mature
self-reactive T cell with a self antigen
presented by a costimulator-deficient
resting tissue antigen-presenting cell
(APC)results in peripheral tolerance by
anergy. (Other possible mechanisms
of self-tolerance are not shown.)
B. Microbes may activate the APCs
to express costimulators, and when
these APCs present self antigens, the
self-reactive T cells are activated rather
than rendered tolerant. C. Some microbial antigens may cross-react with self
antigens (molecular mimicry). Therefore, immune responses initiated by
the microbes may activate T cells specific for self antigens.
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cells, this antigen effectively becomes "self" and does
not elicit an autoimmune reaction (see Chapter 11,
Fig. 11-5). However, coexpression ofthe viral antigen
and B7-1 breaks peripheral tolerance in viral
antigen-specific T cells, triggers a response to the
antigen in the islets, and results in insulitis and diabetes. In this model, transgene-encoded expression
of the costimulator is equivalent to converting resting
tissue APCs to activated APCs, much like what
happens in infections.
.

.

Selftissue

~------------------------------------

control of insulin promoters. If a foreign antigen such
as a viral protein is expressed
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Presentation

o More formal demonstration of autoimmune tissue
injury resulting from the abnormal expression of costimulators and breakdown ofT cell anergy has come
from transgenic mouse models of type 1 diabetes (see
Box 18-2). Various genes can be expressed selectively
islet

Selfreactive
cell

Activation
of APC

teins and thyroglobulin, respectively) are administered with strong adjuvants. Such adjuvants may
function like infectious agents to activate tissue dendritic cells and macrophages, leading to the expression of the costimulators B7-1 and B7-2, the
breakdown of T cell anergy, and the development of
effector T cells reactive with the self antigen.

in pancreatic

APC expresses
costimulatory
molecules

Microbe

Infectious microbes may contain antigens that crossreact with self antigens, so immune responses to the
microbes may result in reactions against self antigens.
This phenomenon
is called molecular mimicry,
because the antigens of the microbe cross-react with,
or mimic, self antigens.

o

Autoimmunityl

One example of an immunologic cross-reaction
between microbial and self antigens is rheumatic
fever, which develops after streptococcal infections
and is caused by antistreptococcal antibodies that
cross-react with myocardial proteins. These antibodies are deposited in the heart and cause myocarditis.
Molecular sequencing has revealed numerous short
stretches of homologies between myocardial proteins
and streptococcal protein.

. Microbes may engage Toll-like receptors (TLRs)
on dendritic cells, leading to the production of lymphocyte-activating cytokines, or on autoreactive B
cells, leading to autoantibody production. A role of
TLR signaling in autoimmunity has been demonstrated in mouse modes of SLE, but its significance in
human autoimmune diseases is unclear.
The significance of limited homologies between
microbial and self antigens remains to be established,
and it has been difficult to prove that a microbial protein
can actually cause a disease that resembles a spontaneous autoimmune disease. On the basis of transgenic
mouse models, it has been suggested that molecular
mimicry is involved in triggering autoimmunity when
the frequency of autoreactive lymphocytes is low; in this
situation, the microbial mimic of the self antigen serves
to expand the number of self-reactive lymphocytes
above some pathogenic threshold. When the frequency
of self-reactive lymphocytes is high, the role of microbes
may be to induce tissue inflammation, to recruit selfreactive lymphocytes into the tissue, and to provide
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second signals for the activation of these bystander
lymphocytes.
Some infections may protect against the development
of autoimmunity.
Epidemiologic studies suggest that
reducing infections increases the incidence ofTlD and
MS, and experimental studies show that the disease of
NOD mice (the mouse model of type 1 diabetes) is
greatly retarded if the mice are infected. It seems paradoxical that infections can be triggers of autoimmunity
and also inhibit autoimmune diseases. How they may
reduce the incidence of autoimmune
diseases is
unknown.
Other

Factors

in Autoimmunity

The development of autoimmunity is related to several
factors in addition to susceptibility genes and infections.
Anatomic alterations in tissues, caused by inflammation (possibly secondary to infections), ischemic injury,
or trauma, may lead to the exposure of self antigens that
are normally concealed from the immune system. Such
sequestered
antigens may not have induced selftolerance. Therefore, if previously hidden self antigens
are released, they can interact with immunocompetent
lymphocytes and induce specific immune responses.
Examples of anatomically sequestered antigens include
intraocular proteins and sperm. Posttraumatic uveitis
and orchitis are thought to be due to autoimmune
responses to self antigens that are released from their
normal locations by trauma.
Hormonal influences play a role in some autoimmWle diseases. Many autoimmune diseases have a
higher incidence in females than in males. For instance,
SLE affects women about 10 times more frequently than
men. The SLE-Iike disease of (NZB x NZW)F1 mice
develops only in females and is retarded by androgen
treatment. Whether this predominance results from the
influence of sex hormones or other gender-related
factors is not known.
Autoimmune diseases are among the most challenging scientific and clinical problems in immunology.
The current knowledge of pathogenetic mechanisms
remains incomplete,
so theories and hypotheses
continue to outnumber
facts. The application of
new technical advances and the rapidly improving
understanding of self-tolerance will, it is hoped, lead to
clearer and more definitive answers to the enigmas of
autoimmunity.
THERAPEUTIC ApPROACHES
IMMUNOLOGIC

FOR

DISEASES

Strategies for treatment of immune-mediated
diseases
are similar to the approaches used to prevent graft rejection, another form of injurious immune response (see
Chapter 16). The mainstay of therapy for hypersensitivity diseases is anti-inflammatory drugs, particularly corticosteroids. Such drugs are targeted at reducing tissue
injury, specifically, the effector phases of the pathologic
immune responses. Biologic agents that inhibit immune

responses and inflammation have become important
treatment options for many immune-mediated
inflammatory diseases. Many of these newer therapies are
based on our improving understanding
of immune
response, and are remarkable examples of rational drug
design. A soluble form oftheTNF receptor and anti-TNF
antibodies that bind to and neutralize TNF are of great
benefit in many patients with rheumatoid arthritis and
Crohn's disease. Antagonists of other proinflammatory
cytokines, such as IL-l, and agents that block leukocyte
emigration into tissues, such as antibodies against integrins, are also being tested for their anti-inflammatory
effects. Agents that block B7 co stimulators are approved
for treatment of rheumatoid arthritis and psoriasis.
These antagonists are now in clinical trials for SLE, psoriasis, and other diseases. Depletion of B cells with antiCD20 antibody is being tested in rheumatoid arthritis
and other diseases. In severe cases, immunosuppressive
drugs such as cyclosporine are used to block T cell activation, or anti-proliferative drugs such as methotrexate
are used to reduce the generation and expansion of
lymphocytes. Plasmapheresis has been used during
exacerbations of antibody-mediated diseases to reduce
circulating levels of antibodies or immune complexes.
Large doses of intravenous IgG have beneficial effects in
some hypersensitivity diseases. It is not clear how this
agent suppresses immune inflammation; one possibility
is that the IgG binds to inhibitory Fc receptors on B lymphocytes and shuts off antibody production, similar to
the phenomenon of antibody feedback (see Chapter 10,
Fig. 10-19). There are ongoing attempts at more specific
treatment, such as inducing tolerance in disease-producing lymphocyte clones, or inducing regulatory T cells
specific for self antigens.

SUMMARY

. Disorders
caused by abnormal immune responses
are called hypersensitivity diseases. Pathologic
immune
responses
may be autoimmune
responses directed against self antigens or uncontrolled and excessive responses to foreign antigens.
.

Hypersensitivity diseases may result from antibodies that bind to cells or tissues, circulating immune
complexes that are deposited in tissues, or T lymphocytes reactive with antigens in tissues.

. The effector mechanisms of antibody-mediated
tissue injury are complement activation and Fc
receptor-mediated
inflammation. Some antibodies cause disease by interfering with normal cellular functions without producing tissue injury.
The effector mechanisms
of T cell-mediated
tissue injury are DTH reactions and cell lysis by
CTLs.

. Autoimmunity results from a failure of selftolerance. Autoimmune reactions may be triggered
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by environmental stimuli, such as infections, in
genetically susceptible individuals.

. Most autoimmune diseases are polygenic, and
numerous susceptibility genes contribute to
disease development. The greatest contribution is
from MHC genes; other genes are believed to
influence the selection of self-reactive lymphocytes and the development of self-tolerance.
. Infections may predispose to autoimmunity by
several mechanisms, including enhanced expression of costimulators in tissues and cross-reactions
between microbial antigens and self antigens.

. The current treatment of autoimmune diseases is
targeted at reducing immune activation and the
injurious consequences of the autoimmune reaction. A future goal of therapy is to inhibit the
responses of lymphocytes specific for self antigens
and to induce tolerance in these cells.
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A variety of human diseases are caused by immune
responses to environmental antigens th,h lead to CD4+
TII2 differentiation and production of irrtmunoglobulin
E (lgE) antibodies that are specific for tHe antigens and
bind to Fe receptors on mast cells and b~sophils. When
these cell-associated IgE antibodies are cross-linked
by antigen, the cells are activated to rapidly release a
variety of mediators. These mediators collectively cause
increased vascular permeability,
vasodilation,
and
bronchial and visceral smooth muscle contraction. This
reaction is called immediate hypersensitivity because it
begins rapidly, within minutes of antigen challenge
(immediate), and has major pathologic consequences
(hypersensitivity). In clinical medicine, these reactions
are commonly called allergy or atopy, and the associated
diseases are called allergic or immediate hypersensitivity diseases. These diseases also have a major inflammatory component, which is triggered by cytokines
produced by CD4+T112cells and mast cells, as well as by
lipid mediators secreted by mast cells. Although atopy
originally meant "unusual," we now realize that allergy
is the most common disorder of immunity and affects
20% of all individuals in the United States. This chapter
focuses on immune reactions mediated by TII2 cells and
IgE and mast cells. We begin by summarizing some
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important general features of immediate hypersensitivity and proceed to describe the production of IgE, the
structure and functions of IgE-specific Fc receptors, and
the cellular mediators of immediate hypersensitivity,
including mast cells, basophils, and eosinophils. We
then describe selected clinical syndromes associated
with immediate hypersensitivity and the principles of
therapy for these diseases. We conclude with a discussion of the physiologic role of IgE-mediated immune
reactions in host defense.

GENERAL

FEATURES

HYPERSENSITIVITY

Production
of IgE

REACTIONS

to FCERI

There is a strong genetic predisposition for the development of immediate hypersensitivity. Many susceptibility genes are associated with atopy. These genes
are thought to influence different steps in the development and reactions of immediate hypersensitivity.
We will discuss some of the major known susceptibility genes and their likely roles later in the chapter.

.

The antigens that elicit immediate hypersensitivity,
also called allergens, are usually common environmental proteins and chemicals. Many structurally
distinct antigens can be allergenic. It is still not established if allergens share particular chemical features
that are the basis for stimulation ofTII2 responses in
genetically susceptible individuals.

. The cytokines produced by TII2cells are responsible
for many of the features of immediate hypersensitivity. Thus, immediate hypersensitivity is the prototypic
TlI2-mediated disorder, in contrast to delayed-type
hypersensitivity, which is the classical Till-mediated
immune reaction.

on

mast cells

Repeated
exposure
to allergen

The typical sequence of events in immediate hypersensitivity consists of exposure to an antigen, activation of TII2 cells and B cells specific for the antigen,
production of 19E antibody, binding of the antibody
to Fc receptors of mast cells, and triggering of the
mast cells by re-exposure to the antigen, resulting in
the release of mediators from the mast cells and the
subsequent pathologic reaction (Fig. 19-1). Binding
of IgE to mast cells is also called sensitization because
IgE-coated mast cells are ready to be activated on
antigen encounter (Le., they are sensitive to the
antigen). We describe each of these steps in the following sections.

.

FceRI

Binding of IgE

The hallmarks of allergic diseases are the activation
of TII2 cells and the production of 19E antibody.
Whereas healthy individuals either do not respond or
have harmless T cell and antibody responses to
common environmental antigens, atopic individuals
develop strong TII2 responses and produce IgE upon
exposure to these potentially allergenic substances.

.

~ergen

Activation of
T H2 cells and
stimulation of
IgE class
switching
in B cells

OF IMMEDIATE

All immediate hypersensitivity reactions share common
features. although they differ greatly in the types of antigens that elicit these reactions and their clinical and
pathologic manifestations.
.

First exposure
to allergen

Activation of
mast cell:
release
of mediators

. :. :0;..:.

. :........

.Mediators"'

/
Vasoactive amines,
lipid mediators

"
I

Cytokines
I

~
Immediate
hypersensitivity
reaction (minutes
after repeat
exposure
to allergen)

Late phase
reaction (2-4
hours after
repeat exposure
to allergen)

FIGURE 19-1

Sequence of events in immediate hypersensitivity
hypersensitivity
diseases are initiated by the
introduction
of an allergen, which stimulates T H2 reactions and IgE
production.
IgE sensitizes mast cells by binding to FceRI, and subsequent exposure to the allergen activates the mast cells to secrete
the mediators that are responsible
for the pathologic reactions of
immediate hypersensitivity.

reactions. Immediate

.

The clinical and pathologic
manifestations
of immediate hypersensitivity
consist of the vascular
and
smooth muscle reaction
that develops
rapidly
after
repeat exposure to the allergen
(the immediate
reaction) and a delayed
late-phase
reaction
consisting
mainly
of inflammation.
These reactions may be
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triggered by IgE-mediated mast cell activation, but
different mediators are responsible for different
components of the immediate and late-phase reactions. Since mast cells are present in all connective
tissues and under all epithelia, these are the most
common sites of immediate hypersensitivity reactions. Some immediate hypersensitivity reactions
may be triggered by nonimmunologic stimuli, such as
exercise and exposure to cold. Such stimuli presumably induce mast cell degranulation and the release of
mediators without antigen exposure or IgE production. Such reactions are said to be nonatopic.
.

Immediate hypersensitivity reactions are manifested
in different ways, including skin and mucosal allergies, food allergies, asthma, and systemic anaphylaxis. In the most extreme systemic form, called
anaphylaxis, mast cell-derived mediators can restrict
airways to the point of asphyxiation and produce cardiovascular collapse leading to death. (The term anaphylaxis was coined to indicate that antibodies,
especially IgE antibodies, could confer the opposite of
protection [prophylaxis] on an unfortunate individual.) We will return to the pathogenesis of these reactions later in the chapter.

With this introduction, we proceed to a description of
the steps in the development and reactions of immediate hypersensitivity.
PRODUCTION

OF IGE

IgE antibody is responsible for sensitizing mast cells and
provides recognition of antigen for immediate hypersensitivity reactions. IgE is the antibody isotype that
contains the Eheavy chain (see Chapter 4), and of all the
Ig isotypes, IgE is the most efficient at binding to Fc
receptors on mast cells and activating these cells. We will
describe the experimental evidence demonstrating the
essential role of IgE in immediate hypersensitivity later
in the chapter.
Atopic individuals produce high levels of IgE in
response to environmental allergens, whereas normal
individuals generally synthesize other Ig isotypes, such
as IgM and IgG, and only small amounts of IgE. Regulation of IgE synthesis depends on the propensity of an
individual to mount a TII2 response to allergens because
TH2cell-derived cytokines stimulate heavy chain isotype
switching to the IgE class in B cells. This propensity
toward TII2 responses against particular antigens may be
influenced by a variety of factors, including inherited
genes, the nature of the antigens, and the history of
antigen exposure.
The Nature

IMMEDIATE

HYPERSENSITIVITY

antigens induce strong TII2 responses and allergic reactions whereas others do not. 1\vo important characteristics of allergens are that individuals are exposed to them
repeatedly and, unlike microbes, they do not stimulate
the innate immune responses that would promote
macrophage
activation and secretion of the TII1inducing cytokines interleukin-12 (lL-12) and IL-I8.
Chronic or repeated T cell activation in the absence of
innate immunity may drive CD4+T cells toward the TII2
pathway, as the T cells themselves make IL-4, the major
TH2-inducing cytokine (see Chapter 13).
The property of being allergenic may also reside in
the chemical nature of the antigen itself. Although no
structural characteristics of proteins can definitively
predict whether they will be allergenic, some features are
typical of many common allergens. These features
include low molecular weight, glycosylation, and high
solubility in body fluids. Anaphylactic responses to
foods typically involve highly glycosylated small proteins. These structural features probably protect the
antigens from denaturation and degradation in the gastrointestinal tract and allow them to be absorbed intact.
Curiously, many allergens, such as the cysteine protease
of the house dust mite Dermatophagoides pteronyssinlls
and phospholipase A2 in bee venom, are enzymes, but
the importance of the enzymatic activity in triggering
immediate hypersensitivity reactions is not known.
Because immediate hypersensitivity reactions are
dependent on T cells, T cell-independent antigens such
as polysaccharides cannot elicit such reactions unless
they become attached to proteins. Some drugs such as
penicillin often do elicit strong IgE responses. These
drugs react chemically with amino acid residues in self
proteins to form hapten-carrier conjugates, which stimulate TH2responses and IgE production.
The natural history of antigen exposure is an important determinant of the amount of specific IgE antibodies
produced. Repeated exposure to a particular antigen is
necessary for development of an allergic reaction to that
antigen because switching to the IgE isotype and sensitization of mast cells with IgE must happen before a hypersensitivity reaction to an antigen can occur. Individuals
with allergic rhinitis or asthma often benefit from a geographic change of residence with a change in indigenous
plant pollens, although environmental antigens in the
new residence may trigger an eventual return of the
symptoms. The most dramatic examples of the importance of repeated exposure to antigen in allergic disease
are seen in cases of bee stings. The proteins in the insect
venoms are not usually of concern on the first encounter
because an atopic individual has no preexisting specific
IgE antibodies. However, an IgE response may occur after
a single encounter with antigen, and a second sting by an
insect of the same species may induce fatal anaphylaxis!

of Allergens

Antigens that elicit immediate hypersensitivity reactions (allergens) are proteins or chemicals bound to proteins to which the atopic individual is chronically
exposed. Typical allergens include proteins in pollen,
house dust mites, animal dander, foods, and chemicals
like the antibiotic penicillin. It is not known why some

Activation

of TH2 Cells

IgE synthesis is dependent on the activation of CD4+
helper T cells of the TIl2 subset and their secretion of 1L4 and IL-13. It is likely that dendritic cells in epithelia
through which allergens enter capture the antigens,
transport them to draining lymph nodes, process them,
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and present peptides to naive T cells. The T cells then differentiate into the TII2 subset of effector cells. Differentiated TII2 cells promote switching to IgE mainly through
the secretion of IL-4 and IL- 13. TH2 cells are involved in
other components of the immediate hypersensitivity
reaction in addition to promoting switching to IgE. IL-S
secreted byTII2 cells activates eosinophils, a cell type that
is abundant in many immediate hypersensitivity reactions. IL-13 stimulates epithelial cells (e.g., in the
airways) to secrete increased amounts of mucus, and
excessive mucus production is also a common feature of
these reactions. Consistent with a central role ofT H2cells
in immediate hypersensitivity, atopic individuals contain
larger numbers of allergen-specific IL-4-secreting T cells
in their circulation than do non-atopic persons. In atopic
patients, the allergen-specific T cells also produce more
IL-4 per cell than in normal individuals.

o

The role of TII2 cells in allergic

reactions

is demon-

strated by experiments in which mice are made to
inhale a model protein antigen, such as chicken egg
albumin, and are injected with T cells specific for the
antigen. The adoptive transfer of TII2 cells induces
airway hyperresponsiveness, resembling asthma. In
the same model, blocking Tu2 responses reduces the
severity of the allergic reaction.
o Knockout mice lacking the Tul transcription factor
T-bet (see Chapter 13) show defective Till responses
and a compensatory increase in TH2responses. Such
mice develop spontaneous airway allergic reactions.
In addition to stimulating IgE production, TH2 cells
contribute to the inflammation of the late-phase reaction.
Accumulations ofTII2 cells are found at sites of immediate hypersensitivity reactions in the skin and bronchial
mucosa. These T cells are recruited to sites of immediate
hypersensitivity, mainly in response to chemokines. TII2
cells express the chemokine receptors CCR4 and CCR3,
and the chemokines that bind to these receptors are produced by many cell types at sites of immediate hypersensitivity reactions, including epithelial cells.
Activation
Switching

of B Cells and
to IgE

B cells specific for allergens are activated by TH2cells, as
in other T cell-dependent B cell responses (see Chapter
10). Under the influence of CD40 ligand and cytokines,
mainly IL-4, produced by the TII2 cells, the B cells
undergo heavy chain isotype switching and produce IgE.
IgE circulates as a bivalent antibody and is normally
present in plasma at a concentration
of less than
Illg/mL. In pathologic conditions such as helminthic
infections and severe atopy, this level can rise to more
than lOOOllg/mL. Allergen-specific IgE produced by B
cells enters the circulation and binds to Fc receptors on
tissue mast cells, so that these cells are sensitized and
poised to react to a subsequent encounter with the allergen. Circulating basophils are also capable of binding
IgE. We will first describe the Fc receptors used by these
cell types to bind IgE and then the properties and reactions of the cells.

BINDING

OF IGE TO MAST CEllS

AND BASOPHllS
Mast cells and basophils express a high-affinity Fc
receptor specific for e heavy chains, called FceR! that
binds IgE. IgE, like all other antibody molecules, is made
exclusively by B cells, yet IgE functions as an antigen
receptor on the surface of the cells of immediate hypersensitivity. This function is accomplished by IgE binding
to FCERIon these cells. The affinity ofFcERI for IgE is very
high (dissociation constant [K1] of about 1 x la-10M);
this binding is much stronger than that of any other
Fc receptor for its ligand (see Chapter 14, Box 14-1).
Therefore, the normal serum concentration
of IgE,
although low in comparison to other Ig isotypes (less
than 5 x la-10M). is sufficiently high to allow occupancy
of FCERIreceptors. Tissue mast cells in all individuals are
normally coated with IgE, which is bound to the FCERI.
In atopic individuals, enough of this bound IgE is specific for one or a few antigens that exposure to that
antigen or antigens is able to cross-link the Fc receptors
and activate the cells (discussed later). In addition to
mast cells and basophils,

FCERI, usually

lacking

the

~

chain, has been detected on eosinophils, epidermal
Langerhans cells, some dermal macrophages, and activated monocytes; its function on these cells is not
known.
Each FceR! molecule is composed of one a chain that
mediates ligand binding and a f3chain and two rchains
that are responsible for signaling (Fig. 19-2). The
amino-terminal
extracellular portion of the a chain
includes two Ig-like domains that form the binding site
for IgE. The ~ chain of FCERI contains a single
immunoreceptor
tyrosine-based
activation
motif
(ITAM) in the cytoplasmic carboxyl terminus. The two
identical y chain polypeptides are linked by a disulfide
bond and are homologous to the t; chain of the T cell
antigen receptor complex (see Chapter 6). The cytoplasmic portion of each y chain contains one ITAM. The y
chain of FCERIserves as the signaling subunit for FcyRI,
FcyRIIlA, and FcaR and is called the FcR y chain (see
Chapter 14, Box 14-1). Tyrosine phosphorylation of the
ITAMs of the

~ and

y chains initiates

the signals from the

receptor that are required for mast cell activation. We
will return to the nature ofthese signals when we discuss
mast cells later in the chapter.
o The importance of FCERIin IgE-mediated immediate
hypersensitivity reactions has been demonstrated in
FCERIa chain knockout mice. When these mice are
given intravenous injections of IgE specific for a
known antigen followed by that antigen, anaphylaxis
does not develop, whereas it does in wild-type mice
treated in the same way.
FCERIexpression on the surface of mast cells and
basophils is up-regulated by IgE, thereby providing a
mechanism for the amplification of IgE-mediated reactions. The relationship between the levels of IgE and
FCERIexpression is supported by several observations.
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Another IgE receptor called FCERII, also known as
CD23, is a protein related to C-type mammalian lectins,
whose affinity for IgE is much lower than that of FceH!.
The biologic roles of FceRII are not known.

ROLE

OF MAST CELLS, BASOPHILS,

AND EOSINOPHILS IN IMMEDIATE
HYPERSENSITIVITY

Mast cells, basophils,

ITAMs
Polypeptide chain structure of the high-affinity IgE
Fc receptor (FceRI). IgE binds to the Ig-like domains of the a chain.
The ~ chain and the ychains mediate signal transduction.
The boxes
in the cytoplasmic
region of the ~ and y chains are ITAMs, similar
to those found in the T cell receptor complex (see Fig. 6-5). A model
structure of FceR I is shown in Chapter 14, Box 14-1.
FIGURE 19-2

o

A positive correlation between FCERIexpression on
human blood basophils and circulating IgE levels has
been observed.

and eosinophils
are the effector
cells of immediate
hypersensitivity
reactions
and
allergic disease. Although each of these cell types has
unique characteristics, all three contain cytoplasmic
granules whose contents are the major mediators of
allergic reactions, and all three cell types produce lipid
mediators and cytokines that induce inflammation.
TH2 cells also function as effector cells of immediate
hypersensitivity; their role has been discussed earlier.
In this section of the chapter, we discuss the properties
and functions of mast cells, basophils, and eosinophils
(Table 19-1). Because mast cells are the major cell type
responsible for immediate hypersensitivity reactions in
tissues, much of our subsequent discussion focuses on
mast cells.

o Treatment of mast cells in vitro with IgE induces
Properties

increased expression of FceRI.
o Mast cells from knockout mice lacking IgE have very
low levels of FceRI.

of Mast Cells and Basophils

All mast cells are derived from progenitors in the bone
marrow. Normally, mature mast cells are not found in

Table 19-1. Properties of Mast Cells, Basophils, and Eosinophils

Characteristic

Mast

Major

site of maturation

Connective

Major

cells

No

Mature
tissues

cells
from

in circulation
recruited
circulation

into

Mature cells residing
connective
tissue
Proliferative
ability
mature cells

in
of

Major

Basophils

Eosinophils

Bone marrow

Bone marrow

Yes (0.5% of blood

Yes (-2% of blood

leukocytes)

leukocytes)

No

Yes

Yes

Yes

No

Yes

Yes

No

No

Days

Days to weeks

IL-3

IL-S

High levels

Low levels (function

Histamine, chondroitin
sulfate, protease

Major basic protein,
eosinophil cationic protein,
peroxidases,
hydrolases,
Iysophospholipase

Weeks

Life span
development

factor

cells
tissue

to months

Stem cell factor,

IL-3

(cytokine)
Expression
Major

granule

of FCERI
contents

High levels

Histamine, heparin and/
or chondroitin
proteases

sulfate,

Abbreviations: FceRI, FCEreceptor type I; IL-3, interleukin-3.

unclear)
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the circulation.
Progenitors migrate to the peripheral
tissues as immature cells and undergo differentiation in
situ. Mature mast cells are found throughout the body,

of mucosal mast cells in vivo depends on the cytokine
IL-3 produced by T cells. Mast cells may be cultured
from rodent bone marrow in the presence of IL-3, and
such cultured mast cells resemble mucosal mast cells
on the basis of the high granule content of chondroitin sulfate and low histamine concentration. The
human counterpart of mucosal mast cells is most
often identified by the presence of tryptase and the
absence of other neutral proteases in the granules. In
humans, the mucosal type of mast cells predominate in
intestinal mucosa and alveolar spaces in the lung, and
their presence is also T cell dependent. A second subset
of mast cells, also first identified in rodents, is found in
the lung and in the serosa of body cavities, and these
cells are called connective tissue mast cells. Their major

predominantly
near blood vessels and nerves and
beneath epithelia. They are also present in lymphoid
organs. Human mast cells vary in shape and have round
nuclei, and the cytoplasm contains membrane-bound
granules and lipid bodies (Fig. 19-3). The granules
contain acidic proteoglycans that bind basic dyes.
There are two major subsets of mast cells that differ
in their anatomic locations, granule contents, and activities (Table 19-2). In rodents, one subset of mast cells is
found in the mucosa of the gastrointestinal tract. These
mucosal mast cells have abundant chondroitin sulfate
and little histamine in their granules. The development

Antigen-activated
mast cell

Antigencross-linked
IgE/FceRI

)

.

.

:.;:;J:<'
Histamine/lipid

Cytokines
I

I

me~i'"ffl

~
Vascularl
smooth
muscle
response:
immediate
reaction

o

Inflammation:
late phase
reaction

(l.

.

:::

.1"

.

"

'

.,

FIGURE 19-3 Mast cell activation.

Antigen
binding to IgE cross-links FCERI molecules on mast
cells, which induces the release of mediators that
cause the hypersensitivity
reaction (A, B), Other
stimuli, including the complement
fragment C5a, can
also activate mast cells. A light photomicrograph
of
a resting mast cell with abundant purple-staining
cytoplasmic
granules is shown in C. These granules
are also seen in the electron micrograph of a resting
mast cell shown in E. In contrast,
the depleted
granules of an activated mast cell are shown in the
light photomicrograph
(D) and electron micrograph
(F), (Courtesy of Dr. Daniel Friend, Department
of
Pathology,
Brigham
and Women's
Hospital
and
Harvard Medical School, Boston, Massachusetts.)
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Table 19-2. Mast Cell Subsets

Characteristic

Connective tissue mast cells

Mucosal mast cells

Rodent

Human

Rodent

Location

Peritoneal cavity

Skin, intestinal
submucosa

Intestinal

T cell dependence
for development
of
phenotype
in tissues

No

No

Yes

Yes

Granule

High levels of
histamine,
heparin

Major neutral
proteases: tryptase,

Low levels of
histamine; high levels
of chondroitin

tryptase

contents

chymase,
carboxypeptidase,
cathepsin G

granule proteoglycan is heparin, and they also produce
large quantities of histamine. Unlike mucosal mast
cells, connective tissue mast cells show little T cell
dependence. In humans, the corresponding subset is
identified by the presence of several neutral pro teases
in the granules, induding tryptase, chymase, cathepsin
G-like protease, and carboxypeptidase. Human connective tissue mast cells are found in the skin and intestinal
submucosa.
Although we do not know if these mast cell subsets
serve distinct functions, their locations, granule contents, and relative T cell dependence suggest that each
subset may be important in a different set of disease
processes. It is likely that mucosal mast cells are involved
in T cell- and IgE-dependent immediate hypersensitivity diseases involving the airways, such as bronchial
asthma, and other mucosal tissues. Conversely, connective tissue mast cells mediate immediate hypersensitivity reactions in the skin. The phenotype of a mast cell is
not fixed and may vary in response to cytokines and
growth factors. For example, bone marrow-derived
mucosal mast cells can be changed to a connective
tissue mast cell phenotype by co culture with fibroblasts
or incubation with c-Kit ligand (stem cell factor) (see
Chapter
12). Repopulation
experiments
in mast
cell-deficient mice further suggest that the mucosal and
connective tissue phenotypes are not distinct lineages
and that bidirectional
changes occur in different
microenvironments.

.

FIGURE 19-4

of basophils
and
of a WrightGiemsa-stained peripheral blood basophil (A) and
eosinophil (8) are presented.
Note the characteristic red staining of the cytoplasmic
granules in the
eosinophil
and blue-staining
cytoplasmic
granules
of the basophil. (Courtesy of Dr. Jonathan Hecht,
Department
of Pathology, Brigham and Women's
Hospital, Boston, Massachusetts.)
eosinophils.

Morphology
Photomicrographs

r
..

I

Human
mucosa

Alveoli, intestinal
mucosa

Major neutral

protease:

sulfate

Basophils are blood granulocytes with structural and
functional
similarities
to mast cells. Likeother granulocytes, basophils are derived from bone marrow progenitors (a lineage different from that of mast cells), mature
in the bone marrow, and circulate in the blood (Fig.
19-4). Basophils constitute less than 1% of blood leukocytes. Although they are normally not present in tissues,
basophils may be recruited to some inflammatory sites.
Basophils contain granules that bind basic dyes, and
they are capable of synthesizing many of the same mediators as mast cells (see Table 19-3). Like mast cells,
basophils express FCERI,bind IgE, and can be triggered
by antigen binding to the IgE. Therefore. basophils that
are recruited into tissue sites where antigen is present
may contribute to immediate hypersensitivity reactions.

Activation

of Mast Cells

Mast cells are activated by cross-linking

of FceRl mole-

cules, which occurs by binding of multivalent
antigens
to the 19E molecules that are attached to the Fc receptors
(see Fig. 19-3). In an individual allergic to a particular
antigen, a large proportion ofthe IgE bound to mast cells
is specific for that antigen. Exposure to the antigen will
cross-link sufficient IgE molecules to trigger mast cell
activation. In contrast, in nonatopic individuals, the
mast cell-associated IgE is specific for many different
antigens, all of which may have induced low levels of IgE
production. Therefore, no single antigen will cross-link
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enough of the IgE molecules to cause mast cell activation. Experimentally, antigen binding can be mimicked
by polyvalent anti-IgE or by anti-FcERI antibodies. In
fact, anti-IgE antibodies can cross-link IgE molecules
regardless of antigen specificity and lead to comparable
triggering of mast cells from both atopic and non atopic
individuals.
Activation of mast cells results in three types of biologic response: secretion of the preformed contents of
their granules by a regulated process of exocytosis, synthesis and secretion of lipid mediators, and synthesis and
secretion of cytokines. These responses result from the

Arachidonic acid
I

~
I

PGD21

the cytoplasmic

of FCERI p and y chains. The Syk

domains

tyrosine kinase is then recruited to the ITAMs of the y
chain, becomes activated, and phosphorylates and activates other proteins in the signaling cascade, including

I

.

t
I

cross-linking of FCERI,which initiates a signaling cascade
in mast cells involving protein tyrosine kinases (Fig.
19-5). The signaling cascade is similar to the proximal
signaling events initiated by antigen binding to lymphocytes (see Chapters 9 and 10). The Lyn tyrosine kinase is
constitutively associated with the cytoplasmic tail of the
FCERI P chain. On cross-linking of FCERImolecules by
antigen, Lyn tyrosine kinase phosphorylates the ITAMs in

'f

LTC41

Myosin
light chain
phosphorylation,
granule
movement

Cytokinegene
expression

r--+

Cytokine

o to

PGD2

Lipid mediators

Cytokines

() 0(;) TNF

L TC4- ->- LTD4- ->- LTE4

RNA

.

Histamine'
,'..'

..
r:

Granule
contents!
!
FIGURE 19-5 Biochemical events of mast cell activation. Cross-linking of bound IgE by antigen is thought to activate protein tyrosine
kinases (Syk and Lyn), which in turn cause activation of a MAP kinase cascade and a phosphatidylinositol-specific
phospholipase
C (PI-PLCy!.
PI-PLCy catalyzes the release of IP3 and DAG from membrane PIP2. IP3 causes release of intracellular calcium from the endoplasmic
reticulum. Calcium and DAG activate PKC. which phosphorylates
substrates such as myosin light chain protein and thereby leads to the degradation and release of preformed
mediators. Calcium and MAP kinases combine to activate the enzyme cytosolic phospholipase
A2 (cPLA2),
which initiates the synthesis of lipid mediators.
I

I

!

Cytokinesl
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several adapter molecules and enzymes that participate
in the formation of multicomponent
signaling complexes, as described in T cells. Linker for activation of T
cells (LAT) is one of the essential adapter proteins
involved in mast cell activation, and one of the enzymes
recruited to LATis the y isoform of a phosphatidylinositol-specific phospholipase C (PLCy). Once bound to LAT,
PLCy is phosphorylated
and then catalyzes phosphatidylinositol bisphosphate breakdown to yield inositol triphosphate
(IP3) and diacylglycerol (DAG) (see
Chapter 9). IP3 causes elevation of cytoplasmic calcium
levels and DAG activates protein kinase C (PKC).Another
adapter protein essential for mast cell degranulation is
Grb-2-associated binder-like protein 2 (Gab2). Phosphorylation of Gab2 by the tyrosine kinase Fyn leads to
binding and activation of phosphoinositide
3 (PI-3)
kinase, which also leads to activation of PKC. Phosphorylation of the myosin light chains by activated protein
kinase C leads to disassembly of the actin-myosin complexes beneath the plasma membrane, thereby allowing
granules to come in contact with the plasma membrane.
Fusion of the mast cell granule membrane with the
plasma membrane is mediated by members of the
SNARE protein family, which are involved in many other
membrane fusion events. Different SNARE proteins
present on the granule and plasma membranes interact
to form a multimeric complex that catalyzes fusion. The
formation of SNARE complexes is regulated by several
accessory molecules, including Rab3 guanosine triphosphatases, and Rab-associated kinases and phosphatases.
In resting mast cells, these regulatory molecules inhibit
mast cell granule membrane fusion with the plasma
membrane. Upon FcrRI cross-linking, the resulting
increased cytoplasmic calcium concentrations and the
activation of PKC block the regulatory functions of the
accessory molecules. In addition, calcium-sensor proteins, called synaptotagmins, respond to the elevated
calcium concentrations by promoting SNARE complex
formation and membrane fusion.
Synthesis of lipid mediators is controlled by activation of the cytosolic enzyme phospholipase Az (PLAz)
(see Fig. 19-5). This enzyme is activated by two signals:
elevated cytoplasmic calcium and phosphorylation catalyzed by a mitogen-activated
protein (MAP) kinase
such as extracellular receptor-activated
kinase (ERK).
ERK is activated as a consequence of a kinase cascade
initiated through the receptor ITAMs, probably using the
same intermediates as in T cells (see Chapter 9). Once
activated, PLAz hydrolyzes membrane phospholipids to
release substrates that are converted by enzyme cascades into the ultimate mediators. The major substrate
is arachidonic acid, which is converted by cyclooxygenase or lip oxygenase into different mediators (discussed
later).
Cytokine production by activated mast cells is a consequence of newly induced cytokine gene transcription.
The biochemical events that regulate cytokine gene
transcription in mast cells appear to be similar to the
events that occur in T cells. Recruitment and activation
of various adapter molecules and kinases in response to
FCERI cross-linking lead to nuclear translocation of
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nuclear factor of activated T cells (NFAT) and nuclear
factor KB (NF-KB). as well as activation of activation
protein-l (AP-I) by protein kinases such as c-Jun Nterminal kinase. These transcription factors stimulate
transcription of several cytokines (lL-4, IL-5, IL-6, IL- 13,
and tumor necrosis factor [TNF], among others) but, in
contrast to T cells, not IL-2.
Mast cell activation through the FCERIpathway is regulated by various inhibitory receptors, which contain an
immunoreceptor tyrosine-based inhibition motif (lTIM)
within their cytoplasmic tails (see Chapter 2, Box 2-4).
One such inhibitory receptor is FcyRIIb, which coaggregates with FCERI during mast cell activation, and the
ITIM is phosphorylated by Lyn. This leads to recruitment
of the phosphatase called SH2 domain-containing inositol 5-phosphatase (SHIP) and inhibition of FCERIsignaling. Experiments in mice indicate that FcyRIIb can
regulate mast cell degranulation in vivo. Several other
inhibitory receptors are also expressed on masl cells, but
their relative importance in vivo is not yet known.
Mast cells can be directly activated by a variety ofbiologic substances independent
of allergen-mediated
cross-linking of FCERI,including polybasic compounds,
peptides, chemokines, and complement-derived
anaphylatoxins. These additional modes of mast cell activation may be important in non-immune-mediated
immediate hypersensitivity
reactions, or they may
amplify IgE-mediated reactions. Certain types of mast
cells or basophils may respond to mononuclear phagocyte-derived chemokines, such as macrophage inflammatory protein-la (MIP-la). produced as part of innate
immunity, and to T cell-derived chemokines, produced
as part of adaptive cell-mediated immunity. The complement-derived anaphylatoxins, especially C5a, bind to
specific receptors on mast cells and stimulate degranulation. These chemokines and complement fragments
are likely to be produced at sites of inflammation. Therefore, mast cell activation and release of mediators may
amplify even IgE-independent reactions. Polybasic compounds, such as compound 48/40 and mastoparan, are
used as pharmacologic triggers for mast cells. These
agents contain a cationic region adjacent to a hydrophobic moiety, and they work by activating G proteins.
Many neuropeptides, including substance P,somatostatin, and vasoactive intestinal peptide, induce mast
cell histamine release and may mediate neuroendocrine-linked mast cell activation. The nervous system
is known to modulate immediate hypersensitivity reactions, and neuropeptides may be involved in this effect.
The flare produced at the edge of the wheal in elicited
immediate hypersensitivity reactions is in part mediated
by the nervous system, as shown by the observation that
it is markedly diminished in skin sites lacking innervation. Cold temperatures and intense exercise may also
trigger mast cell degranulation, but the mechanisms
involved are not known.
Mast cells also express activating Fc receptors for IgG
heavy chains, and these cells can be activated by crosslinking bound IgG. This IgG-mediated reaction is the
likely explanation for the finding that E chain knockout
mice remain susceptible to antigen-induced mast cell-
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mediated

anaphylaxis.
However, IgE is by far the
major antibody
isotype
involved
in most immediate
hypersensitivity
reactions.
Mast cell activation
is not an all-or-nothing
phenomenon,
and different
types or levels of stimuli
may
elicit partial
responses,
with production
of some mediators
but not others.
Such variations
in activation
and mediator
release may account
for variable
clinical
presentations.

Mediators

Derived

from

Mast

Biogenic

Amines

Many of tile biologic effects of mast cell activation
are mediated by biogenic amines that are stored in
and released from cytoplasmic granules. Biogenic
amines, sometimes called vasoactive amines, are low
molecular weight compounds that contain an amine
group. In human mast cells, the major mediator of
this class is histamine, but in some rodents, serotonin
may be of equal or greater import. Histamine acts
by binding to target cell receptors, and different cell
types express distinct classes of histamine receptors
(e.g., HI' H2' H3) that can be distinguished by their
sensitivity to pharmacologic inhibitors. The actions
of histamine are short lived because histamine is
rapidly removed from the extracellular milieu by
amine-specific transport systems. On binding to cellular
receptors, histamine initiates intracellular events, such
as phosphatidylinositol
breakdown to IP3 and DAG,

Cells

Tile effector functions of mast cells are mediated by
soluble molecules released from tile cells on activation
(Fig. 19-6 and Table 19-3). These mediators may be
divided into preformed mediators, which include biogenic amines and granule macromolecules, and newly
synthesized mediators, which include lipid-derived
mediators and cytokines.

Table 19-3. Mediators Produced by Mast Cells, Basophils, and Eosinophils

Cell type
I

Mast cells

I

Mediator category

I

Mediator

I

Function/pathologic effects

and basophils
Stored preformed in
cytoplasmic
granules

Histamine

Increases vascular permeability;
smooth muscle cell contraction

stimulates

-------------------------------

----------------------------------------------

Prostaglandin

Vasodilation,
bronchoconstriction,
neutrophil chemotaxis
---------------------------------------------Prolonged bronchoconstriction,
mucus
secretion, increased vascular permeability
---------------------------------------------Chemotaxis
and activation of leukocytes,
bronchoconstriction,
increased vascular
permeability

Enzymes: neutral proteases
Degrade microbial structures;
(tryptase and/or chymase),
tissue damage/remodeling
acid hydrolases,
cathepsin G,
carboxypeptidase

Major lipid mediators
produced on activation

02

------------------------------Leukotrienes
C4, 04, E4
------------------------------Platelet-activating
factor

Cytokines
activation

produced

on

IL-3
------------------------------TNF, MIP-1a
------------------------------IL-4, IL-13

_~_~~~9~I~P!~I~~r~~~~________________________

IL-5

Eosinophil

Inflammation/late

phase

reaction

---------------------------------------------IgE production,
mucus secretion
----------------------------------------------

-------------------------------

production

and activation

Eosinophils
Major basic protein,

Stored performed in
cytoplasmic
granules

~~~~~~p_~i!
_~~~~.nJ~_~!~!:~~

Eosinophil
peroxidase,
lysosomal
hydrolases,
Iysophospholipase
Major lipid mediators
produced
on activation
Cytokines
activation

produced

Leukotrienes
on

C4, 04, E4

l~~~~J!:-~,_~~:~~~___________
IL-B, IL-10, RANTES,
MIP-1a,
eotaxin

Toxic to helminths,
_ _ __

bacteria,

host cells

---------------------------------------------Degrades
helminthic
and protozoan
walls; tissue damage/remodeling
Prolonged
secretion,
Eosinophil

bronchoconstriction;
increased
vascular
production

mucus
permeability

and activation

---------------------------------------------Chemotaxis

cell

of leukocytes

Abbreviations: GM-CSF, granulocyte-monocyte colony-stimulating factor; IL-3, interleukin-3, MIP-1a, monocyte
inflammatory protein-1 a; RANTES, regulated by activation, normal T cell expressed and secreted; TNF, tumor
necrosis factor.
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Lipid mediators
PAF, PGD2, LTC4)

Intestinal
hypermoti Iity

.....

Activ'ated
mast cell
(or basophil)

Cytokines
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Cationic granule proteins
(e.g., major basic protein,
eosinophil cationic protein)

.
/~

Enzymes

(e.g., eosinophil peroxidase)

.

~

..'I

~
~

[Inflammation
I

Tissue
damage

Killing of
parasites
and
host cells

Tissue
damage

FIGURE 19-6 Biologic effects of mediators of immediate hypersensitivity.
Mast cells and basophil mediators include biogenic amines
and enzymes stored preformed
in granules as well as cytokines and lipid mediators, which are largely newly synthesized
on cell activation.
The biogenic amines and lipid mediators induce vascular leakage, bronchoconstriction,
and intestinal hypermotility,
all components
of the
immediate
response. Cytokines and lipid mediators contribute to inflammation,
which is part of the late-phase reaction. Enzymes probably
contribute
to tissue damage. Activated eosinophils
release preformed cationic proteins as well as enzymes that are toxic to parasites and
host cells. Some eosinophil granule enzymes probably contribute to tissue damage in chronic allergic diseases.

and these products cause different changes in different
cell types. Binding of histamine to endothelium
causes cell contraction, leading to increased interendothelial spaces, increased
vascular permeability,
and leakage of plasma into the tissues. Histamine
also stimulates endothelial cells to synthesize vascular
smooth muscle cell relaxants, such as prostacyclin
(PGlz) and nitric oxide, which cause vasodilation. These
actions of histamine produce the wheal and flare
response of immediate
hypersensitivity
(described
later). HI histamine receptor antagonists (commonly
called antihistamines) can inhibit the wheal and flare

response to intradermal allergen or anti-IgE antibody.
Histamine also causes constriction of intestinal and
bronchial
smooth muscle. Thus, histamine
may
contribute to the increased peristalsis and bronchospasm associated with ingested and inhaled allergens, respectively. However, in some allergic disorders,
and especially in asthma, antihistamines are not effective at blocking the reaction. Moreover, bronchoconstriction in asthma is more prolonged than are the
effects of histamine, suggesting that other mast
cell-derived mediators are important in some forms of
immediate hypersensitivity.
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and Proteoglycans

Neutral serine pro teases, including
tryptase and
chymase, are the most abundant protein constituents of
mast cell secretory granules and contribute to tissue
damage
in immediate
hypersensitivity
reactions.
Tryptase is present in all human mast cells and is not
known to be present in any other cell type. Consequently, the presence of tryptase in human biologic
fluids is interpreted as a marker of mast cell activation.
Chymase is found in some human mast cells, and its
presence or absence is one criterion for characterizing
human mast cell subsets, as discussed earlier. The functions of these enzymes in vivo are not known; however,
several activities demonstrated in vitro suggest important biologic effects. For example, tryptase cleaves
fibrinogen and activates collagenase. thereby causing tissue damage, whereas chymase can convert
angiotensin I to angiotensin II, degrade epidermal basement membrane. and stimulate mucus secretion. Other
enzymes found within mast cell granules include carboxypeptidase A and cathepsin G. Basophil granules
also contain several enzymes, some of which are the
same as those in mast cell granules, such as neutral proteases, and others are found in eosinophil granules, such
as major basic protein and lysophospholipase.
Proteoglycans. including heparin and chondroitin
sulfate, are also major constituents of both mast cell and
basophil granules. These molecules are composed of a
polypeptide core and multiple unbranched
glycosaminoglycan side chains that impart a strong net
negative charge to the molecules. Within the granules,
proteoglycans serve as storage matrices for positively
charged biogenic amines. proteases, and other mediators and prevent their accessibility to the rest of the cell.
The mediators are released from the proteoglycans at
different rates after granule exocytosis. biogenic amines
dissociating much more rapidly than tryptase or
chymase. In this way. the proteoglycans may control the
kinetics of immediate hypersensitivity reactions.

The major arachidonic
acid-derived
mediators
produced
by the lipoxygenase pathway are the
leukotrienes, especially LTC4and its degradation products LTD4and LTE4'LTC4is made by mucosal mast cells
and basophils, but not by connective tissue mast cells.
Mast cell-derived leukotrienes bind to specific receptors
on smooth muscle cells, different from the receptors for
PGD2, and cause prolonged bronchoconstriction. When
injected into the skin, these leukotrienes produce a characteristic long-lived wheal and flare reaction. Collectively, LTC4, LTD4' and LTE4constitute what was once
called slow-reacting substance of anaphylaxis (SRS-A)
and are thought to be major mediators of asthmatic
bronchoconstriction.
Pharmacologic inhibitors of 5lip oxygenase also block anaphylactic reactions in experimental systems.
A third type of lipid mediator produced by mast cells
is called platelet-activating factor (PAF) for its original
bioassay as an inducer of rabbit platelet aggregation. In
mast cells and basophils, PAF is synthesized by acylation
of lysoglyceryl ether phosphorylcholine, a derivative of
PLA2-mediated hydrolysis of membrane phospholipids.
PAF has direct bronchoconstricting
actions. It also
causes retraction of endothelial cells and can relax vascular smooth muscle. However. PAF is hydrophobic and
is rapidly destroyed by a plasma enzyme called PAF
hydrolase, which limits its biologic actions. Pharmacologic inhibitors of PAF receptors ameliorate some
aspects of immediate hypersensitivity in the rabbit lung.
Recent genetic evidence has pointed to PAF as a mediator of asthma. Asthma develops in early childhood in
individuals with a genetic deficiency of PAF hydrolase.
PAF may also be important in late-phase reactions, in
which it can activate inflammatory leukocytes. In this
situation, the major source of PAF may be basophils or
vascular endothelial cells (stimulated by histamine or
leukotrienes) rather than mast cells.

Cytokines
Lipid Mediators
Mast cell activation results in the rapid de novo synthesis and release of lipid-derived mediators that have a
variety of effects on blood vessels, bronchial smooth
muscle, and leukocytes. The most important of these
mediators are metabolites of arachidonic acid generated
by the actions of cyclooxygenase and lipoxygenase.
The major arachidonic acid-derived mediator produced by the cyclooxygenase pathway in mast cells is
prostaglandin O2 (PG02). Released PG02 binds to receptors on smooth muscle cells and acts as a vasodilator and
a bronchoconstrictor.
PG02 also promotes neutrophil
chemotaxis and accumulation at inflammatory sites.
PGD2 synthesis can be prevented by inhibitors of
cyclooxygenase, such as aspirin and other nonsteroidal
anti-inflammatory
agents. These drugs may paradoxically exacerbate
asthmatic
bronchoconstriction,
because they shunt arachidonic acid toward production
of leukotrienes, discussed next.

Mast cells (and basophils) produce many different
cytokines that contribute to allergic inflammation (the
late-phase reaction). These cytokines include TNF, IL-l,
IL-4. IL-5. IL-6, IL-13, MIP-la, MIP-l~. and various
colony-stimulating factors such as IL-3 and granulocytemonocyte colony-stimulating factor (GM-CSF). As mentioned before. mast cell activation induces transcription
and synthesis of these cytokines, but preformed TNF
may also be stored in granules and rapidly released
on FCERIcross-linking. Tfj2 cells that are recruited into
the sites of allergic reactions also produce some of
these cytokines. The cytokines that are released on IgEmediated mast cell or basophil activation or on TII2 cell
activation are mainly responsible for the late-phase
reaction. TNF activates endothelial expression of adhesion molecules and, together with chemokines.
accounts for neutrophil and monocyte infiltrates (see
Chapter 2). In addition to allergic inflammation, mast
cell cytokines also apparently contribute to the innate
immune responses to infections. For example. as we will
discuss later, mouse models indicate that mast cells are
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required for effective defense against some bacterial
infections, and this effector function is mediated largely
by TNE
Properties

of Eosinophils

Eosinophils are bone marrow-derived granulocytes that
are abundant in the inflammatory infiltrates of latephase reactions and contribute to many of the pathologic processes in allergic diseases. Eosinophils develop
in the bone marrow, and after maturation they circulate
in the blood. GM-CSF, IL-3, and IL-5 promote eosinophil
maturation from myeloid precursors. Eosinophils are
normally present in peripheral tissues, especially in
mucosal linings of the respiratory, gastrointestinal, and
genitourinary tracts, and their numbers can increase by
recruitment in the setting of inflammation. The granules
of eosinophils contain basic proteins that bind acidic
dyes such as eosin (see Fig. 19-5).
Cytokines produced by TH2 cells promote the activation of eosinophils and their recruitment to late-phase
reaction inflammatory sites. IL-5 is a potent eosinophilactivating cytokine. It enhances the ability of eosinophils
to release granule contents. IL-5 also increases maturation of eosinophils from bone marrow precursors, and in
the absence of this cytokine (e.g., in IL-5 knockout mice),
there is a deficiency of eosinophil numbers and functions. Eosinophils are recruited into late-phase reaction
sites as well as sites of helminthic infection, and their
recruitment is mediated by a combination of adhesion
molecule interactions and chemokines. Eosinophils
bind to endothelial cells expressing E-selectin and the
ligand for the VLA-4 integrin. IL-4 produced by TII2 cells
may enhance expression of adhesion molecules for
eosinophils. Eosinophil recruitment and infiltration into
tissues also depend on the chemokine eotaxin (CCLl!),
which is produced by epithelial cells at sites of allergic
reactions and binds to the chemokine receptor CCR3
expressed constitutively by eosinophils. In addition, the
complement product C5a and the lipid mediators PAF
and LTB4'which are produced by mast cells, also function as chemoattractants
for eosinophils.
Eosinophils release granule proteins that are toxic to
parasitic organisms and may injure normal tissue.
Little is known about the mechanisms involved in
eosinophil degranulation
and mediator production.
Although eosinophils express Fc receptors for IgG, 19A,
and IgE, they do not appear to be as sensitive to activation by antigen-mediated
cross-linking of these receptors as are mast cells and basophils. The granule
contents of eosinophils include lysosomal hydro lases
found in other granulocytes as well as eosinophilspecific proteins that are particularly toxic to helminthic
organisms,
including
major basic protein
and
eosinophil cationic protein. These two cationic polypeptides have no known enzymatic activities, but they are
toxic to helminths, bacteria, and normal tissue. In addition, eosinophilic granules contain eosinophil peroxidase, which is distinct from the myeloperoxidase found
in neutrophils
and catalyzes the production
of
hypochlorous or hypobromous acid. These products are
also toxic to helminths, protozoa, and host cells.
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Activated eosinophils, like mast cells and basophils,
produce and release lipid mediators, including PAp,
prostaglandins, and Ieukotrienes (LTC4and its derivatives LTD4 and LTE4). The importance of eosinophilderived lipid mediators in immediate hypersensitivity is
not completely known, but it is likely that they contribute to the pathologic processes of allergic diseases.
Eosinophils also produce a variety of cytokines that may
promote inflammatory responses, but the biologic significance of eosinophil cytokine production is not
known.

REACTIONS

OF IMMEDIATE

HYPERSENSITIVITY

The IgE- and mast cell-mediated reactions of immediate hypersensitivity consist of the immediate reaction, in
which vascular and smooth muscle responses to mediators are dominant, and the late-phase reaction, characterized by leukocyte recruitment and inflammation
(Fig. 19-7).
The Immediate

Reaction

The early vascular changes that occur during immediate hypersensitivity reactions are demonstrated by the
wheal and flare reaction to the intradermal injection of
an allergen (Fig. 19-8). When an individual who has previously encountered an allergen and produced IgE antibody is challenged by intradermal injection of the same
antigen, the injection site becomes red from locally
dilated blood vessels engorged with red blood cells. The
site then rapidly swells as a result of leakage of plasma
from the venules. This soft swelling is called a wheal and
can involve an area of skin as large as several centimeters in diameter. Subsequently, blood vessels at the
margins of the wheal dilate and become engorged with
red blood cells and produce a characteristic red rim
called a flare. The full wheal and flare reaction can
appear within 5 to 10 minutes after administration of
antigen and usually subsides in less than an hour. By
electron microscopy, the venules in the area of the wheal
show slight separation of the endothelial cells, which
accounts for the escape of macromolecules and fluid,
but not cells, from the vascular lumen.
The wheal and flare reaction is dependent on IgE and
mast cells. Histologic examination shows that mast cells
in the area of the wheal and flare have released preformed mediators; that is, their cytoplasmic granules
have been discharged. A causal association of IgE and
mast cells with immediate hypersensitivity was deduced
from three kinds of experiments.
o Immediate hypersensitivity reactions against an allergen can be elicited in unresponsive individuals if the
local skin site is first injected with IgE from an allergic individual. Thus, IgE is responsible for specific
recognition of antigen and can be used to adoptively
transfer immediate hypersensitivity. Such adoptive
transfer experiments were first performed with serum
from immunized

individuals,

and the serum

factor
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FIGURE 19-7 The immediate and late-phase reactions. A. Kinetics:The immediate vascular and smooth muscle reaction to allergen develops within minutes after challenge (allergen exposure in a previously sensitized individual),and the late-phase reaction develops 2 to 24
hours later. B, C. Morphology: The immediate reaction (8) is characterized by vasodilation, congestion, and edema, and the late-phase reaction (C)is characterized by an inflammatory infiltrate rich in eosinophils, neutrophils, and T cells. (Courtesy of Dr. Daniel Friend, Department
of Pathology, Brigham and Women's Hospital, Boston, Massachusetts.)

responsible for the reaction was originally called
reagin. For this reason, IgE molecules are still sometimes called reaginic antibodies. The antigen-initiated skin reaction that follows adoptive transfer of IgE
is called passive cutaneous anaphylaxis,
o Immediate hypersensitivity reactions can be mimicked by injecting anti-IgE antibody instead of
antigen. Anti-IgE antibodies act as an analogue of
antigen and directly activate mast cells that have
bound IgE on their surface. This use of anti-IgE to
activate mast cells is similar to the use of anti-IgM
antibodies as analogues of antigen to activate B cells
(see Appendix III), except that in the case of mast
cells, secreted IgE, made by B cells, is bound to highaffinity Fe receptors on the cell surface rather than
being synthesized as membrane IgE. Anti-IgE antibodies activate mast cells even in normal (nonatopic)
individuals because, as mentioned earlier, mast cells
are normally coated with IgE that can be cross-linked
by the anti-IgE. In contrast, an antigen will activate
mast cells only in individuals who are allergic to that
antigen because only these individuals will produce
enough specific IgE to be cross-linked by the antigen.
o Immediate hypersensitivity reactions can be mimicked by the injection of other agents that directly
activate mast cells, such as the complement fragments C5a, C4a, and C3a, called anaphylatoxins, or by
local trauma, which also causes degranulation of
mast cells. Conversely, these reactions can be inhibited by agents that prevent mast cell activation.
The wheal and flare reaction results from sensitization of dermal mast cells by IgE bound to FceRI, crosslinking of the IgE by the antigen, and activation of mast
cells with release of mediators, notably histamine. Histamine binds to histamine receptors on venular endothelial cells; the endothelial cells synthesize and release
PGI2, nitric oxide, and PAF; and these mediators cause

vasodilation and vascular leak, as described earlier in the
chapter. Skin mast cells appear to produce only small
amounts of long-acting mediators such as leukotrienes,
and the wheal and flare response typically subsides after
about 15 to 20 minutes. Allergists often test patients for
allergies to different antigens by examining the ability of
these antigens applied in skin patches to elicit wheal and
flare reactions.
The late-Phase

Reaction

The immediate wheal and flare reaction isfollowed 2 to
4 hours later by a late-phase reaction consisting of the
accumulation
of inflammatory
leukocytes, including
neutrophils, eosinophils, basophils, and TI/2 cells (see
Fig. 19-7). The inflammation is maximal by about 24
hours and then gradually subsides. The capacity to
mount a late-phase reaction can be adoptively transferred with IgE, and the reaction can be mimicked by
anti-IgE antibodies or mast cell-activating agents, like
the immediate wheal and flare reaction. Mast cells
produce cytokines, including TNF, that can up-regulate
endothelial expression of leukocyte adhesion molecules,
such as E-selectin and intercellular adhesion molecule1 (ICAM-l), and chemokines that recruit blood leukocytes. Thus, mast cell activation
promotes
the
recruitment of leukocytes into tissues. The types of
leukocytes that are typical of late-phase reactions are
eosinophils and TH2 cells; in addition. neutrophils are
often present in these reactions. Eosinophils and TII2
cells express receptors
for many of the same
chemokines, such as eotaxin, and this is why both cell
types are recruited to sites of production of these
chemokines. The late-phase reaction differs from
delayed-type
hypersensitivity
reactions,
in which
macrophages and Till cells are dominant.
The late-phase reaction may occur without a
detectable preceding immediate hypersensitivity reac-
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activation, and the cytokines that sustain the late-phase
reaction may be produced mainly by T cells.
GENETIC
IMMEDIATE

Flare

+

Wheal

Flare

FIGURE 19-8 The wheal and flare reaction in the skin. A. In
response to antigen-stimulated release of mast cell mediators, local
blood vessels first dilate and then become leaky to fluid and macromolecules, which produces redness and local swelling (a wheal).
Subsequent dilation of vessels on the edge of the swelling produces
the appearance of a red rim (the flare). B. Photograph of a typical
wheal and flare reaction in the skin in response to injection of an
allergen. (Courtesy of Dr. James D. Faix, Department of Pathology,
Stanford University School of Medicine, Palo Alto, California.)

tion. Bronchial asthma is a disease in which there may
be repeated bouts of inflammation with accumulations
of eosinophils and TII2 cells without the vascular
changes that are characteristic
of the immediate
response. In such disorders, there may be little mast cell

SUSCEPTIBILITY

TO

HYPERSENSITIVITY

The propensity to produce IgE is influenced by the inheritance of several genes. Abnormally high levels of IgE
synthesis and associated atopy often run in families.
Family studies have shown clear autosomal transmission of atopy, although the full inheritance pattern is
multigenic. Within the same family, the target organ of
atopic disease is variable. Thus, hay fever, asthma, and
eczema can be present to various degrees in different
members of the same kindred. All these individuals,
however, will show higher than average plasma IgE
levels.
Genome-wide linkage analyses for atopy/asthma susceptibility loci have identified several chromosomal
regions of importance in allergic disease (Table 19-4).
Each of these loci may contain several genes of potential
importance to disease. Some of the genes in these loci
may regulate TII2 responses and IgE production. Other
genes may have tissue-specific influences, such as
airway remodeling in the asthmatic lung. One of these
susceptibility loci for atopy is on chromosome 5q, near
the site of the gene cluster encoding the cytokines IL-3,
IL-4, IL-5, IL-9, and IL-13 and the IL-4 receptor. This
region is of great interest because of the connection
between several of the genes located here and the mechanisms of IgE regulation and mast cell and eosinophil
growth and differentiation. Furthermore, the homologous chromosomal region in mice has been linked to a
propensity for CD4+ T cells in some inbred strains of
mice to differentiate into TH2cells in response to model
protein antigens. Among the genes in this cluster, polymorphisms in the IL-13 gene appear to have the
strongest associations with asthma. The tendency to
produce IgE antibodies against some but not all antigens, such as ragweed pollen, may be linked to particular class II major histocompatibility
complex (MHC)
alleles. This linkage may be an example of an "immune
response gene" (Ir gene) effect in which atopic individuals inherit class II MHC alleles that can bind and
display dominant epitopes of certain allergens (see
Chapter 4). Several other chromosomal regions have
been shown to be associated with high serum IgE levels,
atopy, and asthma. In addition to these linkage studies,
individual asthma-associated
genes have been identified by positional cloning. These include ADAM33,
DPPlO, and PHFll (see Table 19-4). Although there are
highly significant associations of polymorphisms
of
these genes with asthma, the way in which the products of the genes contribute to disease are not yet
understood.
Some genes whose products regulate the innate
immune response to infections have been associated
with allergy and asthma. These include CDI4, a component of the lipopolysaccharide receptor, and Tim-I, a
protein thought to influence helperT cell differentiation.
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Table 19-4. Examples

of Chromosomal

Locations
genes

Candidate

Putative role of gene products
in disease

5q

Cytokine gene
cluster (lL-4, IL-S,
IL-13), CD14, P2adrenergic
receptor

IL-4 and IL-13 promote
IgE switching,
IL-S
promotes
eosinophil
growth and activation;
CD14 is a component
of the LPS receptor
which, via interaction
with TLR4, may
influence
the balance
between
T H1 vs. T H2
responses
to antigens;
p2-adrenergic
receptor
regulates
bronchial
smooth
muscle contraction

6p

Class II MHC

Some alleles may regulate
responses
to allergens

11 q
12q

FCERI

P chain

Mediates

mast

T cell

cell activation

Stem cell factor,
interferon-y,
STAT6

Stem cell factor regulates
mast cell growth
and differentiation;
interferon-yopposes
actions
of IL-4; STAT6 mediates
IL-4
signal transduction

16

IL-4 receptor

Subunit

20p

ADAM33

Metalloproteinase
airway remodeling

2q

DPP10

Peptidase
cytokine

13q

PHF11

Transcriptional
clonal expansion

FCERI,

FCE receptor

ex chain

type

I; IL-4,

Strong innate responses to infections generally favor
development
of Till responses, and inhibit TII2
responses (see Chapter 13). Therefore, polymorphisms
or mutations in genes that result in diminished innate
responses
to common infectious organisms may
increase the risk for development of atopy.
DISEASES IN HUMANS:

PATHOGENESIS

with Atopy and Asthma

Chromosomal
location

Abbreviations:

ALLERGIC

and Genes Associated

AND

THERAPY

Mast cell degranulation is a central component of all
allergic diseases, and the clinical and pathologic manifestations of the diseases depend on the tissues in which
the mast cell mediators have effects as well as the
chronicity of the resulting inflammatory process. Atopic
individuals may have one or more manifestations of
atopic disease. The most common forms of atopic
disease are allergic rhinitis (hay fever), bronchial
asthma, atopic dermatitis (eczema), and food allergies.
The clinical and pathologic features of allergic reactions
vary with the anatomic site of the reaction, for several
reasons. The point of contact with the allergen determines the organs or tissues that are involved. For
example, inhaled antigens cause rhinitis or asthma,
ingested antigens often cause vomiting and diarrhea,
and injected antigens cause systemic effects on the cir-

of both IL-4 and

IL-13

involved

that may
activity

receptors

in

regulate

chemokine

regulator
involved
and Ig expression

and

in B cell

interleukin-4.1

culation. The concentrations of mast cells in various
target organs influence the severity of responses. Mast
cells are particularly abundant in the skin and the
mucosa of the respiratory and gastrointestinal tracts,
and these tissues frequently suffer the most injury in
immediate hypersensitivity reactions. The local mast cell
phenotype may influence the characteristics of the
immediate hypersensitivity reaction. For example, connective tissue mast cells with abundant histamine are
responsible for wheal and flare reactions in the skin. In
the following section, we discuss the major features of
allergic diseases manifested in different tissues.

Systemic

Anaphylaxis

Anaphylaxis is a systemic immediate hypersensitivity
reaction characterized by edema in many tissues and a
fall in blood pressure, secondary to vasodilation. These
effects usually result from the systemic presence of
antigen introduced by injection, an insect sting, or
absorption across an epithelial surface such as the skin
or gut mucosa. The allergen activates mast cells in many
tissues, resulting in the release of mediators that gain
access to vascular beds throughout the body. The
decrease in vascular tone and leakage of plasma caused
by the released mediators can lead to a fall in blood pressure or shock, called anaphylactic shock, which is often
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fatal. The cardiovascular effects are accompanied by
constriction of the upper and lower airways, laryngeal
edema, hypermotility of the gut, outpouring of mucus in
the gut and respiratory tract, and urticarial lesions
(hives) in the skin. It is not known which mast cell mediators are the most important in anaphylactic shock. The
mainstay of treatment is systemic epinephrine, which
can be lifesaving by reversing the bronchoconstrictive
and vasodilatory effects of the various mast cell mediators. Epinephrine also improves cardiac output, further
aiding survival from threatened circulatory collapse.
Antihistamines may also be beneficial in anaphylaxis,
suggesting a role for histamine in this reaction. In some
animal models, PAF receptor antagonists offer partial
protection.
Bronchial

Asthma

Asthma is an inflammatory disease caused by repeated
immediate hypersensitivity and late-phase reactions
in the lung leading to the clinicopathologic triad of
intermittent
and reversible airway
obstruction,
chronic bronchial inflammation
with eosinophils,
and bronchial smooth muscle cell hypertrophy and
hyperreactivity
to bronchoconstrictors
(Fig. 19-9).
Patients suffer paroxysms of bronchial constriction and
increased production of thick mucus, which leads to
bronchial obstruction and exacerbates respiratory difficulties. Asthma frequently coexists with bronchitis or
emphysema, and the combination of diseases can cause
severe damage to lung tissue. Affected individuals may
suffer considerable morbidity, and asthma can be fatal.
Asthma affects about 10 million people in the United
States, and the frequency of this disease has increased
significantly in recent years. The prevalence rate is
similar to that in other industrialized countries, but it
may be lower in less developed areas of the world. One
possible explanation for the increased prevalence of
asthma and other atopic diseases in industrialized coun-
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tries is that the frequency of infections in these countries
is generally lower. As we discussed earlier, the innate
immune responses associated with most infections
promote THI responses and suppress TII2 responses
required for development of atopy. A variety of epidemiologic data are consistent with the idea that reducing
infections leads to increased prevalence of allergic
disease. This idea has been given the catchy name the
hygiene hypothesis.
About 70% of cases of asthma are due to IgEmediated immediate hypersensitivity. In the remaining 30% of patients, asthma may not be associated
with atopy and may be triggered by nonimmune stimuli
such as drugs, cold, and exercise. Even among nonatopic
asthmatics, the pathophysiologic process of airway constriction is similar, which suggests that alternative
mechanisms of mast cell degranulation (e.g., by locally
produced neurotransmitters) may underlie the disease.
The pathophysiologic sequence in atopic asthma is
probably initiated by mast cell activation in response to
allergen binding to IgE as well as by TII2 cells reacting to
allergens (Fig. 19-10). The cytokines produced by the
mast cells and T cells lead to the recruitment of
eosinophils, basophils, and more TII2 cells. The chronic
inflammation in this disease may continue without
mast cell activation. Smooth muscle cell hypertrophy
and hyperreactivity are thought to result from leukocytederived mediators and cytokines. Mast cells, basophils,
and eosinophils all produce mediators that constrict
airway smooth muscle. The most important of the
bronchoconstricting
mediators are LTC4,its breakdown
products LTD4 and LTE4, and PAP. In clinical experiments, antagonists of LTC4 synthesis or leukotriene
receptor antagonists prevent allergen-induced airway
constriction. Increased mucus secretion results from
the action of cytokines, mainly IL-13, on bronchial
epithelial cells.
Current therapy for asthma has two major targets:
prevention and reversal of inflammation and relaxation

Excessive
mucus secretion
Submucosal
inflammatory
infiltrate
with lymphocytes
and eosinophils
Thickened
membrane

basement

Smooth
muscle
hypertrophy

cell

FIGURE
19-9 Histopathologic features of bronchial asthma. Atopic bronchial asthma results from repeated immediate hypersensitivity
reactions in the lungs with chronic late-phase reactions. A cross-section of a normal bronchus is shown in A; a bronchus from a patient with
asthma is shown in B. The diseased bronchus has excessive mucus production. many submucosal inflammatory cells (including eosinophilsL
and smooth muscle hypertrophy. (Courtesy of Dr. James D. Faix. Department of Pathology, Stanford University School of Medicine, Palo
Alto. California.)
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of airway smooth muscle. In recent years, the balance of
therapy has shifted toward anti-inflammatory agents as
the primary mode of treatment. Several classes of drugs
are in current use to treat asthma. Corticosteroids block
the production of inflammatory cytokines. Sodium cromolyn appears to antagonize IgE-induced release of
mediators. Both agents can be used prophylactically as
inhalants. Corticosteroids may also be given systemically, especially once an attack is under way, to reduce
inflammation. Leukotriene inhibitors block the binding
of bronchoconstricting
leukotrienes to airway smooth
muscle cells. Humanized monoclonal anti-lgE antibody
is a recently approved therapy that effectively reduces
serum IgE levels in patients. Because histamine has little
role in airway constriction, antihistamines (HI receptor
antagonists) are not useful in the treatment of asthma.
Indeed, because many antihistamines
are also anticholinergics, these drugs may worsen airway obstruction by causing thickening of mucus secretions.
Bronchial smooth muscle cell relaxation has principally been achieved by elevating intracellular cyclic
adenosine monophosphate
(cAMP) levels in smooth
muscle cells, which inhibits contraction. The major
drugs used are activators of adenylate cyclase, such as
epinephrine and related P2-adrenergic agents. Theophylline is a commonly used anti-asthma drug, which
inhibits phosphodiesterase enzymes that degrade cAMP.

However, theophylline may also have anti-inflammatory
effects unrelated to its effects on smooth muscle cell
relaxation, which contribute to its effectiveness.
Immediate
Hypersensitivity
Reactions
in the Upper Respiratory
Tract,
Gastrointestinal
Tract, and Skin
Allergic rhinitis, also called hay fever, is perhaps the
most common allergic disease and is a consequence of
immediate hypersensitivity reactions to common allergens such as plant pollen or house dust mites localized
to the upper respiratory tract by inhalation. The pathologic and clinical manifestations
include mucosal
edema, leukocyte infiltration with abundant
eosinophils, mucus secretion, coughing, sneezing, and difficulty breathing. Allergic conjunctivitis with itchy eyes is
commonly associated with the rhinitis. Focal protrusions ofthe nasal mucosa, called nasal polyps, filled with
edema fluid and eosinophils may develop in patients
who suffer frequent repetitive bouts of allergic rhinitis.
Antihistamines are the most common drugs used to
treat allergic rhinitis.
Food allergies are immediate hypersensitivity reactions to ingested foods that lead to the release of mediators from intestinal mucosal and submucosal mast
cells. Clinical manifestations include enhanced peristal-

Antigen-activated
mast cell or basophil

Corticosteroids,
Cromolyn

L TC4, L TD4, L TE4, PAF
I

I

Leukotriene
antagonists

Biogenic
amines,
TNF, IL-4, IL-5,
other cytokines

'--

I

Alveoli

Neutrophil

FIGURE 19-10 Mediators
and
treatment
of
asthma.
Mast
cell-<:lerived leukotrienes
and PAF
are thought to be the major mediators of acute branchoconstriction.
Therapy is targeted both at reducing mast
cell activation
with
inhibitors such as cramolyn and at
countering
mediator
actions
on
bronchial smooth muscle by bronchodilators
such as epinephrine
and theophylline.
These drugs also
inhibit mast cell activation.
Mast
cell-<:lerived cytokines are thought
to be the major mediators of sustained airway inflammation,
which
is an example of a late-phase reaction, and corticosteroid
therapy is
used to inhibit cytokine synthesis.
Cytokines are also produced by TH2
cells (not shown).
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sis, increased fluid secretion from intestinal lining cells,
and associated vomiting and diarrhea. Urticaria is often
associated with allergic reactions to food, and systemic
anaphylaxis may occasionally ensue. Allergic reactions
to many different types of food have been described, but
some of the most common are peanuts and shellfish.
Individuals may be so sensitive to these allergens that
severe systemic reactions can occur in response to
minute contaminants of the allergen introduced accidentally during food preparation.
Allergic reactions in the skin are manifested as
urticaria and eczema. Urticaria, which is essentially an
acute wheal and flare reaction induced by mast cell
mediators, occurs in response to direct contact with the
allergen or after an allergen enters the circulation
through the intestinal tract or by injection. Because the
reaction that ensues is mediated largely by histamine,
antihistamines (HI receptor antagonists) can block this
response almost completely. The urticaria may persist
for several hours, probably because antigen persists in
the plasma. Chronic eczema is a common skin disorder
that may be caused by a late-phase reaction to an allergen in the skin. In the cutaneous late-phase reaction,
TNF, IL-4, and other cytokines, probably derived from
TH2 cells and mast cells, act on the venular endothelial
cells to promote inflammation. As may be expected for
a cytokine-mediated
response, the late-phase inflammatory reaction is not inhibited by antihistamines. It can
be blocked by treatment with corticosteroids, which
inhibit cytokine synthesis.

Immunotherapy

for Allergic

Diseases

In addition to therapy aimed at the consequences of
immediate
hypersensitivity,
clinical immunologists
often try to limit the onset of allergic reactions by treatments aimed at reducing the quantity of IgE present in
the individual. Several empirical protocols have been
developed to diminish specific IgE synthesis. In one
approach, called desensitization,
small quantities of
antigen are repeatedly administered subcutaneously. As
a result of this treatment, specific IgE levels decrease and
IgG titers often rise, perhaps further inhibiting IgE production by neutralizing the antigen and by antibody
feedback (see Chapter 10). It is also possible that desensitization may work by inducing specific T cell tolerance
or by changing the predominant phenotype of antigenspecificT cells from TII2to Till; however, there is no clear
evidence to support any of these hypotheses. The beneficial effects of desensitization may occur in a matter of
hours, much earlier than changes in IgE levels. Although
the precise mechanism is unknown, this approach has
been successful in preventing acute anaphylactic
responses to protein antigens (e.g., insect venom) or
vital drugs (e.g., penicillin). It is more variable in its
effectiveness for chronic atopic conditions such as hay
fever and asthma.
Other approaches being used to reduce IgE levels
include systemic administration of humanized monoclonal anti-IgE antibodies mentioned earlier.

IMMEDIATE

HYPERSENSITIVITY

THE PROTECTIVE ROLES OF IGE- AND MAST
CELL-MEDIATED

IMMUNE REACTIONS

Although most of our understanding of mast cell- and
basophil-mediated
responses comes from analysis of
hypersensitivity diseases, it is logical to assume that
these responses have evolved because they provide protective functions. In fact, some evidence shows that IgEand mast cell-mediated responses are important for
defense against certain types of infection.
A major protective function of 19B-initiated immune
reactions is the eradication of parasites. Eosinophilmediated killing of helminths is an effective defense
against these organisms. The activities of IL-4, IL-S, and
IL-13 in IgE production and eosinophil activation contribute to a coordinated defense against helminths. It
has also been speculated that IgE-dependent mast cell
activation in the gastrointestinal tract promotes the
expulsion of parasites by increasing peristalsis and by an
outpouring of mucus. Studies in mice have highlighted
the beneficial roles of IgE and mast cells.
o Mice treated with anti-IL-4 antibody and [L-4 knockout mice do not make IgE and appear to be more susceptible than normal animals to some helminthic
infections. IL-5 knockout mice, which are unable to
activate eosinophils, also show increased susceptibility to some helminths.
o Genetically mast cell-deficient mice show increased
susceptibility to infection by tick larvae, and immunity can be provided to these mice by adoptive transfer of specific IgE and mast cells (but not by either
component alone). The larvae are eradicated by the
late-phase reaction.
Mast cells play an important protective role as part
of the innate immune response to bacterial infections.
Studies in mice have indicated that mast cells can be
activated by IgE-independent mechanisms in the course
of an acute bacterial infection and that the mediators
they release are critical for clearing the infection.
o Mast cell-deficient mice are less capable of clearing,
and are more likely to die of, acute bacterial infection
of the peritoneum than are normal mice. The protective role of mast cells in this setting is mediated by
TNF and depends on TNF-stimulated influx of neutrophils to the peritoneum, specifically, the latephase reaction. The mechanisms by which mast cells
are activated during innate immune responses to
bacterial infection are not known but may involve
complement activation by the alternative pathway,
leading to the release of C5a, which directly triggers
mast cell degranulation. It is also possible that the
classical pathway of complement could be activated
by natural antibodies that are produced by B-1 B cells
and that recognize common microbial pathogens.
Mast cell-derived proteases have been shown to destroy
some snake and insect venoms in mice. This is an
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unusual form of "innate immunity" against a potentially
lethal encounter with non-microbial organisms.

leakage, vasodilation. and bronchoconstriction.
Cytokines mediate the late-phase reaction.

. Variousorgans show distinct forms of immediate
SUMMARY
. Immediate hypersensitivity is an immune reaction
that is triggered by antigen binding to IgE preattached to mast cells and that leads to inflammatory mediator release.
. The steps in the development of immediate hypersensitivity are exposure to an antigen (allergen)
that stimulates TII2 responses and IgE production,
binding of the IgE to FCEreceptors on mast cells,
cross-linking of the IgE and the FCEreceptors by
the allergen, activation of mast cells, and release of
mediators.

. Individuals susceptible to immediate hypersensitivity reactions are called atopic and
often have more IgE in the blood and more
IgE-specific Fc receptors per mast cell than do
nonatopic individuals. IgE synthesis is induced by
exposure to antigen and TH2cytokines, particularly
IL-4.
.

Mast cells are derived from the bone marrow and
mature in the tissues. They express high-affinity
receptors for IgE (FCERI)and contain cytoplasmic
gran~.des in which are stored various inflammatory
medIators.
Subsets of mast cells, including
mucosal and connective tissue mast cells, may
produce different mediators. Basophils are a type
of circulating granulocyte that expresses highaffinity FCEreceptors and contains granules with
contents similar to mast cells.

. Eosinophils are a special class of granulocyte; they
are recruited into inflammatory
reactions by
chemokines and IL-4 and are activated by IL-5.
Eosinophils are effector cells that are involved in
killing parasites. In allergic reactions, eosinophils
contribute to tissue injury.
. On binding of antigen to IgE on the surface of mast
cells or basophils, the high-affinity FCEreceptors
become cross-linked and activate intracellular
second messengers that lead to granule release
and new synthesis of mediators. Activated mast
cells and basophils produce three important
classes of mediators: biogenic amines, such as histamine; lipid mediators, such as prostaglandins,
leukotrienes, and PAF; and cytokines, such as TNF,
IL-4, IL-13. and IL-5.

. Biogenic
amines and lipid
rapid vascular and smooth
immediate

mediators cause the
muscle reactions of
hypersensitivity.
such as vascular

hypersensitivity involving different mediators and
target cell types. Any allergen may lead to a systemic reaction called anaphylactic shock. Asthma
is a manifestation of immediate hypersensitivity
and late-phase reactions in the lung. Allergic rhinitis (hay fever) is the most common allergic disease
of the upper respiratory tract. Food allergens can
cause diarrhea and vomiting. In the skin. immediate hypersensitivity is manifested as wheal and
flare and late-phase reactions and may lead to
chronic eczema.
. Drug therapy is aimed at inhibiting mast cell mediator production and at blocking or counteracting
the effects of released mediators on target organs.
The goal of immunotherapy is to prevent or to
reduce TH2cell responses to specific allergens and
the production of IgE.
. Immediate hypersensitivity reactions provide protection against helminthic infections by promoting
IgE- and eosinophil-mediated ADCC and gut peristalsis. Furthermore, mast cells may play an important role in innate immune responses to bacterial
infections.
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Integrity of the immune system is essential for defense
against infectious organisms and their !toxic products
and therefore for the survival of all individuals. Defects
in one or more components of the idtmune system
can lead to serious and often fatal disor~ers, which are
collectively called immunodeficiency
diseases. These
diseases are broadly classified into tw~ groups. The
congenital or primary immunodeficien~ies
are genetic
defects that result in an increased susceptibility to infection that is frequently manifested early 'in infancy and
childhood but is sometimes clinically d~tected later in
life. It is estimated that in the United States, approximately 1 in 500 individuals is born with a1defect in some
component of the immune system, al~hough only a
small proportion are affected severely enbugh for development of life-threatening complicatiods. Acquired or
secondary immunodeficiencies
develop as a consequence of malnutrition, disseminated cancer, treatment
with immunosuppressive
drugs, or infection of cells of
the immune system, most notably with the human
immunodeficiency virus (HIV), the etiologic agent of
acquired immunodeficiency
syndrome (AIDS). This
chapter describes the major types of congenital and
acquired immunodeficiencies,
with an emphasis on
their pathogenesis and the components of the immune
system that are involved in each.

GENERAL

FEATURES

IMMUNODEFICIENCY

OF
DISEASES

Before beginning our discussion of individual diseases,
it is important to summarize some general features of
immunodeficiencies.

. anTheincreased
principal consequence of immunodeficiency
is
susceptibility to infection. The nature of
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Table 20-1.

Features of Immunodeficiencies

Feature

Affecting T or B Lymphocytes

B cell deficiency

I

I

I

T cell deficiency

Diagnosis
---------------------------------§.~~~~_I_Q

_I_~~~I_~

-

DTH reactions
to
common
antigens

__ _~~_~~~~_~_

Normal

__
__ __
~~~~~~
- - ---------- ----------

?!_ ~:~~_~:~_

__ __
- - - - - - - - -

Reduced

Morphology
of
lymphoid
tissues

Absent or reduced follicles
and germinal centers
(8 cell zones)

Usually
reduced
regions

Susceptibility
infection

Pyogenic bacteria (otitis, pneumonia,
meningitis,
osteomyelitis),
enteric
bacteria and viruses, some parasites

Many viruses,
atypical
mycobacteria
and other
intracellular
bacteria,
fungi

Abbreviations:

to

DTH, delayed-type

normal follicles,
may
parafollicular
cortical
(T cell zones)

be

hypersensitivity.
I

the infection in a particular patient depends largely
on the component of the immune system that is
defective (Table 20-1). Deficient humoral immunity
usually results in increased susceptibility to infection by pyogenic bacteria, whereas defects in cellmediated immunity lead to infection by viruses and
other intracellular microbes. Combined deficiencies
in both humoral and cell-mediated immunity make
patients susceptible to infection by all classes of
microorganisms.
.

Patients with immunodeficiencies
are also susceptible to certain types of cancer. Many of these cancers
appear to be caused by oncogenic viruses, such as the
Epstein-Barr virus (EBV). An increased incidence of
cancer is most often seen in T cell immunodeficiencies because, as discussed in Chapter 17, T cells play
an important role in surveillance against oncogenic
viruses and the tumors they cause.

.

Immunodeficiency
may result from defects in lymplwcyte maturation or activation or from defects in
the effector mechanisms of innate and adaptive
immunity. Immunodeficiency diseases are clinically
and pathologically heterogeneous, in part because
different diseases involve different components ofthe
immune system.

.

Paradoxically, certain immunodeficiencies are associated with an increased incidence of autoimmunity.
The mechanism
underlying this association
is
not known; it may reflect a deficiency of regulatory
T lymphocytes that normally serve to maintain
self-tolerance.

In this chapter, we first describe congenital immunodeficiencies, including defects in the humoral and cellmediated arms of the adaptive immune system and
defects in components of the innate immune system. We
conclude with a discussion of acquired immunodeficiencies, with an emphasis on AIDS.

CONGENITAL (PRIMARY) IMMUNODEFICIENCIES
The first inherited immunodeficiency to be described, in
1952, was a disease called X-linked agammaglobulinemia that affects boys and is now known to be caused by
a defect in B lymphocyte development (see below). Since
then, a large number of other congenital immunodeficiencies have been described, and the genetic bases of
many of these disorders are now known. This understanding has led to an increased hope for gene replacement as therapy for these diseases.
In different immunodeficiencies, the primary abnormality may be in components of the innate immune
system, at different stages of lymphocyte maturation, or
in the responses of mature lymphocytes to antigenic
stimulation. Inherited abnormalities affecting innate
immunity generally affect the complement pathway or
phagocytes. Abnormalities in lymphocyte development
may be caused by mutations in genes encoding a variety
of molecules, including enzymes and transcription
factors. These inherited defects, and the corresponding
targeted disruptions in mice, have been useful in elucidating the mechanisms oflymphocyte development (see
Chapter 8). Abnormalities in B lymphocyte development
and function result in deficient antibody production and
increased susceptibility to infection by extracellular
microbes, particularly encapsulated
bacteria. B cell
immunodeficiencies
are diagnosed by reduced levels
of serum immunoglobulin
(lg), defective antibody
responses to vaccination, and, in some cases, reduced
numbers of B cells in the circulation or lymphoid tissues
or absent plasma cells in tissues (see Table 20-1). Abnormalities in T lymphocyte maturation and function lead
to deficient cell-mediated immunity and an increased
incidence of infection with intracellular microbes. Deficiencies ofhelperT cells may also result in reduced antibody production. PrimaryT cell immunodeficiencies are
diagnosed by reduced numbers of peripheral blood T
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cells, low proliferative responses of blood lymphocytes
to polyclonal T cell activators such as phytohemagglutinin, and deficient cutaneous delayed-type hypersensitivity (DTH) reactions to ubiquitous microbial antigens,
such as Candida antigens. In the following sections,
we describe immunodeficiencies
caused by inherited
mutations in genes encoding components of the innate
immune system, or of genes required for lymphocyte
development and activation. We conclude with a brief
discussion of therapeutic strategies for these diseases.
Defects

in Innate

Immunity

Innate immunity constitutes the first line of defense
against infectious organisms. 1\vo important mediators
of innate immunity are phagocytes and complement,
both of which also participate in the effector phases
of adaptive immunity. Therefore, congenital disorders
of phagocytes and the complement system result in
recurrent infections. Complement deficiencies were
described in Chapter 14 (see Box 14-2). They typically
present with recurrent bacterial infections, particularly
by Neisseriae species, and often also contribute to susceptibility to autoimmune disorders, particularly systemic lupus erythematosus.
Deficiencies have been
described in the classical and alternative complement
pathways, as well as in the lectin pathway. Mannosebinding lectin (MBL) is absent in a high frequency of
individuals (up to 5% in some studies), and while some
MBL-deficient patients present with recurrent infections, most are asymptomatic.

Table 20-2.

CONGENITAL AND ACQUIRED IMMUNODEFICIENCIES

In this section of the chapter, we discuss some examples of congenital phagocyte disorders (Table 20-2).
Defective Microbicidal
Activities of
Phagocytes:
Chronic Granulomatous

Disease

Chronic granulomatous disease (CGD) is a rare disease,
estimated to affect about 1 in 1 million individuals in the
United States. About two thirds of cases show an Xlinked recessive pattern of inheritance, and the remainder are autosomal recessive. CGD is caused by
mutations in components of the phagocyte oxidase
(phox) enzyme complex. The most common X-linked
form of the disease is caused by a mutation in the gene
encoding the 91-kD a subunit of cytochrome b55a,an
integral membrane protein also known as phox-91. This
mutation results in defective production of superoxide
anion, a reactive oxygen species that constitutes a major
microbicidal mechanism of phagocytes (see Chapter 2).
Mutations in other components of the phox complex
contribute to autosomal-recessive
variants of CGD.
Defective production of reactive oxygen species results
in a failure to kill phagocytosed microbes. The disease is
characterized by recurrent infections with catalaseproducing intracellular bacterial and fungi, usually from
early childhood. (Many of the organisms that are particularly troublesome in CGD patients produce catalase,
which destroy the microbicidal hydrogen peroxide that
may be produced by the microbes themselves or by
host cells.) Because the infections are not controlled
by phagocytes, they stimulate chronic cell-mediated

Congenital Disorders

of Innate

Immunity
Mechanism

of defect

Disease

Functional

Chronic

Defective production of reactive oxygen species
by phagocytes;
recurrent intracellular
bacterial and
fungal infections

Mutation in genes of phagocyte
oxidase complex; phox-91
(cytochrome
bss8a subunit)
is mutated in X-linked form

Defective leukocyte adhesion and migration linked to
decreased
or absent expression
of ~2integrins;
recurrent bacterial and fungal infections

Mutations in gene encoding the
~chain (CD18) of ~2integrins

Defective leukocyte adhesion and migration linked to
decreased
or absent expression
of leukocyte ligands
for endothelial
E- and P-selectins causing failure of
leukocyte migration into tissues; recurrent bacterial
and fungal infections

Mutations in gene encoding a
GDP-fucose
transporter
required for the synthesis of the
sialyl Lewisx component
of
E- and P-selectin ligands

Chediak-Higashi
syndrome

Defective vesicle fusion and lysosomal function in
neutrophils,
macrophages,
dendritic cells, natural
killer cells, cytotoxic T cells, and many other cell types;
recurrent infections by pyogenic bacteria

Mutation in L YST leading
to defect in secretory granule
exocytosis
and lysosomal
function

Toll-like
signaling

Recurrent infections
CD40 signaling

Mutations in NEMO, II,Ba, and
IRAK4 compromise
NF-KB
activation downstream
of
Toll-like receptors

granulomatous
disease
Leukocyte
adhesion
deficiency

type 1

Leukocyte
adhesion
deficiency

type

receptor
defects

2

Abbreviations:
IRAK4, IL-1 receptor
NEMO, NF-KB essential modulator.

deficiencies

associated

because

kinase

of defects

in TLR and

4; L YST, lysosomal

trafficking

regulator

protein;
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immune
responses
resulting in T cell-mediated
macrophage activation and the formation of granulomas composed of activated macro phages. Presumably,
these activated macro phages try to limit or eliminate
the microbes despite defective production of reactive
oxygen species. This histologic appearance is the basis
for the name of the disorder. The disease is often fatal,
even with aggressive antibiotic therapy.
The cytokine interferon-y (lFN-y) enhances transcription of the phox-91 gene and also stimulates other components of the phagocyte oxidase enzyme complex.
Therefore, IFN-y stimulates the production of superoxide by normal neutrophils, as well as CGO neutrophils,
especially in cases in which the phox-91 gene is intact
but its transcription is reduced. Once neutrophil superoxide production is restored to about 10% of normal
levels, resistance to infection is greatly improved. IFN-y
therapy is now commonly used for the treatment of
X-linked CGO.
Leukocyte

Adhesion

Deficiencies

Leukocyte adhesion deficiency type 1 (LAD-I) is a rare
autosomal-recessive disorder characterized by recurrent
bacterial and fungal infections and impaired wound
healing. In these patients, most adhesion-dependent
functions of leukocytes are abnormal. These functions
include adherence to endothelium, neutrophil aggregation and chemotaxis, phagocytosis, and cytotoxicity
mediated by neutrophils, natural killer (NK) cells, and T
lymphocytes. The molecular basis of the defect is absent
or deficient expression of the ~2integrins (heterodimers
of C0l8 and the COli family of glycoproteins) due to
various mutations in the COl8 gene. The ~2 integrins
include leukocyte function-associated antigen-I (LFA-I
or CD 11aCO 18), Mac-I (CD 11bCO 18), and p 150,95
(COllcC0l8).
These proteins participate in the adhesion of leukocytes to other cells, notably endothelial
cells, and the binding of T lymphocytes to APCs (see
Chapter 2, Box 2-3).
LAD-2 is another rare disorder that is clinically similar
to LAO-I but is not due to integrin defects. In contrast,
LAO-2 results from an absence of sialyl Lewis X, the
tetrasaccharide carbohydrate ligand on neutrophils that
is required for binding to E-selectin and P-selectin on
cytokine-activated
endothelium
(see Chapter 2, Box
2-2). This defect is caused by a mutation in a fucose
transporter gene. The failure to transport fucose into
the Golgi complex results in failure to synthesize sialyl
Lewis X. The result is defective binding of neutrophils
to endothelium and defective recruitment of the leukocytes to sites of infection.
Defects in NK Cells and Other Leukocytes:
The Chediak-Higashi
Syndrome
The Chediak-Higashi
syndrome
is a rare autosomalrecessive disorder characterized by recurrent infections
by pyogenic bacteria, partial oculocutaneous albinism,
and infiltration of various organs by non-neoplastic Iym-

phocytes. The neutrophils, monocytes, and lymphocytes
of these patients contain giant lysosomes. This disease is caused by mutations in the gene encoding the
lysosomal-trafficking regulator protein LYST,resulting in
defective phagosome-lysosome
fusion in neutrophils
and macrophages (causing reduced resistance to infection), defective melanosome formation in melanocytes
(causing albinism), and lysosomal abnormalities in cells
of the nervous system (causing nerve defects) and
platelets (leading to bleeding disorders). The giant lysosomes found in neutrophils form during the maturation
of these cells from myeloid precursors. Some of these
neutrophil precursors die prematurely, resulting in moderate leukopenia. Surviving neutrophils may contain
reduced levels of the lysosomal enzymes that normally
function in microbial killing. These cells are also defective in chemotaxis and phagocytosis, further contributing to their deficient microbicidal activity. NK cell
function in these patients is impaired, probably because
of an abnormality in the cytoplasmic granules that store
proteins mediating cytotoxicity. The defect in cytotoxic
T lymphocyte (CTL) function seen in some patients is
relatively mild, but other patients have a more pronounced CTL defect. A mutant mouse strain called the
beige mouse is an animal model for the Chediak

-Higashi

syndrome. This strain is characterized by deficient NK
cell function and giant Iysosomes in leukocytes. The
beige mutation has been mapped to the mouse LYST
locus.
Other mutations that affect both CTL and NK cell
function will be considered below when we discuss
defects in T lymphocyte activation and function. A
mutation in COI6/FcyRIll, the Fe receptor on NK cells
that is required for antibody-dependent
cellular cytotoxicity (see Chapter 14), has been described in a subject
with recurrent viral infections.

Inherited

Defects

in Toll-like

Receptor

Pathways and Nuclear Factor ICB Signaling
A naturally occurring mutation in Toll-like receptor 4
(TLR4) has been described in Lps mice. In humans, more
global inherited defects in TLR signaling have been
described. Some immune deficiencies are caused by
defects in signaling pathways downstream of TLRs.
Mutations in the inhibitor of KB kinase y (lKKy), also
known as nuclear factor KB essential modulator
(NEMO), a component of the IKBkinase complex, contribute to the X-linked recessive condition known as
anhidrotic ectodermal dysplasia with immunodeficiency
(EDA-lD). IKKy/NEMO is required for NF-KB activation,
and point mutations that partially impair NEMO function contribute to a disorder in which differentiation of
ectoderm-derived structures is abnormal and immune
function is impaired in a number of ways. Responses to
TLR signals as well as C040 signals are compromised.
These patients suffer from infections with encapsulated
pyogenic bacteria, as well as with intracellular bacterial
pathogens including mycobacteria, viruses, and fungi
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such as Pneumocystis jiroveci (previously known as
Pneumocystis carinii'). An autosomal-recessive form of
EDA-ID has been described in which a hypermorphic
point mutation in hcBa prevents the phosphorylation,
ubiquitinlation, and degradation ofhcBa, thus leading to
impaired NF-KB activation.
Another immunodeficiency state in which recurrent
bacterial infections are observed is linked to mutations
in the lRAK-4 gene. Interleukin-l receptor-associated
kinase 4 (lRAK-4) is a critical kinase downstream ofTLRs
and the interleukin-l (lL-I) receptor (see Chapter 2).
Defective TLR and IL-I receptor signaling presumably
contributes to the relatively mild immunodeficiency in
these patients.

Severe

Combined

CONGENITAL AND ACQUIRED IMMUNODEFICIENCIES

HSC

yc
IL-7Ra
Pro-T

0)

RAG1, RAG2
Pre-TCR
ARTEMIS
checkpoint
CD45, CD3

Immunodeficiencies

In this section, we focus on congenital immunodeficiencies in humans that are known to result from
impaired progression at various checkpoints during T
lymphocyte development with or without defects in B
cell maturation (Fig. 20-1). Disorders that affect both
humoral and cell-mediated immunity are called severe
combined immunodeficiencies
(SCIDs) (Table 20-3).
These diseases are characterized by deficiencies of both
Band T cells, or onlyT cells; in the latter cases, the defect
in humoral immunity is due to the absence of T cell
help. Children with SCID usually have infections during
the first year of life and succumb to these infections
unless they are treated. The process of T (and B) lymphocyte maturation from hematopoietic
stem cells
to functionally
competent
mature
lymphocytes
involves proliferation of early lymphocyte progenitors,
rearrangement of the locus encoding one chain of the
antigen receptor followed by selection of cells that have
made in-frame productive rearrangements
at a preantigen receptor checkpoint, expression of both chains
of the antigen receptor, and selection of cells with useful
specificities (see Chapter 8). Defects in many of these
steps have been described in different forms of SCID.
Immunodeficiencies
Linked to Defective
Cytokine Receptor Signaling: X-Linked
SCID Caused by Mutations in the Cytokine
Receptor Common r Chain
Approximately SO%of SCID cases are X-linked and due
to mutations in the gene encoding the common '( ('(cJ
chain shared by the receptors for the interleukins IL-2,
IL-4, IL-7, IL-9, and IL-IS (see Chapter 12). These mutations are recessive, so heterozygous females are usually
phenotypically normal carriers, whereas males who
inherit the abnormal X chromosome
manifest the
disease. Because developing cells in females randomly
inactivate one of the two X chromosomes, the normal
allele encoding a functional Yc protein will not be
expressed in half the lymphocyte precursors in a female
carrier. These cells will fail to mature, and consequently,
all the mature lymphocytes in a female carrier will have
inactivated the same X chromosome
(carrying the
mutant allele). In contrast, half of all nonlymphoid cells

IL-2Ra
JAK3
ADA
PNP

Cycling pre-T

"
~

DP T cells

Q)
+

CLP

.
@--rADAl
~g
Pre-BCR
checkpoint

.

RAG 1, RAG2
ARTEMIS
BTK, 1.5, Iga
1911chain, BLNK

Large pre-B

+

Immature B

0

~\

§~

T cells
T cells
MZ8
8-18
FIGURE 20-1 Immunodeficiency caused by defects in Band T
cell maturation. Primary immunodeficiencies caused by genetic
defects in lymphocyte maturation are shown. These defects may
affect T cell maturation alone, B cell maturation alone, or both. The
survival of all lymphocyte progenitor populations requires the purine
salvage pathway enzymes, ADA, and PNP. IL-7R signaling (Ye,IL7Ra, and JAK3) is required for human pro-T cell generation. The
V(D)J recombination machinery (RAG-1, RAG-2, and ARTEMIS) is
required for generating pre-B and pre-T cells, as is signaling through
the pre-TCR (CD45, CD3) specifically for pre-T cells and the pre-BCR
(lgl1 chain, 1.5, Iga, and BLNK) for pre-B cells. DP, double-positive;
FoB, follicular B cells; HSC, hematopoietic stem cell; MZB, marginal
zone B cells.

will have inactivated one X chromosome, and half the
other. A comparison of X chromosome inactivation in
lymphoid cells versus nonlymphoid cells may be used to
identify carriers of the mutant allele. The nonrandom
use of X chromosomes in mature lymphocytes is also
characteristic of female carriers of other X-linked mutations of genes that affect lymphocyte development, as
discussed later.
X-linked SCID is characterized by impaired maturation ofT cells and NK cells and greatly reduced numbers
of mature T cells and NK cells, but the number of B cells
is usually normal or increased. The humoral immunodeficiency in this disease is due to a lack of T cell help
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Table 20-3.

Disease

Severe Combined Immunodeficiencies

Functional deficiencies

I

Mechanism

A. Defects
X-linked

in cytokine

forms

B. Defects

I

signaling

SCID

Autosomal
recessive

of defect

I

I

Marked decrease in T cells; normal or
increased 8 cells; reduced serum Ig

Cytokine receptor common
defective T cell development
of IL-7 derived signals

y chain mutations;
in the absence

Marked decrease in T cells; normal or
increased 8 cells; reduced serum Ig

Mutations
JAK3

IL-7Ra

in nucleotide

salvage

in IL-2Ra

chain,

chain,

pathways

ADA

deficiency

Progressive
decrease
reduced serum Ig

in T, 8, and NK cells;

ADA deficiency leading to accumulation
toxic metabolites
in lymphocytes

of

PNP

deficiency

Progressive
decrease
reduced serum Ig

in T, 8, and NK cells;

PNP deficiency leading to accumulation
toxic metabolites
in lymphocytes

of

C. Defects

in V(D)J

recombination

RAG1orRAG2

Decreased T and 8 cells; reduced serum Ig;

deficiency.

absence

ARTEMIS

thymus

Defective
checkpoint
,..
DiGeorge
syndrome

pre-TCR
.. ...

E. Other

defects

of T and 8 cells

Decreased
T and 8 cells; reduced serum
absence or deficiency of T and 8 cells

defects.

D. Defective

or deficiency

Ig;

Cleavage
mutations

defect during V(D)J
in RAG1 or RAG2

recombination;

Failure to resolve hairpins during V(D)J
recombination;
mutations in ARTEMIS

development
Decreased
T cells; normal
reduced serum Ig

or reduced

8 cells;

Decreased
T cells; normal
reduced serum Ig

8 cells; normal

Mutations in CD45, CD30, CD3£, Orai I
(CRAC channel component)

.,......

Reticular

Decreased

T, 8, and myeloid

cells

or

22q11 deletion; T box-1 (T8X1)
transcription
factor mutations

Mutation

not identified

dysgenesis
Abbreviations:
PNP,

purine

ADA,
nucleoside

adenosine

deaminase;

CRAC,

calcium

release

activated

channel;

phosphorylase.
I

.Hypomorphic

mutations in RAG genes and in ARTEMIS can contribute to Omenn syndrome.
I

for antibody production. This disease is a result of the
inability of the lymphopoietic cytokine IL-7, whose
receptor uses the Ycchain for signaling, to stimulate the
growth of immature thymocytes. In addition, the receptor for IL- IS, which is a potent stimulus for the proliferation of NK cells, also uses the Ycsignaling chain, and the
failure of IL-IS function accounts for the deficiency of
NK cells.

Box 12-2). Knockout mice lacking the Ycchain, IL-7, the
cytokine-binding a chain of the IL-7 receptor, or JAK3
develop a disease similar to human X-linked SClD,
although B cell maturation is decreased more in mutant
mice than in human SCID patients.

Autosomal-Recessive
Cytokine Signaling
T Cell Development

About 50% of patients with SCID show an autosomalrecessive pattern of inheritance, and many of these cases
are due to deficiency of an enzyme called adenosine
deaminase (ADA).ADA functions in the salvage pathway
of purine synthesis and catalyzes the irreversible deamination of adenosine and 2' -deoxyadenosine to inosine
and 2'-deoxyinosine, respectively. Deficiency of the
enzyme leads to the accumulation of deoxyadenosine
and its precursors S-adenosylhomocysteine
and de-

Mutations in
that Lead to Impaired

Some patients with a disease identical to X-linked SCID
show an autosomal-recessive
inheritance. These patients have mutations in the IL-7 receptor a chain or the
JAK3 kinase, which associates with the Ycchain and is
required for signaling by this protein (see Chapter 12,

Severe Combined Immunodeficiency
Linked
to Defects in Purine Salvage Pathways

Chapter 20 -

oxyadenosine triphosphate (dATP). These by-products
have many toxic effects, including inhibition of DNA
synthesis. Although ADA is present in most cells,
developing lymphocytes are less efficient than most
other cell types at degrading dATP into 2' -deoxyadenosine, and therefore lymphocyte maturation is particularly sensitive to ADA deficiency. ADA deficiency leads to
reduced numbers of Band T cells; lymphocyte cell
numbers are usually normal at birth but fall off precipitously during the first year of life. A few patients may
have a nearly normal number of T cells, but these cells
do not proliferate in response to antigenic stimulation.
A rarer autosomal-recessive form of SCID is due to the
deficiency of another enzyme, called purine nucleoside
phosphorylase (PNP). that is also involved in purine
catabolism. PNP catalyzes the conversion of inosine to
hypoxanthine and guanosine to guanine, and deficiency
of PNP leads to the accumulation of deoxyguanosine
and deoxyguanosine triphosphate, with toxic effects on
immature lymphocytes, mainly T cells.
Severe Combined Immunodeficiency
to Defects in V(DJJ Recombination

Linked

Mutations in the RAGI or RAG2 genes [whose protein
products mediate the cleavage step duringV(D)J recombination] or the ARTEMIS gene, which encodes an
endonuclease that resolves coding-end hairpins during
V(D)J recombination, account for a large number of the
autosomal-recessive
forms of SCID. The normal functions of these genes are discussed in Chapter 8. In children with these mutations, Band T lymphocytes are
absent and immunity is severely compromised. Hypomorphic mutations in the RAG genes, in ARTEMIS, and
in IL-7Ra can contribute to a disorder characterized by
restricted generation ofT and B cells, immunodeficiency
and immune dysregulation. This disorder is known as
Gmenn's syndrome. It is possible that this immune
dyscrasia, in which immunodeficiency
coexists with
exaggerated immune activation and autoimmunity, may
reflect the relative absence of regulatory T cells.
An instructive experimental model is the SCID
mouse, in which Band T cells are absent because of an
early block in maturation from bone marrow precursors.
The defect in SCID mice is a mutation in the catalytic
subunit of a DNA-dependent protein kinase, which is
required for double-stranded break repair during V(D)J
recombination (see Chapter 8). This defect results in the
failure of Band T cell development.
Defective

Pre- TCR Checkpoint

Signaling

Although most autosomal-recessive forms of SCID are
linked to mutations in ADA, RAGl, RAG2, and ARTEMIS,
rare forms of this syndrome have been linked to mutations in the genes encoding CD45 and the CD3 8 or e
chains. Another rare form of SCID is caused by mutation
in a gene encoding Grail, a component of CRAC channels (see Chapter 9). Activation of antigen receptors as
well as pre-antigen receptors leads to the activation of
the y isoform of phospholipase C (PLCy) and the inositol

CONGENITAL ANO ACQUIRED IMMUNODEFICIENCIES

triphosphate (IP3)-dependent release of calcium ions
from the endoplasmic reticulum and mitochondria
(see Chapter 9). The released calcium is replenished by
store-operated CRAC channels that facilitate an influx
of extracellular calcium, and this process is crucial for
lymphocyte activation, and it is defective in cells with
mutant Grail.
Defective Thymic Development:
DiGeorge's Syndrome
This selective T cell deficiency is due to a congenital malformation that results in defective development of the
thymus and the parathyroid glands as well as other
structures that develop from the third and fourth pharyngeal pouches during fetal life. The congenital defect
is manifested by hypoplasia or agenesis of the thymus
leading to deficient T cell maturation, absent parathyroid glands causing abnormal calcium homeostasis and
muscle twitching (tetany), abnormal development of the
great vessels, and facial deformities. Different patients
may show varying degrees of these abnormalities. The
disease is caused by a deletion in chromosome 22q 11.2.
Mutations in a gene encoding a transcription factor
called T box-l (TBXl), which lies within the deleted
region, also result in a similar defect in thymic development. It is likely that the immunodeficiency associated
with DiGeorge's syndrome can be explained, at least in
part, by the deletion of the TBXl gene. In this syndrome,
peripheral blood T lymphocytes are absent or greatly
reduced in number, and the cells do not respond to polyclonal T cell activators or in mixed leukocyte reactions.
Antibody levels are usually normal but may be reduced
in severely affected patients. As in other severe T cell
deficiencies, patients are susceptible to mycobacterial,
viral, and fungal infections.
The immunodeficiency
associated with DiGeorge's
syndrome can be corrected by fetal thymic transplantation or by bone marrow transplantation. Such treatment
is usually not necessary, however, because T cell function tends to improve with age and is often normal by 5
years. Improvement with age probably occurs because
of the presence of some thymic tissue or because some
as yet undefined extra thymic sites assume the function
of T cell maturation. It is also possible that as these
patients grow older, thymus tissue develops at ectopic
sites (Le., other than the normal location).
An animal model ofT cell immunodeficiency resulting from abnormal development of the thymus is the
nude (athymic) mouse. These mice have an inherited
defect of certain types of epithelial cells in the skin,
leading to hairlessness, and in the lining of the third and
fourth pharyngeal pouches, causing thymic hypoplasia.
The disorder is due to a mutation in the FoxNl gene
encoding a Forkhead family transcription factor that
is required for the normal development of certain
ectoderm-derived cell types. Affected mice have rudimentary thymuses in which T cell maturation cannot
occur normally. As a result, few or no mature T cells
are present in peripheral lymphoid tissues, and cellmediated immune reactions cannot occur.
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Dysgenesis

and SCID

A particularly severe form of SCID is seen in a disease
called reticular dysgenesis. This disorder is characterized by the absence of T and B lymphocytes and most
myeloid cells, including granulocytes, and is presumably
due to a defect in the hematopoietic stem cell. This
disease is rare, and neither its molecular basis nor its
mode of inheritance is known.
Antibody
Deficiencies:
Defects
in
B Cell Development
and Activation
While defects in T cell development or in both T and B
cell development contribute to the SCID phenotype,
more circumscribed
defects in B cell development
or function result in disorders in which the primary
abnormality is in antibody synthesis (Table 20-4 and

Fig. 20-2). However, in one subset of hyper-IgM syndromes discussed below, antibody deficiencies are also
accompanied by defects in macrophage and antigenpresenting cell (APC) activation, which in turn result in
attenuated cell-mediated immunity.

An X-linked Pre-B Cell Receptor Signaling
Defect: X-Linked Agammaglobulinemia
X-linked agammaglobulinemia,
also called Bruton's
agammaglobulinemia,
is characterized by the absence
of gamma globulin in the blood, as the name implies. It
is one of the most common congenital immunodeficiencies and the prototype of a failure of B cell maturation. The defect in X-linked agammaglobulinemia
is a
failure of B cells to mature beyond the pre- B cell stage in
the bone marrow (see Fig. 20-1). This failure is caused by

Table 20-4. Antibody

Disease

I

I

Deficiencies

Functional deficiencies

I

Mechanism of defect

I

A. Agammaglobulinemias
X-linked
......

Decrease
....

.... ...

Autosomal
recessive

in all serum Ig isotypes; reduced B cell numbers

...

Decrease in all serum Ig isotypes; reduced B cell numbers

forms

B. Hypogammaglobulinemias/isotype

Pre-B receptor checkpoint
defect; Btk mutation

Pre-B receptor checkpoint
defect; mutations in IgM heavy
chain (11),surrogate light chains
(/..5),Iga, BLNK

defects

Decreased IgA; may be associated with increased
susceptibility to bacterial infections and protozoa
such as Giardia lamblia

Mutations in TACI in some
patients

Selective IgG2
deficiency

Increased susceptibilityto bacterial infections

Smallsubset have deletion in

Combined Variable

Hypogammaglobulinemia; normal or decreased
B cell numbers

Mutations in ICOS and TACI in
some patients

Hypogammaglobulinemia, occasional mild T cell defects

Mutations in DNMT3B

Selective IgA
deficiency
.. .... ,.

.....

..,

......'..........

IgH "(2.locus

............................ ........... .........

Immunodeficiency
(CVID)

. ....

...,............

ICF syndrome

.....

C. Hyper-lgM syndromes
X-linked
. ....

... ,.

Autosomal

.. ...

Defects in T helper cell-mediated B cell, macrophage and
dendritic cell activation; defects in somatic mutation,
class switching, and germinal center formation; defective
cell-mediated immunity

Mutation in CD40L

Defects in T helper cell-mediated B cell, macrophage and

Mutations in CD40, NEMO

recessive with cell- dendritic cell activation; defects in somatic mutation,
class switching, and germinal center formation; defective
mediated immune
cell-mediated immunity
defects
......
....... ..... ....
Defects in somatic mutation and isotype switching
Autosomal
recessive with
antibody defect only

Mutations in AID, UNG

Abbreviations: AID, Activation-induced cytidine deaminase; DNMT3B, DNA methyl transferase 3B;
ICOS, inducible costimulator; NEMO, NFKB essential modulator; TACI, transmembrane
activator and
calcium modulator and cyclophilin ligand inhibitor; UNG, uracil N-glycosylase.
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FIGURE 20-2 Immunodeficiencycaused by defects in Band T cell activation. Primary immunodeficiencies
may be caused by genetic
defects in molecules required for T or B lymphocyte
antigen receptor signaling, for helper T cell-mediated
activation of B cells and antigen
presenting
cells (APCs). or for the activation of cytotoxic T lymphocytes
and NK cells. Common variable immunodeficiency
(CVID) has a
number of causes, including mutations
in ICOS (inducible costimulator)
and TACI (transmembrane
activator and calcium modulator
and
cyclophilin ligand interactor). TACI mutations are also a frequent cause of selective IgA deficiency. Patients with hyper-lgM syndrome who
harbor mutations in the CD40 signaling pathway (CD40 ligand [CD40LJ. CD40, or NEMO) have defects in both T helper cell-mediated
B cell
activation and the activation of APCs and cell-mediated
immunity. The most frequently
mutated gene causing the hyper-lgM syndrome is
the CD40L gene, which is X-linked. Mutations in the enzymes AID and in UNG cause hyper-lgM syndromes
that only affect B cells. Mutations in a signaling molecule (SAP). in perforin, and in genes encoding proteins involved in granule exocytosis,
such as Rab27A, and the
Rab27A binding protein MUNC13-4, are all causes of hemophagocytic
Iymphohistiocytosis
(HLH).

mutations or deletions in the gene encoding an enzyme
called Bruton tyrosine kinase (Btk). Btk is involved in
transducing signals from the pre-B cell receptor (preBCR) that are required for the survival and differentiation of pre-B cells (see Chapter 8). In female carriers of
this disease, only B cells that have inactivated the X chromosome carrying the mutant allele mature. Unlike the
case with X-linked SCID, described earlier, this nonrandom X chromosome inactivation is not seen in T cells.
Patients with X-linked agammaglobulinemia
usually
have low or undetectable serum Ig, reduced or absent B
cells in peripheral blood and lymphoid tissues, no germinal centers in lymph nodes, and no plasma cells in
tissues. The maturation, numbers, and functions of T
cells are generally normal. Some studies have revealed
reduced numbers of activated T cells in patients, which
may be a consequence of reduced antigen presentation
caused by the lack of B cells. Autoimmune disorders
develop in almost 20% of patients, for unknown reasons.
The infectious complications of X-linked agammaglobulinemia are greatly reduced by periodic (e.g., weekly or
monthly) injections of pooled gamma globulin preparations. Such preparations contain preformed antibodies
against common pathogens and provide effective passive immunity.

Autosomal-Recessive
Checkpoint Defects

Pre-B Cell Receptor

Autosomal-recessive
forms of agammaglobulinemia
have been described, most of which can be linked to
defects in pre-BCR signaling. Mutant genes that
have been identified in this context include the J1(lgM
heavy chain) gene, the AS surrogate light chain gene, the
Iga gene, which encodes a signaling component of the
pre-BCR and BCR, and the BLNK gene, which encodes
an important adapter downstream of the pre-BCR and
BCR.
Knockout mice lacking Btk, as well as naturally Btkmutant Xid mice, show a less severe defect in B cell maturation than humans do because a Btk-like tyrosine
kinase called Tec is active in mouse pre-B cells that lack
Btk. The main abnormalities in Xid mice are defective
antibody responses to some polysaccharide antigens
and a deficiency in mature follicular and B- I B cells.

Selective Immunoglobulin
Isotype Deficiencies
Many immunodeficiencies that selectively involve one
or a few Ig isotypes have been described. The most
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common is selective IgA deficiency, which affects about
1 in 700 caucasian individuals and is thus the most
common primary immunodeficiency known. IgA deficiency usually occurs sporadically, but many familial
cases with either autosomal-dominant
or recessive patterns of inheritance are also known. The clinical features
are variable. Many patients are entirely normal; others
have occasional respiratory infections and diarrhea; and
rarely, patients have severe, recurrent infections leading
to permanent intestinal and airway damage, with associated autoimmune disorders. IgA deficiency is characterized by low serum IgA, usually less than 50llg/mL
(normal, 2 to 4 mg/mL), with normal or elevated levels
of IgM and IgG. The defect in these patients is a block in
the differentiation of B cells to IgA antibody-secreting
plasma cells. The a heavy chain genes and the expression of membrane-associated
IgA are normal. No gross
abnormalities in the numbers, phenotypes, or functional responses of T cells have been noted in these
patients. In a small proportion of patients with selective
IgA deficiency, mutations have been described in TACl
(transmembrane activator and calcium modulator and
cyclophilin ligand interactor), one of the three types of
receptors for the cytokines BAFF (B cell activating factor)
and APRIL (a proliferation-inducing
ligand). TACI mutations are also an important cause of common variable
immunodeficiency
(CVID), discussed below. IgA deficiency may represent a forme fruste of CVID.
Selective IgG subclass deficiencies
have been
described in which total serum IgG levels are normal but
concentrations of one or more subclasses are below
normal. Deficiency ofIgG3 is the most common subclass
deficiency in adults, and IgG2 deficiency associated with
19A deficiency is the most common in children. Some
individuals with these deficiencies have recurrent bacterial infections, but many do not have any clinical problems. Selective IgG subclass deficiencies are usually due
to abnormal B cell differentiation and rarely to homozygous deletions of various constant region (Cy)genes.
Defects in B Cell Differentiation:
Common
Variable Immunodeficiency
Common variable immunodeficiency
is a group ofheterogeneous disorders defined by reduced levels of serum
Ig, impaired antibody responses to infection or vaccines,
and increased incidence of infections. The diagnosis is
usually one of exclusion when other primary immunodeficiency diseases are ruled out. The presentation and
pathogenesis are, as the name implies, highly variable.
Although Ig deficiency and associated pyogenic infections are major components of these disorders, autoimmune diseases, including pernicious anemia, hemolytic
anemia, and rheumatoid arthritis, may be just as significant. A high incidence of malignant tumors is also associated with common variable immunodeficiency. These
disorders may be diagnosed early in childhood or late in
life. Both sporadic and familial cases occur, the latter
with both autosomal-dominant
and -recessive inheritance patterns. Mature B lymphocytes are present in
these patients, but plasma cells are absent in lymphoid

tissues, which suggests a block in B cell differentiation
to antibody-producing cells. The defective antibody production has been attributed to multiple abnormalities,
including intrinsic B cell defects, deficient T cell help,
and excessive "suppressor cell" activity. A small proportion of patients with CVID have a shared deletion in the
ICOS (inducible T cell costimulator) gene. A more
common cause of this syndrome is the existence of
mutations in TACI, described above in the context of
selective 19Adeficiency.
Hypogammaglobulinemia
is also a feature of a distinct syndrome of immunodeficiency, centromeric instability, and facial anomalies (lCF) linked to mutations in
the DNA methyltransferase 3B gene, which is a major
participant in the de novo methylation of DNA. How
DNA hypo methylation contributes to immunodeficiency is not understood.

Defects in T Cell-Dependent
B Cell
Activation:
Hyper-lgM
Syndromes
The X-linked hyper-IgM syndrome is a rare disorder
associated with defective switching of B cells to the IgG
and IgA isotypes; these antibodies are therefore reduced,
and a compensatory increase in IgM in the blood occurs.
The defect is caused by mutations in the gene encoding
the T cell effector molecule CD40 ligand. The mutant
forms of CD40 ligand produced in these patients do not
bind to or transduce signals through CD40 and therefore
do not stimulate B cells to undergo heavy chain isotype
switching, which requires T cell help (see Chapter 10).
Patients suffer from infections similar to those seen in
other hypogammaglobulinemias.
Patients with X-linked
hyper-IgM syndrome also show defects in cell-mediated
immunity (see Chapter 13), with a striking susceptibility
to infection by the intracellular fungal microbe Pneumocystis jiroved. This defective cell-mediated immunity
occurs because CD40 ligand is also involved in T
cell-dependent
activation of macro phages and dendritic cells (see Chapter 13). Knockout mice lacking
CD40 or CD40 ligand have a phenotype similar to that of
the human disease.
Rare cases of hyper-IgM syndrome
show an
autosomal-recessive
inheritance
pattern. In these
patients, the genetic defects may be in CD40 or in the
enzyme activation-induced
deaminase (AID) that is
involved in heavy chain isotype switching and somatic
mutation (see Chapter 10). One form of the hyper-IgM
syndrome is caused by autosomal-recessive mutations
in uracil N glycosylase (UNG; see Chapter 10), an enzyme
that removes U residues from Ig genes during class
switching and somatic mutation. An inherited disorder,
EDA-ID, in which hypomorphic NEMO mutations contribute to a hyper-IgM state as well as defects in ectodermal structures, is described above in the section on
TLR signaling defects.
Defects
in T Lymphocyte
and Function

Activation

Congenital abnormalities in the activation ofT lymphocytes are being increasingly recognized as our under-
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Table 20-5.

Defects

in MHC

.....

Decreased

I

Defects in transcription
factors regulating
MHC class II gene expression,
including
CIIT A, RFXANK, RFX5, and RFXAP

Mutations in TAP1, TAP2,
and tapasin

T cell signaling
Defects in cell-mediated
immunity
T-dependent
humoral immunity

TCR
defects

and

Mutations

in CD3 genes,

Defective

hemophagocytic

T cell activation,

leukocyte

mobility

TCR dependent
actin-cytoskeletal
rearrangements
are defective because
of mutations in WASP

Iymphohistiocytoses

Uncontrolled
EBV induced B cell proliferation,
uncontrolled
macrophage
and CTL activation,
defective NK cell and CTL function

Mutations

in SAP

Perforin

Uncontrolled

Mutations

in perforin

deficiencies

defective

X-linked
Iymphoproliferative
syndrome

...........................-..................

.............................................

Granule
defects

CD45

..

..

Wiskott-Aldrich
syndrome

C. Familial

MHC class I levels; reduced

CD8+ T cells

B. Defective

..

-.- .

Defective MHC class II expression
and deficiency
in CD4+ T cells; defective cell-mediated
immunity,
and T-dependent
humoral immune responses

..

...' -.

I

expression

Bare lymphocyte
syndrome

MHC class
deficiency

IMMUNODEFICIENCIES

Mechanism of defect

I

A. Defects

AND ACQUIRED

in T Cell Activation

Functional deficiencies

Disease
I

Proximal
signaling

CONGENITAL

fusion

..

...

macrophage and CTL activation,
NK cell and CTL function

Uncontrolled
macrophage
and CTL activation,
defective NK cell and CTL function

Abbreviations:
L YST, lysosomal trafficking regulator
TAP, transporter
associated
with antigen processing;

Defective cytotoxic granule exocytosis;
mutations in RAB27A, MUNC13-4
(and in
L YST in Chediak-Higashi
syndrome
- see Table 20-2)

protein; SAP, SLAM-associated
protein;
WASP, Wiskott-Aldrich
syndrome protein.

standing of the molecular basis oflymphocyte activation
improves (Table 20-5). Included in this broad category
are some disorders of CTL and NK cell granule composition or exocytosis.
Defective Class II MHC Expression:
The Bare Lymphocyte
Syndrome
Class II major histocompatibility complex (MHC) deficiency, also called bare lymphocyte syndrome, is a rare
heterogeneous group of autosomal-recessive diseases in
which patients express little or no HLA-Dp, HLA-DQ, or
HLA-DR on B lymphocytes, macrophages, and dendritic
cells and fail to express class II MHC molecules in
response to IFN -yoThey express normal or only slightly
reduced levels of class I MHC molecules and ~r
microglobulin. Most cases of the bare lymphocyte syndrome are due to mutations in genes encoding proteins
that regulate class II MHC transcription. For example,
mutations in the constitutively expressed transcription
factor RFX5 or the IFN-y-inducible transcriptional activator CIITA lead to reduced class II MHC expression and
a failure of APCs to activate CD4+T lymphocytes. Failure
of antigen presentation may result in defective positive
selection ofT cells in the thymus with a reduction in the
number of mature CD4+T cells or defective activation of

cells in the periphery. Affected individuals are deficient
in DTH responses and in antibody responses to T
cell-dependent protein antigens. The disease appears
within the first year of life and is usually fatal unless it is
treated by bone marrow transplantation.
Defective

Class I MHC Expression

Autosomal-recessive class I MHC deficiencies have also
been described and are characterized by decreased COB'
T cell numbers and function. In some cases, the failure
to express class I MHC molecules is due to mutations
in the gene encoding the TAP-lor TAP-2 subunit of the
TAP (transporter associated with antigen processing)
complex, which normally transports pep tides from the
cystol into the endoplasmic reticulum, where they are

required for class I MHC assembly (see Chapter 6). These

TAP-deficient patients express few cell surface class [
MHC molecules, a phenotype similar to TAP gene
knockout mice. Such patients suffer mainly from respiratory tract bacterial infections and not viral infections,
which is surprising considering that a principal function
of CD8+T cells is defense against viruses. A similar deficiency of class I MHC expression has been observed in
patients with mutations in the gene encoding the
tapasin protein (see Chapter 6).
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I

Defects

in TCR Signal Transduction

The X-linked

Lymphoproliferative

Syndrome

Many examples of rare immunodeficiency
diseases
caused by defects in the expression of molecules
required for T cell activation and function have been
identified. Modern biochemical and molecular analyses
of affected individuals have revealed mutations in the
genes encoding various T cell proteins. Examples
include impaired TCR complex expression or function
caused by mutations in the CD3 e or y genes, defective
TCR-mediated signaling caused by mutations in the
ZAP-70 gene, reduced synthesis of cytokines such as IL2 and IFN-y (in some cases caused by defects in transcription factors), and lack of expression of IL-2
receptors. These defects are often found in only a few
isolated cases or in a few families, and the clinical features and severity vary widely. Patients with these abnormalities may have deficiencies predominantly
in T
cell function or have mixed T cell and B cell immunodeficiencies despite normal or even elevated numbers
of blood lymphocytes. Some of these defects are associated with abnormal ratios of CD4+ and CD8+ T cell
subsets, which may reflect impaired development of one
subset in the thymus or impaired expansion of one
subset in the peripheral immune system. For example,
patients with ZAP-70 deficiency have reduced CD8+ T
cells but not CD4+T cells; the reason for the selective loss
is not clear.

X-linked lymphoproliferative
disease is a disorder
characterized by an inability to eliminate Epstein-Barr
virus (EBV), eventually leading to fulminant infectious
mononucleosis and the development of B cell tumors
and associated hypogammaglobulinemia.
In about 80%
of cases, the disease is due to mutations in the gene
encoding an adapter molecule called SAP (SLAM-associated protein) that binds to a family of cell surface molecules involved in the activation of NK cells and T and B
lymphocytes, including the prototypic signaling lymphocyte activation molecule (SLAM). SAP links the
membrane-associated
proteins SLAM and 2B4 (see
Chapter 8) to the Src-family kinase FynT. Defects in SAP
contribute to attenuated NK and T cell activation and
result in increased susceptibility to viral infections. In
about 20% of cases, the genetic defect resides not in SAP
but in the gene encoding XlAP (X-linked inhibitor of
apoptosis). The resulting enhanced apoptosis ofT cells
and NK-T cells leads to a marked depletion of these cell
types in the patients. This immunodeficiency is most
commonly manifested by severe EBV infections, which
probably arise opportunistically because of the ubiquitous nature of EBV.

Wiskott-Aldrich

The hemophagocytic Iymphohistiocytosis (HLH) syndromes are a group of life-threatening immunodeficiency disorders characterized by uncontrolled CTL and
macrophage activation in which NK cell and CTL
granule secretion is defective. A late but striking feature
of these disorders is the ingestion of red blood cells by
activated macrophages (hemophagocytosis). Mutations
in the perforin gene, as well as mutations in genes
encoding the cellular machinery involved in granule
exocytosis, can contribute to the phenotypes observed
in this syndrome. Specifically, mutations in RAB27A, a
small guanosine triphosphatase involved in vesicular
fusion, and in MUNC13-4, which encodes an adapter
that participates in granule exocytosis, compromise the
fusion of lytic granules with the plasma membrane and
thus contribute to various subtypes of HLH. Similarly,
mutations in the gene for one component of the AP-3
cytosolic adapter protein complex can also disrupt intracellular transport and contribute to a form of HLH. It is
believed that T cells and macrophages respond strongly
to microbes to compensate
for the CTL and
NK cell defects, and these responses are manifested
by hemophagocytosis
and lymphadenopathy
in the
context of immunodeficiency.

Syndrome

Variable degrees ofT and B cell immunodeficiency occur
in certain congenital diseases with a wide spectrum of
abnormalities involving multiple organ systems. One
such disorder is Wiskott-Aldrich syndrome, an X-linked
disease characterized by eczema, thrombocytopenia
(reduced blood platelets), and susceptibility to bacterial
infection. Some of the abnormalities in this disorder can
be traced to defective T cell activation, though intrinsic
loss of B cell function also contributes to the pathogenesis. In the initial stages of the disease, lymphocyte
numbers are normal, and the principal defect is an
inability to produce antibodies in response to T
cell-independent
polysaccharide antigens, because of
which these patients are especially susceptible to infections with encapsulated pyogenic bacteria. The lymphocytes (and platelets) are smaller than normal. With
increasing age, the patients show reduced numbers of
lymphocytes and more severe immunodeficiency. The
defective gene responsible for Wiskott-Aldrich syndrome encodes a cytoplasmic protein called WASP
(Wiskott-Aldrich syndrome protein), expressed exclusively in bone marrow-derived cells, which interacts
with several proteins, including adapter molecules
downstream of the antigen receptor, such as Grb-2 (see
Chapter 9), the Arp2/3 complex involved in actin polymerization, and small G proteins of the Rho family that
regulate actin cytoskeletal rearrangement.
Defective
activation and synapse formation in lymphocytes, and
defective mobility of all leukocytes, may account for the
immunodeficiency observed in this syndrome.

Defective cn and NK Cell Activation:
the Familial Hemophagocytic
Lymphohistiocytosis
Syndromes

Multisystem
Disorders
with
Immunodeficiency:
Ataxia Telangiectasia
Immunodeficiency is often one of a constellation of
symptoms in a number of inherited disorders. Examples
of such syndromes discussed above include Chediak-
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Higashi syndrome, Wiskott-Aldrich syndrome. and
DiGeorge's syndrome. Ataxia telangiectasia is an autosomal-recessive disorder characterized by abnormal gait
(ataxia), vascular malformations (telangiectases), neurologic deficits. increased incidence of tumors, and
immunodeficiency. The immunologic defects are ofvariable severity and may affect both Band T cells. The most
common humoral immune defects are 19A and IgG2
deficiency. The T cell defects. which are usually less
pronounced. are associated with thymic hypoplasia.
Patients experience upper and lower respiratory tract
bacterial infections. multiple autoimmune phenomena,
and increasingly frequent cancers with advancing age.
The gene responsible for this disorder is located on chromosome 11 and encodes a protein called ATM (ataxia
telangiectasia mutated) that is related structurally to
phosphatidylinositol-3
(PI-3) kinase, but is a protein
kinase. The ATM protein can activate cell cycle checkpoints and apoptosis in response to double-stranded
DNA breaks and has also been shown to contribute to
the stability of DNA double-strand break complexes
during V(D)J recombination. Because of these abnormalities in DNA repair, the generation of antigen receptors may also be abnormal.

Therapeutic
Approaches
Immunodeficiencies

for Congenital

The current treatment of immunodeficiencies
has two
aims: to minimize and control infections and to replace
the defective or absent components of the immune
system by adoptive transfer or transplantation. Passive
immunization
with pooled gamma globulin is enormously valuable for agammaglobulinemic
patients
and has been lifesaving for many boys with X-linked
agammaglobulinemia.
Bone marrow transplantation
is
currently the treatment of choice for many immunodeficiency diseases and has been successful in the treatment of SCID with ADA deficiency, Wiskott-Aldrich
syndrome. bare lymphocyte syndrome, and LAD. It is
most successful with careful T cell depletion from
the marrow and HLA matching to prevent graft-versushost disease (see Chapter 16). Enzyme replacement
therapy for ADA and PNP deficiencies has been
attempted, with red blood cell transfusions used as a
source of the enzymes. This approach has produced
temporary clinical improvement in several patients with
autosomal SCID. Injection of bovine ADA conjugated to
polyethylene glycol to prolong its serum half-life has
proved successful in some cases, but the benefits are
usually short lived.
In theory, the therapy of choice for congenital disorders of lymphocytes is to replace the defective gene in
self-renewing stem cells. Gene replacement remains a
distant goal for most human immunodeficiencies
at
present, despite considerable effort. The main obstacles
to this type of gene therapy are difficulties in purifying
self-renewing stem cells. which are the ideal target for
introduction of the replacement gene, and the lack of
a method for introducing genes into cells to achieve
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stable, long-lived, and high-level expression. A small
number of patients with X-linked SCID have been successfully treated by transplantation of autologous bone
marrow cells engineered to express a normal Ycchain
gene. However. a few treated patients have developed
leukemia, apparently because the introduced Yc gene
inserted adjacent to an oncogene and activated this
gene. As a result, the future of gene therapy for this
disease is uncertain. For unknown reasons, gene therapy
has not been as successful in treating patients with autosomal SCID caused by ADA mutations.

(SECONDARY)
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Deficiencies of the immune system often develop
because of abnormalities that are not genetic but
acquired during life (Table 20-6). The most prominent
of these abnormalities is HIV infection, and this is
described in the next section. Acquired immunodeficiency diseases are caused by two main types of pathogenic mechanisms.
First, immunosuppression
may
occur as a biologic complication of another disease
process. Second, so-called iatrogenic immunodeficiencies may develop as complications of therapy for other
diseases.
Diseases in which immunodeficiency
is a common
complicating element include malnutrition, neoplasms,
and infections. Protein-calorie malnutrition is extremely
common in developing countries and is associated with
impaired cellular and humoral immunity to microorganisms. Much of the morbidity and mortality that afflict

Table 20-6. Acquired
I

Immunodeficiencies

I Mechanism

Cause

Depletion of CD4+
helper T cells

Human
immunodeficiency
virus infection
Protein-calorie
malnutrition

Metabolic
derangements
inhibit
lymphocyte
maturation
and function

Irradiation
and
chemotherapy
treatments

Decreased
bone
marrow lymphocyte
precursors

for cancer
Reduced
leukocyte

site of
development

Immunosuppression
for transplants,
autoimmune
diseases

Reduced
activation

lymphocyte

Removal

Decreased
phagocytosis
microbes

Cancer

metastases

and leukemia
bone

involving

marrow

of spleen

of
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malnourished people is due to infections. The basis for
the immunodeficiency is not well defined, but it is reasonable to assume that the global metabolic disturbances in these individuals, caused by deficient intake
of protein, fat, vitamins, and minerals, will adversely
affect maturation and function of the cells of the
immune system.
Patients with advanced widespread cancer are often
susceptible to infection because of impaired cellmediated and humoral immune responses to a variety of
organisms. Bone marrow tumors, including cancers
metastatic to marrow and leukemias that arise in the
marrow, may interfere with the growth and development
of normal lymphocytes and other leukocytes. In addition, tumors may produce substances that interfere with
lymphocyte development or function. An example of
malignancy-associated immunodeficiency is the impairment in T cell function commonly observed in patients
with a type of lymphoma called Hodgkin's disease. This
defect was first characterized as an inability to mount a
DTH reaction on intradermal injection of various
common antigens to which the patients were previously
exposed, such as Candida or tetanus toxoid. Other in
vitro measures of T cell function, such as proliferative
responses to polyclonal activators, are also impaired in
patients with Hodgkin's disease. Such a generalized deficiency in DTH responses is called anergy. The cause of
these T cell abnormalities is unknown.
Various types of infections lead to immunosuppression. Viruses other than HIV are known to impair
immune responses; examples include the measles virus
and human T celllymphotropic
virus 1 (HTLV-l). Both
viruses can infect lymphocytes, which may be a basis for
their immunosuppressive
effects. Like HIY, HTLV-l is
a retrovirus with tropism for CD4+ T cells; however,
instead of killing helper T cells, it transforms them and
produces an aggressive T cell malignancy called adult T
cellieukemia/lymphoma
(ATL). Patients with ATL typically have severe immunosuppression
with multiple
opportunistic
infections.
Chronic infections with
Mycobacterium
tuberculosis and various fungi frequently result in anergy to many antigens. Chronic parasitic infections may also lead to immunosuppression.
For example, African children with chronic malarial
infections have depressed T cell function, which may be
important in the pathogenesis of EBV-associated malignant tumors (see Chapter 17, Box 17-2).
Iatrogenic immunosuppression
is most often due to
drug therapies that either kill or functionally inactivate
lymphocytes. Some drugs are given intentionally to
immunosuppress
patients, either for the treatment of
inflammatory diseases or to prevent rejection of tissue
allografts. The most commonly used anti-inflammatory
and immunosuppressive
drugs are corticosteroids and
cyclosporine, respectively. Various chemotherapeutic
drugs are administered to patients with cancer, and
these drugs are usually cytotoxic to both mature and
developing lymphocytes as well as to granulocyte
and monocyte precursors. Thus, cancer chemotherapy
is almost always accompanied by a period of immunosuppression and risk for infection. Iatrogenic immuno-

suppression and tumors involving the bone marrow are
the most common causes of immunodeficiency
in
developed countries.
One other form of acquired immunosuppression
results from the absence of a spleen caused by surgical
removal of the organ after trauma and as treatment of
certain hematologic diseases or by infarction in sickle
cell disease. Patients without spleens are more susceptible to infection by some organisms, particularly encapsulated bacteria such as Streptococcus pneumoniae. This
enhanced susceptibility is partly due to defective phagocytic clearance of opsonized blood-borne microbes, an
important physiologic function of the spleen, and partly
because of defective antibody responses resulting from
the absence of marginal zone B cells.
HUMAN
ACQUIRED

IMMUNODEFICIENCY
IMMUNODEFICIENCY

VIRUS

AND

THE

SYNDROME

AIDS is the disease caused by infection with HIV and is
characterized by profound immunosuppression
with
associated opportunistic
infections and malignant
tumors, wasting, and central nervous system (CNS)
degeneration. HIV infects a variety of cells of the
immune system, including CD4+ helper T cells,
macro phages, and dendritic cells. HIV evolved as a
human pathogen very recently relative to most other
known human pathogens, and the HIV epidemic was
first identified only in the 1980s. However, the degree of
morbidity and mortality caused by HIV and the global
impact of HIV infection on health care resources and
economics are already enormous and continue to grow.
HIV has infected 50 to 60 million people and has caused
the death of over 22 million adults and children. More
than 42 million people are living with HIV infection and
AIDS, of which approximately 70% are in Africa and 20%
in Asia, and almost 3 million die of the disease every
year. It is estimated that there are approximately 14,000
new infections every day, and by the year 2010,50 to 75
million infected people will be added to the already staggering pool of cases worldwide. The disease is especially
devastating because about half of the approximately 5
million new cases every year occur in young adults
(15-24 years old). As a result, AIDS has left approximately 14 million orphans, and this number may climb
to 25 million by 2010. Currently, there is no effective
vaccine or cure for AIDS, although new anti-retroviral
therapies have been developed. In this section of the
chapter, we describe the molecular and biologic properties of HIY, the pathogenesis of HIV-induced immunodeficiency, and the clinical and epidemiologic features
of HIV-related diseases.
Molecular

and Biologic

Features

of HIV

HIV is a member of the lentivirus family of animal retroviruses. Lentiviruses, including visna virus of sheep and
the bovine, feline, and simian immunodeficiency viruses
(SIVs), are capable of long-term latent infection of cells
and short-term cytopathic effects, and they all produce
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slowly progressive, fatal diseases that include wasting
syndromes and CNS degeneration. Two closely related
types of HI\!, designated HIV-l and HIV-2, have been
identified. HIV-l is by far the most common cause of
AIDS, but HIV-2, which differs in genomic structure and
antigenicity, causes a similar clinical syndrome.

HIV Structure and Genes
An infectious HIV particle consists of two identical
strands of RNA packaged within a core of viral proteins
and surrounded by a phospholipid bilayer envelope
derived from the host cell membrane but including
virally encoded membrane proteins (Fig. 20-3). The RNA
genome of HIV is approximately 9.2 kb long and has the
basic arrangement of nucleic acid sequences characteristic of all known retroviruses (Fig. 20-4). Long terminal
repeats (LTRs) at each end of the genome regulate viral
gene expression, viral integration into the host genome,
and viral replication. The gag sequences encode core
structural proteins. The env sequences encode the envelope glycoproteins gp120 and gp41, which are required
for infection of cells. The pol sequences encode reverse
transcriptase, integrase, and viral protease enzymes
required for viral replication. In addition to these typical
retrovirus genes, HIV-l also includes six other regulatory
genes, namely, the tat, rev, vif, nef, vpr, and vpu genes,
whose products regulate viral reproduction in various
ways. The functions of these genes are summarized in
Figure 20-4.

-
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Viral Life Cycle
HIV infection of cells begins when the envelope glycoprotein (Env) of a viral particle binds to both CD4 and a
coreceptor that is a member of the chemokine receptor
family (Fig. 20-5). The viral particles that initiate infection are usually in the blood, semen, or other body fluids
of one individual and are introduced into another individual by sexual contact, needle stick, or transplacental
passage. Env is a complex composed of a transmembrane gp41 subunit and an external, noncovalently associated gpI20 subunit. These subunits are produced by
proteolytic cleavage of a gp160 precursor. The Env
complex is expressed as a trimeric structure of three
gp120/gp41 pairs. This complex mediates a multistep
process of fusion of the virion envelope with the membrane of the target cell (Fig. 20-6). The first step of this
process is the binding of gp120 subunits to CD4 molecules, which induces a conformational change that
promotes secondary gp120 binding to a chemokine
coreceptor. Coreceptor binding induces a conformational change in gp41 that exposes a hydrophobic region,
called the fusion peptide, that inserts into the cell membrane and enables the viral membrane to fuse with the
target cell membrane. After the virus completes its life
cycle in the infected cell (described later), free viral particles are released from one infected cell and bind to an
uninfected cell, thus propagating the infection. In addition, gp120 and gp41, which are expressed on the plasma
membrane of infected cells before virus is released, can
mediate cell-cell fusion with an uninfected cell that

p17
matrix

Reverse
transcriptase
Protease
Integrase

FIGURE 20-3

Structure of HIV-1. An H IV-l virion
is shown next to a T cell surface. HIV-l consists of
two identical strands of RNA (the viral genome)
and associated
enzymes,
including reverse transcriptase, integrase, and protease, packaged in a
cone-shaped
core composed of p24 capsid protein
with a surrounding
p17 protein matrix, all surrounded by a phospholipid
membrane
envelope
derived from the host cell. Virally encoded membrane proteins
(gp41 and gp 120) are bound to
the envelope.
CD4 and chemokine
receptors on
the host cell surface function as HIV-l receptors.
(@ 2000 Terese Winslow.)
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env, envelope; vif, viral
infectivity factor; vpr, viral protein R; tat, transcriptional
activator; rev, regulator of viral
gene expression;
vpu, viral protein u; nef, negative effector
FIGURE
20-4 HIV-1 genome. The genes along the linear genome are indicated
the same sequences as other genes, as shown by overlapping blocks, but are read
blocks separated by lines indicate genes whose coding sequences are separated
tional mRNA. (Adapted from Greene W. AIDS and the immune system. Copyright

expresses CD4 and coreceptors, and HIV genomes can
then be passed between the fused cells directly.
The identification of CD4 and chemokine receptors
as HIV receptors came from several different experimental approaches and clinical observations.
o C04 was first suspected as a viral receptor because of
the selective destruction of C04+ T cells in HIVinfected individuals and the subsequent demonstration that HIV infects only C04+ cells in vitro.
Receptor-binding studies using purified recombinant
molecules have established that gp 120 specifically
binds to C04, and mutational and x-ray crystallographic studies have identified the regions of both
molecules that interact physically.
o The requirement for a co receptor in addition to C04
in HIV infection was first suspected because expression of recombinant human C04 in many nonhuman
cell lines did not render the cells susceptible to HIV
infection but subsequent fusion with human cells
did. The formal demonstration that a chemokine
receptor can act as a cofactor for HIV entry into a cell
was accomplished by screening human complementary DNA (cONA) libraries for the ability to make a
human C04-expressing mouse cell line infectable by
aT cell line-tropic HIVstrain. A cONA isolated by this
strategy encoded the CXCR4 chemokine receptor,
which binds the chemokines SOF-la and SOF-l~.

as differently
colored blocks. Some genes use some of
differently by host cell RNA polymerase.
Similarly shaded
in the genome and require RNA splicing to produce func1993 by Scientific American, Inc. All rights reserved.)

o Concurrent with these studies, investigators discovered that soluble factors released by C08+ T cells
could suppress HIV infection of macrophages by
some isolates of HIY.These factors were identified as
the chemokines RANTES (regulated by activation,
normal T cell expressed and secreted), MIP-la
(macrophage inflammatory protein-l a), and MIP-l~,
all of which bind to the CCR5 receptor and competitively inhibit virus binding. (The modern nomenclature of these chemokines is in Chapter 12.)
The most important chemokine receptors that act
as coreceptors for HIV are CXCR4 and CCR5. More
than seven different chemokine receptors have been
shown to serve as coreceptors for HIV entry into cells,
and several other proteins belonging to the sevenmembrane-spanning
G protein-coupled
receptor
family, such as the leukotriene B4 receptor, can also
mediate HIV infection of cells. Different isolates of HIV
have distinct tropisms for different cell populations that
are related to the specificity of gp I20 variants for different chemokine receptors. All HIV strains can infect and
replicate in freshly isolated human CD4+T cells that are
activated in vitro. In contrast, some strains will infect
primary cultures of human macro phages but not continuous T cell lines (macrophage-tropic,
or M-tropic,
virus], whereas other strains will infect T cell lines but
not macrophages (T-tropic virus). Some virus strains
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FIGURE 20-5

HIVlife cycle. The sequential steps in the life cycle of HIV are shown, from initial infection of a host cell to viral replication
and release of a new virion. For the sake of clarity, the production and release of only one new virion are shown. An infected cell actually
produces many virions, each capable of infecting cells, thereby amplifying the infectious cycle.

also infect both T cell lines and macrophages (dualtropic virus). Macrophage-tropic virus isolates express a
gp120 that binds to CCR5, which is expressed on
macrophages (and some memory T cells), whereas T
cell-tropic viruses bind to CXCR4, which is expressed on
T cell lines. HIV variants are described as X4 for CXCR4
binding, R5 for CCR5 binding, or R5X4 for the ability
to bind to both chemokine receptors. In many HIVinfected individuals, there is a change from the production of virus that uses CCR5 and is predominantly
macrophage tropic early in the disease to virus that
binds to CXCR4 and is T cell line tropic late in the
disease. The T-tropic strains tend to be more virulent,
presumably because they infect and deplete T cells more
than do M-tropic strains. The importance of CCR5 in
HIV infection in vivo is supported by the finding that
individuals who do not express this receptor because of
genetic mutations are resistant to HIV infection.

Once an HIV virion enters a cell, the enzymes within
the nucleoprotein complex become active and begin the
viral reproductive cycle (see Fig. 20-5). The nucleoprotein core of the virus becomes disrupted, the RNA
genome of HIV is transcribed into a double-stranded
DNA form by viral reverse transcriptase, and the viral
DNA enters the nucleus. The viral integrase also enters
the nucleus and catalyzes the integration of viral DNA
into the host cell genome. The integrated HIV DNA is
called the provirus. The provirus may remain transcriptionally inactive for months or years, with little or no
production of new viral proteins or virions, and in this
way HIV infection of an individual cell can be latent.
Transcription of the genes of the integrated DNA
provirus is regulated by the LTR upstream of the viral
structural genes, and cytokines or other physiologic
stimuli to T cells and macrophages enhance viral gene
transcription. The LTRs contain polyadenylation signal
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CD4
Chemokine
receptor
HIV
membrane
gp41
gp120

)
Gp41
fusion
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CD4
T cell
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HIV gp120 binds
to T cell CD4

Conformational
change
in gp120 promotes
binding to chemokine
receptor

Conformational
change
in gp41 exposes
fusion
peptide, which inserts
into T cell membrane

Fusion of viral and
cell membranes

FIGURE 20-6 Mechanism
of HIV entry into a cell. In the model depicted, sequential conformational
changes in gp120 and gp41 are
induced by binding to CD4. These changes promote binding of the virus to the coreceptor (a chemokine
receptor) and fusion of the HIV-l
and host cell membranes.
The fusion peptide of activated gp41 contains hydrophobic
amino acid residues that mediate insertion into the
host cell plasma membrane.

sequences,

the TATA box promoter
sequence,
and
binding
sites for two host cell transcription
factors, NFKB and SPI. Initiation
of HI V gene transcription
in T cells
is linked
to activation
of the T cells by antigen
or
cytokines.
For example,
polyclonal
activators
of T cells,
such as phytohemagglutinin,
and cytokines
such as IL2, tumor necrosis factor (TNF), and Iymphotoxin
stimulate HIV gene expression
in infected
T cells, and IL-I,
IL-3, IL-6, TNF; Iymphotoxin,
IFN-y, and granulocytemacrophage
colony-stimulating
factor (GM-CSF) stimulate HIV gene expression
and viral replication
in infected
monocytes
and macro phages. TCR and cytokine
stimulation of HIV gene transcription
probably
involves
the
activation
of NF-KB and its binding
to sequences
in the
[fR. This phenomenon
is significant
to the pathogenesis of AIDS because the normal
response
of a latently
infected
T cell to a microbe
may be the way in which
latency is ended and virus production
begins. The multiple infections
that AIDS patients acquire thus stimulate
HIV production
and infection of additional cells.
The Tat protein is required for HIV gene expression
and acts by enhancing the production
of complete viral
messenger
HNA (mRNA) transcripts.
Even in the presence of optimal signals to initiate transcription, few if
any HIV mRNA molecules are actually synthesized
because transcription of HIV genes by mammalian
RNA
polymerase
is inefficient and the polymerase
complex
usually stops before the mRNA is completed. Tat protein
binds to the nascent mRNA and increases the "processivity" of RNA polymerase
by several hundred-fold,
which allows transcription
to be completed
to produce
a functional viral mRNA.

Synthesis of mature, infectious viral particles begins
after fuJI-length viral RNA transcripts are produced and
the viral genes are expressed as proteins. The mRNAs
encoding the various HIV proteins are derived from
a single full-genome-Iength
transcript by differential
splicing events. HIV gene expression may be divided into
an early stage, during which regulatory genes are
expressed, and a late stage, during which structural
genes are expressed and full-length viral genomes are
packaged. The Rev, Tat, and Nef proteins are early gene
products encoded by fully spliced mRNAs that are
exported from the nucleus and translated into proteins
in the cytoplasm soon after infection of a cell. Late genes
include env, gag, and pol, which encode the structural
components of the virus and are translated from singly
spliced or unspliced RNA. The Rev protein initiates the
switch from early to late gene expression by promoting
the export of these incompletely spliced late gene RNAs
out of the nucleus. The pol gene product is a precursor
protein that is sequentially cleaved to form reverse
transcriptase, protease, ribonuclease, and integrase
enzymes. As mentioned before, reverse transcriptase
and integrase proteins are required for producing a DNA
copy of the viral RNA genome and integrating it as a
provirus into the host genome. The gag gene encodes a
SS-kD protein that is proteolytically cleaved into p24,
pI7, and pIS polypeptides by the action of the viral protease encoded by the pol gene. These polypeptides are
the core proteins that are required for assembly of infectious viral particles. The primary product of the env gene
is a I60-kD glycoprotein (gp160) that is cleaved by cellular pro teases within the endoplasmic reticulum into
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the gp120 and gp41 proteins required for HIV binding to
cells. as discussed earlier. Current antiviral drug therapy
for HIV disease includes inhibitors of the enzymes
reverse transcriptase. protease, and integrase.
After transcription of various viral genes, viral proteins are synthesized in the cytoplasm. Assembly of
infectious viral particles then begins by packaging fulllength RNA transcripts of the proviral genome within a
nucleoprotein complex that includes the gag core proteins and the pol-encoded enzymes required for the next
cycle of integration. This nucleoprotein complex is then
enclosed within a membrane envelope and released
from the cell by a process of budding from the plasma
membrane. The rate of virus production can reach sufficiently high levels to cause cell death, as discussed
later.
Naive T cells are resistant to HIV infection because
these cells contain an active form of an enzyme that
introduces mutations in the HIV genome. This enzyme
has been given the rather cumbersome
name
APOBEC3G (apolipoprotein B mRNA-editing enzyme
catalytic polypeptide-like editing complex 3). It is a
member of a family of cytidine deaminases that inhibit
retroviral replication. APOBEC3G introduces cytosine
to uracil mutations in the viral DNA that is produced
by reverse transcription, and these mutations inhibit
further DNA replication by mechanisms that are not
fully defined. Activation of T cells converts cellular
APOBEC3G into an inactive, high molecular mass
complex. HIV has evolved to counteract this cellular
defense mechanism-the
viral protein Vif binds to
APOBEC3G and promotes its degradation by cellular
proteases.
Pathogenesis

of HIV Infection

and AIDS

HIV disease begins with acute infection, which is only
partly controlled by the adaptive immune response, and
advances to chronic progressive infection of peripheral
lymphoid tissues (Fig. 20-7). Virus typically enters
through mucosal epithelia. The subsequent events in the
infection can be divided into several phases.
Acute (early) infection is characterized by infection of
memory CD4" T cells (which express CCR5) in mucosal
lymphoid tissues, and death of many infected cells.
Because the mucosal tissues are the largest reservoir of
T cells in the body, and the major site of residence of
memory T cells, this local loss is reflected in considerable depletion of lymphocytes. In fact. within 2 weeks of
infection, the majority of CD4+T cells may be destroyed.
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tion, about 60% of mucosal memory C04+T cells are
infected, and 80% of these cells die in the first week.
Tile transition from tile acute pllase to a chronic
pllase of infection is cllaracterized by dissemination of
tile virus, viremia, and tile development ofllost immune
responses. Dendritic cells in epithelia at sites of virus
entry capture the virus and then migrate into the lymph
nodes. Dendritic cells express a protein with a mannosebinding lectin domain that may be particularly important in binding the HIV envelope and transporting the
virus. Once in lymphoid tissues. dendritic cells may pass
HIV on to C04+ T cells through direct cell-cell contact.
Within days after the first exposure to HIV, viral replication can be detected in the lymph nodes. This replication leads to viremia, during which large numbers of HIV
particles are present in the patient's blood, accompanied
by an acute HIV syndrome that includes a variety of nonspecific signs and symptoms typical of many viral diseases (described below). The viremia allows the virus to
disseminate throughout the body and to infect helper
T cells, macro phages, and dendritic cells in peripheral
lymphoid tissues. As the HIV infection spreads, the
adaptive immune system mounts both humoral and
cell-mediated immune responses directed at viral antigens, which we will describe later. These immune
responses partially control the infection and viral production, and such control is reflected by a drop in
viremia to low but detectable levels by approximately 12
weeks after the primary exposure.
In the next, cllronic pllase of tile disease, lympll nodes
and tile spleen are sites of continuous HIV replication
and cell destruction (see Fig. 20-7). During this period
of the disease, the immune system remains competent
at handling
most infections
with opportunistic
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Mechanisms
of Immunodeficiency
Caused by HIV
HIV infection ultimately results in impaired function of
both the adaptive and innate immune systems. The
most prominent defects are in cell-mediated immunity,
and they can be attributed to several mechanisms,
including direct cytopathic effects of the virus and indirect effects.
An important cause of tile loss ofCD~ T cells in HIVinfected people is the direct cytopatllic effect ofinfection
of these cells by HIV, Death of C04+ T cells is associated
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microbes, and few or no clinical manifestations of the
HIV infection are present. Therefore. this phase of HIV
disease is called the clinical latency period. Although the
majority of peripheral blood T cells do not harbor the
virus. destruction of C04+ T cells within lymphoid
tissues steadily progresses during the latent period. and
the number of circulating blood C04+ T cells steadily
declines (Fig. 20-8). More than 90% ofthe body's approximately 1012T cells are normally found in peripheral and
mucosal lymphoid tissues, and it is estimated that HIV
destroys up to 1 to 2 X 109 C04+ T cells every day. Early
in the course of the disease, the body may continue to
make new C04+ T cells, and therefore C04+ T cells can
be replaced almost as quickly as they are destroyed. At
this stage, up to 10% of C04+ T cells in lymphoid organs
may be infected, but the number of circulating C04+ T
cells that are infected at anyone time may be less than
0.1% of the total C04+ T cells in an individual. Eventually, during a period of years, the continuous cycle
of virus infection, T cell death, and new infection leads
to a steady decline in the number of C04+ T cells in the
lymphoid tissues and the circulation.

!

1

1 07

Anti-envelope
antibody
\

-~

106-1
1 05

~I
z

I
CTLs specific
for HIV peptides

104 a:
~
103~

400
200

.!!!

o
0369121234567891011
Weeks

102 ~...
Years

:>

0369121234567891011
Weeks

Years

FIGURE 20-8 Clinical course of HIV disease. A. Plasma viremia, blood C04+ T cell counts, and clinical stages of disease. About 12 weeks
after infection, blood-borne virus (plasma viremia) is reduced to very low levels (detectable only by sensitive reverse-transcriptase
polymerase
chain reaction assays) and stays this way for many years. Nonetheless,
C04+ T cell counts steadily decline during this clinical latency period
because of active viral replication and T cell infection in lymph nodes. When C04+ T cell counts drop below a critical level (about 200/mm3),
the risk for infection and other clinical components
of AIDS is high. (From Pantaleo G, C Graziosi, and AS Fancim. The immunopathogenesis of human immunodeficiency
virus infection. New England Journal of Medicine 328:327-335,
1993. Copyright @ 1993 Massachusetts
Medical Society. All rights reserved.) B. Immune response to HIV infection. A CTL response to HIV is detectable by 2 to 3 weeks after the
initial infection and peaks by 9 to 12 weeks. Marked expansion of virus-specific
C082+ T cells occurs during this time, and up to 10% of a
patient's CTLs may be HIV specific at 12 weeks. The humoral immune response to HIV peaks at about 12 weeks.
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with production of virus in infected cells and is a major
cause of the decline in the numbers of these cells, especially in the early (acute) phase of the infection. Several
direct toxic effects of HIV on infected CD4+ cells have
been described:

. The
process of virus production, with expression of
gp41 in the plasma membrane and budding of viral
particles, may lead to increased plasma membrane
permeability and the influx of lethal amounts of
calcium, which induces apoptosis, or osmotic lysis of
the cell caused by the influx of water.

. Viral production can interfere with cellular protein
synthesis and thereby lead to cell death.

. The plasma membranes of HIV-infectedT cellsfuse
with uninfected CD4+T cells by virtue of gp120-CD4
interactions, and multinucleated giant cells or syncytia are formed. The process of HIV-induced syncytia
formation can be lethal to HIV-infected T cells as well
as to uninfected CD4+T cells that fuse to the infected
cells. However, this phenomenon has largely been
observed in vitro, and syncytia are rarely seen in the
tissues of patients with AIDS.
Mechanisms in addition to direct lysis of infected
CDif' T cells by virus have been proposed for the
depletion and loss of function of these cells in HIVinfected individuals. One mechanism that has been
suggested is related to chronic activation of uninfected
cells by the infections that are common in patients
infected with HIV and also by cytokines produced
in response to these infections. Chronic activation of
the T cells may predispose the cells to apoptosis; the
molecular pathway involved in this type of apoptosis is
not yet defined (see Chapter 11, Box 11-2). Apoptotic
death of activated lymphocytes may account for the
observation that the loss of T cells greatly exceeds the
numbers of HIV-infected cells. HIV-specific CTLs are
present in many patients with AIDS, and these cells can
kill infected CD4+T cells. In addition, antibodies against
HIV envelope proteins may bind to HIV-infected CD4+T
cells and target the cells for antibody-dependent
cellmediated cytotoxicity (ADCC). Binding of gpl20 to
newly synthesized intracellular CD4 may interfere with
normal protein processing in the endoplasmic reticulum and block cell surface expression of CD4, making
the cells incapable of responding to antigenic stimulation. Other proposed mechanisms include defective
maturation of CD4+ T cells in the thymus. The relative
importance of these indirect mechanisms in CD4+T cell
depletion in HIV-infected patients is uncertain and
controversial.
Functional defects in the immune system of HWinfected individuals exacerbate the immune deficiency
caused by depletion of CDif' T cells. These functional
defects include a decrease in T cell responses to antigens
and weak humoral immune responses even though total
serum Ig levels may be elevated. The defects may be a
result of the direct effects of HIV infection on CD4+ T
cells, including the effects of soluble gp120 released
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from infected cells binding to uninfected cells. For
example, CD4 that has bound gpl20 may not be available to interact with class II MHC molecules on APCs,
and thus T cell responses to antigens would be inhibited.
Alternatively, gpl20 binding to CD4 may deliver signals
that down-regulate helper T cell function. HIV-infected
T cells are unable to form tight synapses with APCs, and
this may also interfere with T cell activation. Some
studies have demonstrated that the proportion of IL-2and IFN-y-secreting (Till) T cells decreases in HIVinfected patients and the proportion of IL-4- and IL-I 0secreting (TH2-like) T cells increases. This altered
balance of THI and TH2responses may partially explain
the susceptibility of HIV-infected individuals to infection by intracellular microbes because IFN-y activates
and TII2 cytokines may inhibit macrophage-mediated
killing of such microbes. Patients with HIV infection may
have increased numbers of CD4+ CD25+ regulatory
T cells, but it is not yet clear if this is a consistent
finding or if these cells actually contribute to defective
immunity.
The Tat protein may play some role in the pathogenesis of immunodeficiency caused by HIY.Within T cells,
Tat can interact with a variety of regulatory proteins,
such as the p300 coactivator of transcription, and these
interactions can interfere with normal T cell functions
such as cytokine synthesis. Remarkably, Tat not only
enters the nucleus of infected T cells but can also escape
across the plasma membrane and enter neighboring
cells, thus interfering with activation of uninfected T
cells in a paracrine fashion.
Macrophages, dendritic cells, and follicular dendritic
cells also play important roles in HIV infection and the
progression of immunodeficiency.

. Macrophages
express much lower levels of CD4 than
helper T lymphocytes do, but they do express CCR5
coreceptors and are susceptible to H1V infection.
However, macro phages are relatively resistant to the
cytopathic effects of HIY. Macrophages may also be
infected by a gp120/gp41-independent
route, such as
phagocytosis of other infected cells or Fc receptor-mediated
endocytosis of antibody-coated
HIV
virions. Because macro phages can be infected but
are not generally killed by the virus, they may become a reservoir for the virus. In fact, the quantity
of macrophage-associated
HIV exceeds T cellassociated virus in most tissues from patients with
AIDS, including the brain and lung. HIV-infected
macro phages may be impaired in antigen presentation functions and cytokine secretion.
.

Dendritic cells can also be infected by HIY. Like
macrophages, dendritic cells are not directly injured
by HIV infection. However, these cells form intimate
contact with naive T cells during the course of antigen
presentation. It is proposed that dendritic cells infect
naive T cells during these encounters and may thus
be an important pathway for T cell injury.

.

Follicular dendritic cells (FDCs) in the germinal
centers of lymph nodes and the spleen trap large

483

484

Section V -

IMMUNITY

IN DEFENSE AND DISEASE

amounts of HIV on their surfaces, in part by Fe receptor-mediated
binding of antibody-coated
virus.
Although FDCs are not efficiently infected, they
contribute to the pathogenesis of HIV-associated
immunodeficiency in at least two ways. First, the FDC
surface is a reservoir for HIV that can infect
macrophages and CD4+ T cells in the lymph nodes.
Second, the normal functions of FDCs in immune
responses are impaired, and they may eventually be
destroyed by the virus. Although the mechanisms of
HIV-induced death of FDCs are not understood, the
net result of loss of the FDC network in the lymph
nodes and spleen is a profound dissolution of the
architecture of the peripheral lymphoid system.
HIV Reservoirs

and Viral Turnover

The virus detected in patients' blood is produced mostly
by short-lived infected CD4" T cells and in smaller
amounts by other infected cells. Three phases of decay
of plasma viremia have been observed in patients
treated with anti-retroviral drugs, or predicted by mathematical modeling, and these decay curves have been
used to surmise the distribution of HIV in different cellular reservoirs. Over 90% of plasma virus is believed to
be produced by short-lived cells (half-lives of -1 day),
which are most likely activated CD4+ T cells that are
major reservoirs and sources of the virus in infected
patients. About 5% of plasma virus is produced by
macro phages, which have a slower turnover (half-life of
about 2 weeks). It is hypothesized that a small fraction
of the virus, perhaps as little as 1%, is present in latently
infected memory T cells. Because of the long life span of
memory cells, it could take decades for this reservoir of
virus to be eliminated even if all new rounds of infection
were blocked.
Clinical

Features

mission occurs most frequently in utero or during
childbirth, although transmission through breast
milk is also possible.

. Inoculation of a recipient with infected blood or
blood products is also a frequent mode of HIV transmission. Needles shared by intravenous drug abusers
account for most cases of this form of transmission.
With the advent of routine laboratory screening,
transfusion of blood or blood products in a clinical
setting accounts for a small portion of HIV infections.
Major groups at risk for the development of AIDS in
the United States include homosexual or bisexual males,
intravenous drug abusers, heterosexual partners of
members of other risk groups, and babies born of
infected mothers. Health care workers have a small
increased risk for infection.
Clinical Course of HIV Infection
The course of HIV disease can be followed by measuring
the amount of virus in the patient's plasma and by the
blood CD4+T cell count (see Fig. 20-8).
The acute phase of the illness, also called the acute
HIV syndrome, is the period of viremia characterized by
nonspecific symptoms of infection. It develops in 50%

Table 20-7. Clinical
Phase

I

Acute

of disease
HIV

Clinical
period

of HIV Disease

disease

latency

AIDS

of HIV and Epidemiology

.

feature

Fever, headaches,
sore throat
with pharyngitis,
generalized
lymphadenopathy,
rashes
Declining
amount

blood CD4+ T cell

Bacteria
Nocardia,

infections:

(Mycobacteruim
Salmonella)

avium,

Fungi (Candida,
Cryptococcus
neoformans,
Coccidioides
immitis,
Histoplasma
capsulatum,
Pneumocystis)

of AIDS

Viruses
herpes

(cytomegalovirus,
simplex,
varicella-zoster)

Tumors:

Sexual contact is the most frequent mode of transmission, either between heterosexual couples (the
most frequent mode of transmission in Africa and
Asia) or between homosexual male partners. In subSaharan Africa, where the infection rate is the highest
in the world (estimated to be about 10,000 new cases
every day), more than half the infected individuals are
women.
Mother- to-child transmission of HIV accounts for the
majority of pediatric cases of AIDS. This type of trans-

Clinical

Protozoa
(Toxoplasma
Cryptosporidium)

HIV is transmitted from one individual to another by
three major routes:
.

I

of HIV Infection

Opportunistic

A vast amount of information has accumulated about
the epidemiology and clinical course of HIV infection. As
anti-retroviral drug therapy is improving, many of the
clinical manifestations are changing. In the following
section we describe the "classical" features of HIV infection, and refer to the changing pictures when relevant.
Transmission

Features

Lymphomas
associated

(including
EBVB cell lymphomas)

Kaposi's

sarcoma

Cervical

carcinoma

Encephalopathy
Wasting syndrome
Abbreviations:
I

syndrome;

AIDS,

aquired

EBV, Epstein-Barr

immune

virus.

deficiency
\
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to 70% of infected adults typically 3 to 6 weeks after
infection. There is a spike of plasma virus and a
modest reduction in CD4+T cell counts, but the number
of blood CD4+ T cells often returns to normal. In many
patients, however, the infection is occult and there are
no symptoms.
The chronic phase of clinical latency may last for
many years. During this time, the virus is contained
within lymphoid tissues, and the loss of CD4+ T cells is
corrected by replenishment
from progenitors. Patients
are asymptomatic
or suffer from minor infections.
Within 2 to 6 months after infection, the concentration
of plasma virus stabilizes at a particular set-point, which
differs among patients. The level of the viral set-point
and the number of blood CD4+ T cells are clinically
useful predictors of the progression of disease. As the
disease progresses, patients become susceptible to other
infections, and immune responses to these infections
may stimulate
HIV production
and accelerate the
destruction of lymphoid tissues. As discussed earlier,
HIV gene transcription can be enhanced by stimuli that
activate T cells, such as antigens and a variety of
cytokines. Cytokines, such as TNF, that are produced by
the innate immune system in response to microbial
infections are particularly effective in boosting HIV production. Thus, as the immune system attempts to eradicate other microbes, it brings about its own destruction
by HIY.
HIV disease progresses to the final and almost invariably lethal phase, called AIDS, when the blood CD4+ T
cell count drops below 200 cells/mm3.
HIV viremia
may climb dramatically
as viral replication
in other
reser-voirs
accelerates
unchecked.
Patients with AIDS
suffer from combinations of opportunistic
infections,
neoplasms,
cachexia (HIV wasting syndrome),
kidney
failure (HIV nephropathy),
and CNS degeneration
(AIDS
encephalopathy)
(see Table 20-7). Because CD4+ helper
T cells are essential for both cell-mediated and humoral
immune responses to various microbes, the loss of these
lymphocytes is the main reason that patients with AIDS
become susceptible to many different types of infections. Furthermore, many of the tumors that arise in
patients with AIDS have a viral etiology, and their prevalence in the setting of AIDS reflects an inability of the
HIV-infected
patient to mount an effective immune
response against oncogenic viruses. Most of the opportunistic infections and neoplasms associated with HIV
infection occur after the blood CD4+ T cell count drops
below 200 cells/mm3. Cachexia is often seen in patients
with chronic inflammatory
diseases and may result from
effects of inflammatory
cytokines
(such as TN F) on
appetite and metabolism.
The CNS disease in AIDS may
be due to neuronal damage by the virus or by shed viral
proteins such as gp120 and Tat as well as to the effects
of cytokines
elaborated
by infected microglial
cells.
Many of these devastating
consequences
of HIV infection, including
opportunistic
infections
and tumors,
have been significantly reduced by highly active antiretroviral therapy.
Although this summary of the clinical course is true
for the most severe cases, the rate of progression
of the
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diseaseis highly variable, and some individuals are longterm nonprogressors.

The immunologic

correlates

of

variable progression remain unknown. Also,recent antiretroviral therapy has changed the course, and greatly
reduced the incidence, of severe opportunistic infections (such as Pneumocystis) and tumors (such as
Kaposi's sarcoma).
Immune

Responses

to HIV

HIV-specific humoral
and cell-mediated
immune
responses develop following infection but generally
provide limited protection. The early response to HIV
infection is, in fact, similar in many ways to the immune
response to other viruses and serves effectively to clear
most of the virus present in the blood and in circulating
T cells. Nonetheless, it is clear that these immune
responses fail to eradicate all virus, and the infection
eventually overwhelms the immune system in most
individuals. Despite the poor effectiveness of immune
responses to the virus, it is important to characterize
them for three reasons. First, the immune responses
may be detrimental to the host, for example, by stimulating the uptake of opsonized virus into uninfected cells
by Fc receptor-mediated
endocytosis or by eradication
of CD4+ T cells expressing viral antigens by CD8+ CTLs.
Second, antibodies against HIV are diagnostic markers
of HIVinfection that are widely used for screening purposes.Third, the design of effective vaccines for immunization against HIV requires knowledge of the types of
immune responses that are most likely to be protective
(the "correlates of protection").
Many innate immune responses against HIV have
been described. These include anti-microbial pep tides
(defensins), NK cells, dendritic cells (particularly plasmacytoid dendritic cells producing type I IFNs), and the
complement system. The role of these responses in combating the infection are not established.
The initial adaptive immune response to HIV infection is characterized by expansion of CD8+ T cells specific for HIV pep tides. As many as 10% or more of
circulating CDW T cells may be specific for HIV during
the early stages of infection. These CTLs control infection in the acute phase (see Fig. 20-8), but ultimately
prove ineffective because of the emergence of viral
escape mutants (variants with mutated antigens).
Although CD4+ T cells also respond to the virus, the
importance of this response is unclear.
Antibody responses to a variety of HIV antigens are
detectable within 6 to 9 weeks after infection. The most
immunogenic
HIV molecules that elicit antibody
responses appear to be the envelope glycoproteins, and
high titers of anti-gp120 and anti-gp41 antibodies are
present in most HIV-infected individuals. Other antiHIV antibodies found frequently in patients' sera
include antibodies to p24, reverse transcriptase, and gag
and pol products (see Fig.20-8). The effect of these antibodies on the clinical course of HIV infection is uncertain. The early antibodies are not neutralizing, and are
generally poor inhibitors of viral infectivity or cytopathic
effects. Neutralizing antibodies against gp120 develop 2
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to 3 months after primary infection, but even these antibodies cannot cope with a virus that is able to rapidly
change the most immunodominant epitopes of its envelope glycoproteins.
Mechanisms

of Immune Evasion by HIV

The failure of cell-mediated and humoral immune
responses to eradicate HIV infection is probably due to
several factors. Importantly, because of the depletion
and functional inhibition of the CD4+ T cells, the
immune responses may be too compromised to eliminate the virus. In addition, several features of HIV may
help the virus to evade host immunity.
.

HIV has an extremely high mutation rate because of
error-prone reverse transcription, and in this way it
may evade detection by antibodies or T cells generated in response to viral proteins. It has been estimated that in an infected person, every possible point
mutation in the viral genome occurs every day. A
region of the gp120 molecule, called the V3 loop, is
one of the most antigenically variable components
of the virus; it varies in HIV isolates taken from the
same individual at different times. Furthermore, the
regions of the V3 loop that are critical for viral entry
and therefore are less frequently mutated are not
readily exposed to the humoral immune system. It is
possible that the host immune response may work as
a selective pressure that promotes survival of the
most genetically variable viruses.

.

HIV-infected cells may evade CTLs through downregulation of class I MHC molecule expression. The
HIV Nef protein inhibits expression of class I MHC
molecules, mainly by promoting internalization of
these molecules.

. HW infection may inhibit cell-mediated immunity.
We have mentioned previously that in infected individuals, TII2 cells specific for HIV and other microbes
may expand relative to Till cells. Because TII2
cytokines inhibit cell-mediated immunity, the net
result of this imbalance is a form of dysregulation
(called immune deviation) that increases host susceptibility to infection by intracellular microbes,
including HIV itself. Along the same vein, increased
numbers of regulatory T cells may inhibit host
defenses.
Treatment
and Prevention
Vaccine Development

of AIDS and

Active research efforts have been aimed at developing
reagents that interfere with the viral life cycle. Treatment
of HIV infection and AIDS now includes the administration of three classes of antiviral drugs, used in combination, that target viral molecules for which no human
homologues exist. The first type of drug to be widely
used consists of nucleoside analogues that inhibit
reverse-transcriptase
activity. These drugs include
deoxythymidine
nucleoside analogues such as 3'-

azido-3' -deoxythymidine (AZT), deoxycytidine nucleoside analogues, and deoxyadenosine analogues. When
these drugs are used alone, they are often effective in significantly reducing plasma HIV RNA levels for several
months to years. They usually do not halt progression of
HIV-induced disease, largely because of the evolution of
virus with mutated forms of reverse transcriptase that
are resistant to the drugs. More recently, viral protease
inhibitors have been developed that block the processing of precursor proteins into mature viral capsid and
core proteins. When these protease inhibitors are used
alone, mutant viruses resistant to their effects rapidly
emerge. However, protease inhibitors are now being
used in combination
with two different reversetranscriptase inhibitors. This new triple-drug therapy,
commonly referred to as HAART (highly active antiretroviral therapy), has proved to be remarkably effective
in reducing plasma viral RNA to undetectable levels in
most treated patients for up to 3 years. An integrase
inhibitor is also now used as part of anti-viral therapy.
Although anti-retroviral therapy has reduced viral titers
to below detection for up to 10 years in some patients, it
is unlikely that such treatment can eliminate the virus
from all reservoirs (especially long-lived infected cells).
and resistance to the drugs may ultimately develop.
Other formidable problems associated with these new
drug therapies, which will impair their effective use in
many parts of the world, include high expense, complicated administration schedules, and serious side effects.
The individual infections experienced by patients
with AIDS are treated with the appropriate prophylaxis,
antibiotics, and support measures. More aggressive
antibiotic therapy is often required than for similar
infections in less compromised hosts.
Efforts at preventing HIV infection are extremely
important and potentially effective in controlling the
HIVepidemic. In the United States, the routine screening of blood products for evidence of donor HIV infection has already reduced the risk of this mode of
transmission to negligible levels. Various public health
measures to increase condom use and to reduce the use
of contaminated needles by intravenous drug users are
now widespread. Perhaps the most effective efforts at
prevention are campaigns to increase public awareness
of HIY.
The development of an effective vaccine against HIV
is a priority for biomedical research institutions worldwide. The task has been complicated by the ability ofthe
virus to mutate and vary many of its immunogenic antigens. It is likely that an effective vaccine will have to
stimulate both humoral and cell-mediated responses
to viral antigens that are critical for the viral life cycle. To
achieve this goal. several approaches are being tried for
HIV vaccine development. Much of the preliminary
work has involved SIV infection of macaques, and effective vaccines against SIV have already been developed.
This success is encouraging because SIV is molecularly
closely related to HIV and causes a disease similar to
AIDS in macaques. Various live virus vaccines have been
tested in the hope that they will induce strong CTL
responses. Such vaccines include nonvirulent recombi-
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nant hybrid viruses composed of part SIV and part HIV
sequences or viruses that have been attenuated by deletions in one or more parts of the viral genome, such as
the nefgene. One concern with live virus vaccines is their
potential to cause disease if they are not completely
attenuated and possibly after recombination in vivo
with wild-type HIV to produce a pathogenic variant.
Another approach that avoids this safety concern but
retains efficacy in inducing CTL-mediated immunity is
the use of live recombinant non-HIV viral vectors carrying HIV genes. Preliminary trials in human volunteers
have already shown that canarypox vaccines expressing
several HIV-l genes can induce strong CTL responses to
the HIV antigens. Many DNA vaccines have also been
studied; these vaccines are composed of combinations
of structural and regulatory genes of SIV or HIV packaged in mammalian DNA expression vectors. Combinations of vaccines, such as initial immunization with a
DNA vaccine followed by boosting with a canarypox
vector expressing HIV genes, have yielded some of the
most promising results to date. Recombinant protein or
peptide subunit vaccines that elicit antibodies are of
limited value by themselves because the antibodies
often do not neutralize clinical isolates of HIY. It is possible that such vaccines may be useful given with live
virus vaccines.

tive, T cell signaling disorders, and rare diseases
involving CTL and NK cell functions.

. Treatment of congenital immunodeficiencies
involves transfusions of antibodies, bone marrow
or stem cell transplantation, or enzyme replacement. Gene therapy may offer improved treatments in the future.
. Acquired immunodeficiencies are caused by infections, malnutrition, disseminated cancer, and
immunosuppressive therapy for transplant rejection or autoimmune diseases.

. AIDS is a severe immunodeficiency caused by
infection with HIY. This RNA virus infects CD4+ T
lymphocytes, macrophages, and dendritic cells,
and causes massive dysfunction of the immune
system. Most of the immunodeficiency in AIDS
can be ascribed to the depletion of CD4+T cells.
.

SUMMARY

.

Immunodeficiency diseases are caused by congenital or acquired defects in lymphocytes, phagocytes, and other mediators of adaptive and innate
immunity. These diseases are associated with an
increased susceptibility to infection, the nature
and severity of which depend largely on which
component of the immune system is abnormal
and the extent of the abnormality.

. Severe combined immunodeficiencies include
defects in lymphocyte development that affect
both T and B cells, and are caused by defective
cytokine signaling, abnormal purine metabolism,
defective V(D)Jrecombination, and mutations that
affect T cell maturation.

death of memory CD4+ T cells in mucosal tissues
and dissemination of the virus to lymph nodes. In
the subsequent latent phase, there is low level virus
replication in lymphoid tissues and slow, progressive loss of T cells. Persistent activation of T cells
promotes their death, leading to rapid loss and
immune deficiency in the chronic phase of the
infection.
.

caused by defective B cell maturation or activation,
and defects in T cell-B cell collaboration (X-linked
hyper-IgM syndrome).

.

T cell immunodeficiencies
include diseases in
which the expression of MHC molecules is defec-

CD4+ T cell depletion in HIV-infected individuals
is due to direct cytopathic effects of the virus, toxic
effects of viral products such as shed gp120, and
indirect effects such as activation-induced
cell
death or CTL killing of infected CD4+ cells.

. Severalreservoirsof HIV

exist in infected

individ-

uals, including short-lived activated CD4+ T cells,
longer-lived macrophages, and very long lived,
latently infected memory T cells.
.

. Antibody immunodeficiencies include diseases

HIV enters cells by binding to both the CD4 molecule and a coreceptor of the chemokine receptor
family. Once inside the cell, the viral genome is
reverse-transcribed
into DNA and incorporated
into the cellular genome. Viral gene transcription
and viral reproduction are stimulated by signals
that normally activate the host cell. Production of
virus is accompanied by cell death.

. The acute phase of infection is characterized by

. Disorders of innate immunity include defects in
microbial killing by phagocytes (e.g., CGD or
Chediak-Higashi syndrome), in leukocyte migration and adhesion (e.g., LAD), and in TLR signaling. Complement deficiencies were described in
Chapter 14.

CONGENITAL ANO ACQUIRED IMMUNODEFICIENCIES

HIV-induced depletion of CD4+ T cells results in
increased susceptibility to infection by a number
of opportunistic
microorganisms.
In addition,
HIV-infected patients have an increased incidence
of tumors, particularly Kaposi's sarcoma and EBVassociated B cell lymphomas, and encephalopathy
frequently develops, the mechanism of which is
not fully understood.
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IMMUNITY

IN DEFENSE AND DISEASE

HIV has a high mutation
rate, which allows the
virus
to evade
host
immune
responses
and
become resistant
to drug therapies.
Genetic variability also poses a problem
for the design of an
effective vaccine against HIY. HIV infection
can be
treated
by a combination
of inhibitors
of viral
enzymes.
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GLOSSARY
a~ T cell receptor (a~ TCR). The most common form of
TCR, expressed on both CD4+and CD8+T cells. The a~
TCR recognizes peptide antigen bound to an MHC
molecule. Both a and ~chains contain highly variable
(V) regions that together form the antigen-binding
site as well as constant (C) regions. TCR V and C
regions are structurally homologous to the V and C
regions of Ig molecules.
ABO blood group antigens. Glycosphingolipid antigens
present on many cell types, including red blood cells.
These antigens differ between different individuals,
depending on inherited alleles encoding the enzymes
required for synthesis of the antigens. The ABO antigens act as alloantigens responsible for blood transfusion reactions and hyperacute rejection of allografts.
Accessory molecule. A lymphocyte cell surface molecule distinct from the antigen receptor complex that
mediates adhesive or signaling functions important
for activation or migration of the lymphocyte.
Acquired immunodeficiency.
A deficiency in the
immune system that is acquired after birth, usually
because of infection (e.g., AIDS), and that is not
related to a genetic defect.
Acquired
immunodeficiency
syndrome
(AIDS). A
disease caused by human immunodeficiency
virus
(HIV) infection that is characterized by depletion
of CD4+ T cells leading to a profound defect in cellmediated immunity. Clinically, AIDS includes opportunistic infections, malignant tumors, wasting, and
encephalopathy.
Activation protein-I (AP-I). A family of DNA-binding
transcription factors composed of dimers of two
proteins that bind to one another through a shared
structural motif called a leucine zipper. The bestcharacterized AP-I factor is composed of the proteins
Fos and Jun. AP-I is involved in transcriptional regulation of many different genes important in the
immune system, such as cytokine genes.
Active immunity. The form of adaptive immunity that is
induced by exposure to a foreign antigen and activation of lymphocytes and in which the immunized
individual plays an active role in responding to the
antigen. This type contrasts with passive immunity, in
which an individual receives antibodies or lymphocytes from another individual who was previously
actively immunized.

Acute-phase reactants. Proteins, mostly synthesized
in the liver, whose plasma concentrations increase
shortly after infection as part of the systemic
inflammatory response syndrome. Examples include
C-reactive protein, fibrinogen, and serum amyloid
A protein. Hepatic synthesis of these molecules
is up-regulated by inflammatory cytokines, especially IL-6 and TNE The acute-phase reactants play
various roles in the innate immune response to
microbes.
Acute-phase response. The increase in plasma concentrations of several proteins, called acute-phase reactants, that occurs as part of the early innate immune
response to infections.
Acute rejection. A form of graft rejection involving vascular and parenchymal injury mediated by T cells,
macrophages, and antibodies that usually begins after
the first week of transplantation.
Differentiation of
effector T cells and production of antibodies that
mediate acute rejection occur in response to the graft,
thus the delay in onset.
Adapter protein. Proteins involved in intracellular
signal transduction pathways by serving as bridge
molecules or scaffolds for the recruitment of other signaling molecules. During lymphocyte antigen receptor or cytokine receptor signaling, adapter molecules
may be phosphorylated on tyrosine residues to enable
them to bind other proteins' containing Src homology
2 (SH2) domains. Adapter molecules involved in T cell
activation include LAT,SLP-76, and Grb-2.
Adaptive immunity. The form of immunity that is mediated by lymphocytes and stimulated by exposure to
infectious agents. In contrast to innate immunity,
adaptive immunity is characterized by exquisite specificity for distinct macromolecules and memory, which
is the ability to respond more vigorously to repeated
exposure to the same microbe. Adaptive immunity is
also called specific immunity.
Addressin. Molecules expressed on endothelial cells in
different anatomic sites that bind to counterreceptors
on lymphocytes called homing receptors and that
direct organ-specific lymphocyte homing. Mucosal
addressin cell adhesion molecule-I (MadCAM -I) is an
example of an addressin expressed in Peyer's patches
in the intestinal wall that binds to the integrin a4~7on
gut-homing T cells.
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Adhesion molecule. A cell surface molecule whose
function is to promote adhesive interactions with
other cells or the extracellular matrix. Leukocytes
express various types of adhesion molecules, such as
selectins, integrins, and members of the 19 superfamily, and these molecules play crucial roles in cell
migration and cellular activation in innate and adaptive immune responses.
Adjuvant. A substance, distinct from antigen, that
enhances T cell activation by promoting the accumulation and activation of antigen presenting cells
(APCs) at a site of antigen exposure. Adjuvants
enhance APC expression ofT cell-activating costimulators and cytokines and may also prolong the expression of peptide-MHC complexes on the surface of
APCs.
Adoptive transfer. The process of transferring lymphocytes from one, usually immunized, individual into
another individual. Adoptive transfer is used in
research to define the role of a particular cell population (e.g., CD4+ T cells) in an immune response.
Clinically, adoptive transfer of tumor-reactive
T
lymphocytes is used in experimental cancer therapy.
Affinity. The strength of the binding between a single
binding site of a molecule (e.g., an antibody) and a
ligand (e.g., an antigen). The affinity of a molecule X
for a ligand Y is represented by the dissociation constant (1(.1),which is the concentration of Y that is
required to occupy the combining sites of half the X
molecules present in a solution. A smaller Ki indicates
a stronger or higher-affinity interaction, and a lower
concentration of ligand is needed to occupy the sites.
Affinity maturation. The process that leads to increased
affinity of antibodies for a particular protein antigen
as a humoral response progresses. Affinity maturation
takes place in germinal centers of lymphoid tissues,
and is the result of somatic mutation of Ig genes, followed by selective survival of the B cells producing the
highest affinity antibodies.
Allele. One of different forms of a gene present at a particular chromosomal locus. An individual who is heterozygous at a locus has two different alleles, each on
a different member of a pair of chromosomes, one
inherited from the mother and one from the father. If
a particular gene in a population has many different
alleles, the gene or locus is said to be polymorphic.
The MHC locus is extremely polymorphic.
Allelic exclusion. The exclusive expression of only one
of two inherited alleles encoding Ig heavy and light
chains and TCR P chains. Allelic exclusion occurs
when the protein product of one productively recombined antigen receptor locus on one chromosome
blocks rearrangement of the corresponding locus on
the other chromosome. This property ensures that all
the antigen receptors expressed by one clone of lymphocytes will have the identical antigen specificities.
Because the TCR a chain locus does not show allelic
exclusion, some T cells do express two different types
ofTCR.
Allergen. An antigen that elicits an immediate hypersensitivity (allergic) reaction. Allergens are proteins or

chemicals bound to proteins that induce IgE antibody
responses in atopic individuals.
Allergy. A form of atopy or immediate hypersensitivity
disease, often referring to the type of antigen that
elicits the disease, such as food allergy, bee sting
allergy, and penicillin allergy. All these conditions
are related to antigen-induced mast cell or basophil
activation.
Alloantibody. An antibody specific for an alloantigen
(Le., an antigen present in some individuals of a
species but not in others).
Alloantigen. A cell or tissue antigen that is present in
some members of a species and not in others and that
is recognized as foreign on an allograft. Alloantigens
are usually products of polymorphic genes.
Alloantiserum. The alloantibody-containing
serum of
an individual who has previously been exposed to one
or more alloantigens.
Allogeneic graft. An organ or tissue graft from a donor
who is of the same species but genetically nonidentical to the recipient (also called an allograft).
Alloreactive. Reactive to alloantigens; describes T cells
or antibodies from one individual that will recognize
antigens on cells or tissues of another genetically nonidentical individual.
Allotype. The property of a group of antibody molecules
defined by their sharing a particular antigenic determinant found on the antibodies of some individuals
but not others. Such determinants are called allotopes. Antibodies that share a particular allotope
belong to the same allotype. Allotype is also often used
synonymously with allotope.
Altered peptide ligands (APLs). Peptides with altered
TCR contact residues that elicit responses different
from the responses to native peptide ligands. Altered
peptide ligands may be important in the regulation of
T cell activation in physiologic, pathologic. or therapeutic situations.
Alternative pathway of complement
activation. An
antibody-independent
pathway of activation of the
complement system that occurs when the C3b protein
binds to microbial cell surfaces. The alternative
pathway is a component of the innate immune system
and mediates inflammatory responses to infection as
well as direct lysis of microbes.
Anaphylactic shock. Cardiovascular collapse occurring
in the setting of a systemic immediate hypersensitivity reaction.
Anaphylatoxins. The C5a, C4a, and C3a complement
fragments that are generated during complement
activation. The anaphylatoxins
bind specific cell
surface receptors and promote acute inflammation by
stimulating neutrophil chemotaxis and activating
mast cells. At high concentrations,
anaphylatoxins
activate enough mast cells to mimic anaphylaxis.
Anaphylaxis. An extreme systemic form of immediate
hypersensitivity in which mast cell or basophil mediators cause bronchial constriction, massive tissue
edema, and cardiovascular collapse.
Anchor residues. The amino acid residues of a peptide
whose side chains fit into pockets in the peptide-
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binding cleft of an MHC molecule. The side chains
bind to complementary amino acids in the MHC molecule and therefore serve to anchor the peptide in the
cleft of the MHC molecule.
Anergy. A state of unresponsiveness to antigenic stimulation. Clinically, anergy describes the lack of T
cell-dependent
cutaneous delayed-type hypersensitivity reactions to common antigens. Lymphocyte
anergy (also called clonal anergy) is the failure of
clones of T or B cells to react to antigen and may be
a mechanism of maintaining immunologic tolerance
to self.
Angiogenesis. New blood vessel formation regulated by
a variety of protein factors elaborated by cells of the
innate and adaptive immune systems and often
accompanying chronic inflammation.
Antagonist peptide. Variant peptide ligands of a TCR in
which one or two TCR contact residues have been
changed and in which negative signals are delivered
to specific T cells that inhibit responses to native
pep tides.
Antibody. A type of glycoprotein molecule, also called
immunoglobulin
(lg), produced by B lymphocytes
that binds antigens, often with a high degree of
specificity and affinity. The basic structural unit of
an antibody is composed of two identical heavy
chains and two identical light chains. N-terminal
variable regions of the heavy and light chains form
the antigen-binding
sites, whereas the C-terminal
constant regions of the heavy chains functionally
interact with other molecules in the immune system.
Every individual has millions of different antibodies,
each with a unique antigen-binding
site. Secreted
antibodies perform various effector functions, including neutralizing antigens, activating complement,
and promoting leukocyte-dependent
destruction of
microbes.
Antibody-dependent
cell-mediated
cytotoxicity
(ADCC). A process by which NK cells are targeted to
IgG-coated cells, resulting in lysis of the antibodycoated cells. A specific receptor for the constant region
of IgG, called FeyRIII (CDl6), is expressed on the NK
cell membrane and mediates binding to the IgG.
Antibody feedback. The down-regulation of antibody
production by secreted IgG antibodies that occurs
when antigen-antibody
complexes simultaneously
engage B cell membrane Ig and Fcyreceptors (FcyRII).
Under these conditions, the cytoplasmic tails of the
Fey receptors transduce inhibitory signals inside the
B cell.
Antibody repertoire. The collection of different antibody specificities expressed in an individual.
Antibody-secreting
cell. A B lymphocyte that has
undergone differentiation and produces the secretory
form of Ig. Antibody-secreting cells are produced in
response to antigen and reside in the spleen and
lymph nodes as well as in the bone marrow.
Antigen. A molecule that binds to an antibody or a TCR.
Antigens that bind to antibodies include all classes of
molecules. TCRs bind only peptide fragments of proteins complexed with MHC molecules; both the

peptide ligand and the native protein from which it is
derived are called T cell antigens.
Antigen presentation. The display of peptides bound by
MHC molecules on the surface of an APC that permits
specific recognition by TCRs and activation ofT cells.
Antigen-presenting
cell (APC). A cell that displays
peptide fragments of protein antigens, in association
with MHC molecules, on its surface and activates
antigen-specific T cells. In addition to displaying
peptide-MHC complexes, APCs must also express
co stimulatory molecules to activate T lymphocytes
optimally.
Antigen processing. The intracellular conversion of
protein antigens derived from the extracellular space
or the cytosol into pep tides and loading of these
peptides onto MHC molecules for display to T
lymphocytes.
Antiserum. Serum from an individual previously
immunized against an antigen that contains antibody
specific for that antigen.
Apoptosis. A process of cell death characterized by DNA
cleavage, nuclear condensation and fragmentation,
and plasma membrane blebbing that leads to phagocytosis of the cell without inducing an inflammatory
response. This type of cell death is important in lymphocyte development,
regulation of lymphocyte
responses to foreign antigens, and maintenance of to 1erance to self antigens.
Arthus reaction. A localized form of experimental
immune complex-mediated
vasculitis induced by
injection of an antigen subcutaneously into a previously immunized animal or into an animal that has
been given intravenous antibody specific for the
antigen. Circulating antibodies bind to the injected
antigen and form immune complexes that are
deposited in the walls of small arteries at the injection
site and give rise to a local cutaneous vasculitis with
necrosis.
Atopy. The propensity of an individual to produce IgE
antibodies in response to various environmental antigens and to develop strong immediate hypersensitivity (allergic) responses. People who have allergies to
environmental antigens, such as pollen or house dust,
are said to be atopic.
Autoantibody. An antibody produced in an individual
that is specific for a self antigen. Autoantibodies can
cause damage to cells and tissues and are produced in
excess in systemic autoimmune diseases, such as systemic lupus erythematosus.
Autocrine factor. A molecule that acts on the same cell
that produces the factor. For example, IL-2 is an
autocrine T cell growth factor that stimulates mitotic
activity of the T cell that produces it.
Autoimmune disease. A disease caused by a breakdown
of self-tolerance such that the adaptive immune
system responds to self antigens and mediates cell
and tissue damage. Autoimmune diseases can be
organ specific (e.g., thyroiditis or diabetes) or systemic
(e.g., systemic lupus erythematosus).
Autoimmune regulator (AIRE). A gene or its encoded
protein, which functions to stimulate expression of
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peripheral tissue protein antigens in thymic epithelial
cells. Mutations in the AIRE gene in humans and mice
lead to tissue specific autoimmune disease, consistent
with a role for AlRE in central T cell tolerance.
Autoimmunity. The state of adaptive immune system
responsiveness to self antigens that occurs when
mechanisms of self-tolerance fail.
Autologous graft. A tissue or organ graft in which the
donor and recipient are the same individual. Autologous bone marrow and skin grafts are commonly performed in clinical medicine.
Avidity. The overall strength of interaction between two
molecules, such as an antibody and antigen. Avidity
depends on both the affinity and the valency of interactions. Therefore, the avidity of a pentameric IgM
antibody, with 10 antigen-binding sites, for a multivalent antigen may be much greater than the avidity of
a dimeric IgG molecule for the same antigen. Avidity
can be used to describe the strength of cell-cell interactions, which are mediated by many binding interactions between cell surface molecules.
B-1 B lymphocytes. A subset of B lymphocytes, which
develop earlier during ontogeny than do conventional
B cells, and express a limited repertoire of V genes
with little junctional diversity, and secrete IgM antibodies that bind T-independent antigens. Many B-1
cells express the CDS (Ly-l) molecule.
B cell tyrosine kinase (Btk). A tyrosine kinase of the Src
family that plays an essential role in B cell maturation.
Mutations in the gene encoding Btk cause X-linked
agammaglobulinemia,
a disease characterized by
failure of B cells to mature beyond the pre- B cell stage.
B lymphocyte. The only cell type capable of producing
antibody molecules and therefore the central cellular
component of humoral immune responses. B lymphocytes, or B cells, develop in the bone marrow, and
mature B cells are found mainly in lymphoid follicles
in secondary lymphoid tissues, in bone marrow, and
in low numbers in the circulation.
BCR (B cell receptor) complex. A multiprotein complex
expressed on the surface of B lymphocytes that recognizes antigen and transduces activating signals into
the cell. The BCR includes membrane Ig, which is
responsible for binding antigen. and Iga and Ig~ proteins, which initiate signaling events.
Bare lymphocyte
syndrome. An immunodeficiency
disease characterized by a lack of class II MHC molecule expression that leads to defects in antigen presentation and cell-mediated immunity. The disease is
caused by mutations in genes encoding factors that
regulate class II MHC gene transcription.
Basophil. A type of bone marrow-derived, circulating
granulocyte with structural and functional similarities
to mast cells that has granules containing many of the
same inflammatory mediators as mast cells and
expresses a high-affinity Fc receptor for IgE. Basophils
that are recruited into tissue sites where antigen is
present may contribute to immediate hypersensitivity
reactions.
~2-Microglobulin. The light chain of a class I MHC molecule. ~2-Microglobulin is an extracellular protein

encoded by a nonpolymorphic gene outside the MHC,
is structurally homologous to an Ig domain, and is
invariant among all class I molecules.
Biogenic amines. Low molecular weight, nonlipid
compounds,
such as histamine, that share the
structural feature of an amine group, are stored in
and released from the cytoplasmic granules of mast
cells, and mediate many of the biologic effects of
immediate
hypersensitivity
(allergic) reactions.
(Biogenic amines are sometimes called vasoactive
amines.)
Biologic response
modifiers. Molecules, such as
cytokines, used clinically as modulators of inflammation, immunity, and hematopoiesis.
Bone marrow. The central cavity of bone that is the site
of generation of all circulating blood cells in adults,
including immature lymphocytes, and the site ofB cell
maturation.
Bone marrow transplantation.
The transplantation of
bone marrow, including stem cells that give rise to all
mature blood cells and lymphocytes; it is performed
clinically to treat hematopoietic or lymphopoietic disorders and malignant diseases and is also used in
various immunologic experiments in animals.
Bronchial asthma. An inflammatory disease usually
caused by repeated immediate hypersensitivity reactions in the lung that leads to intermittent and
reversible airway obstruction,
chronic bronchial
inflammation with eosinophils, and bronchial smooth
muscle cell hypertrophy and hyperreactivity.
Burkitt's lymphoma. A malignant B cell tumor that is
defined by histologic features but almost always
carries a reciprocal chromosomal
translocation
involving Ig gene loci and the cellular myc gene on
chromosome 8. Many cases of Burkitt's lymphoma are
associated with Epstein-Barr virus infection.
C (constant
region) gene segments. The DNA
sequences in the Ig and TCR gene loci that encode the
nonvariable portions of Ig heavy and light chains and
TCR a, ~, y, and 0 chains.
Cl. A serum complement system protein composed of
several polypeptide chains that initiates the classical
pathway of complement activation by attaching to the
Fc portions of IgG or IgM antibody that has bound
antigen.
Cl inhibitor (Cl INH). A plasma protein inhibitor ofthe
classical pathway of complement activation. Cl INH
is a serine protease inhibitor (serpin) that mimics the
normal substrates of the Clr and CIs components of
Cl. A genetic deficiency in Cl INH causes the disease
hereditary angioneurotic edema.
C3. The central and most abundant
complement
system protein; it is involved in both the classical and
alternative pathway cascades. C3 is proteolytically
cleaved during complement activation to generate a
C3b fragment, which covalently attaches to cell or
microbial surfaces, and a C3a fragment, which has
various proinflammatory activities.
C3 convertase. A multi protein enzyme complex generated by the early steps of either the classical or
alternative pathway of complement activation. C3
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convertase cleaves C3, which gives rise to two proteolytic products called C3a and C3b.
C5 convertase. A multi protein enzyme complex generated by C3b binding to C3 convertase. C5 convertase
cleaves C5 and initiates the late steps of complement
activation leading to formation of the membrane
attack complex and lysis of cells.
Calcineurin. A cytoplasmic
serine/threonine
phosphatase that dephosphorylates and thereby activates
the transcription factor NFAT.Calcineurin is activated
by calcium signals generated through TCR signaling in
response to antigen recognition, and the immunosuppressive drugs cyclosporine and FK-506 work by
blocking calcineurin activity.
Carcinoembryonic
antigen (CEA, CD66). A highly glycosylated membrane protein; increased expression of
CEA in many carcinomas of the colon, pancreas,
stomach, and breast results in a rise in serum levels.
The level of serum CEA is used to monitor the persistence or recurrence of metastatic carcinoma after
treatment. Because CEA expression is normally high
in many tissues during fetal life but is suppressed in
adults except in tumor cells, it is called an oncofetal
tumor antigen.
Caspases. Intracellular proteases with cysteines in their
active sites that cleave substrates at the C-terminal
sides of aspartic acid residues and are components of
enzymatic cascades that cause apoptotic death of
cells. Lymphocyte caspases may be activated by two
pathways; one is associated with mitochondrial permeability changes in growth factor-deprived
cells,
and the other is associated with signals from death
receptors in the plasma membrane.
Cathelicidins. Polypeptides produced by neutrophils
and various barrier epithelia that serve various functions in innate immunity including direct toxicity to
microorganisms, activation of leukocytes, and neutralization of lipopolysaccharide.
Cathepsins. Thiol and aspartyl proteases with broad
substrate specificities. The most abundant proteases
of endosomes in APCs, cathepsins play an important
role in generating peptide fragments from exogenous
protein antigens that bind to class II MHC molecules.
CD molecules. Cell surface molecules
expressed
on various cell types in the immune system that
are designated by the "cluster of differentiation"
or CD number. See Appendix II for a list of CD
molecules.
Cell-mediated immunity (CMI). The form of adaptive
immunity that is mediated by T lymphocytes
and serves as the defense mechanism
against
microbes that survive within phagocytes or infect
nonphagocytic cells. CMI responses include CD4+ T
cell-mediated activation of macrophages that have
phagocytosed microbes and CD8+ CTL killing of
infected cells.
Central tolerance. A form of self-tolerance induced in
generative (central) lymphoid organs as a consequence of immature self-reactive lymphocytes recognizing self antigens and subsequently leading to their
death or inactivation. Central tolerance prevents the

emergence of lymphocytes with high-affinity receptors for the ubiquitous self antigens that are likely to
be present in the bone marrow or thymus.
Chediak-Higashi
syndrome. A rare
autosomalrecessive immunodeficiency
disease caused by a
defect in the cytoplasmic granules of various cell types
that affects the lysosomes of neutrophils
and
macro phages as well as the granules of CTLs and NK
cells. Patients show reduced resistance to infection
with pyogenic bacteria.
Chemokine
receptors. Cell surface receptors
for
chemokines that transduce signals stimulating the
migration ofleukocytes. These receptors are members
of the seven-transmembrane
a-helical, G proteinlinked family of receptors.
Chemokines. A large family of structurally homologous,
low molecular weight cytokines that stimulate leukocyte movement and regulate the migration of leukocytes from the blood to tissues.
Chemotaxis. Movement of a cell directed by a chemical
concentration gradient. The movement of lymphocytes, polymorphonuclear
leukocytes, monocytes,
and other leukocytes into various tissues is often
directed by gradients of low molecular weight
cytokines called chemokines.
Chromosomal translocation. A chromosomal abnormality in which a segment of one chromosome is
transferred to another. Many malignant diseases of
lymphocytes
are associated
with chromosomal
translocations involving an Ig or TCR locus and a chromosomal segment containing a cellular oncogene.
Chronic granulomatous
disease. A rare inherited
immunodeficiency disease caused by a defect in the
gene encoding a component of the phagocyte oxidase
enzyme that is needed for microbial killing by polymorphonuclear
leukocytes and macrophages. The
disease is characterized by recurrent intracellular bacterial and fungal infections, often accompanied by
chronic cell-mediated immune responses and the formation of granulomas.
Chronic rejection. A form of allograft rejection characterized by fibrosis with loss of normal organ structures
occurring during a prolonged period. In many cases,
the major pathologic event in chronic rejection is graft
arterial occlusion, which is caused by proliferation
of intimal smooth muscle cells and is called graft
arteriosclerosis.
c-Kit ligand (stem cell factor). A protein required for
hematopoiesis, early steps in T cell development in
the thymus, and mast cell development. c-Kit ligand
is produced in membrane-bound
and soluble forms
by stromal cells in the bone marrow and thymus and
binds to the c-Kit tyrosine kinase membrane receptor
on pluripotent stem cells.
Class I major histocompatibility complex (MHC) molecule. One of two forms of polymorphic, heterodimeric membrane proteins that bind and display
peptide fragments of protein antigens on the surface
of APCs for recognition byT lymphocytes. Class I MHC
molecules usually display pep tides derived from the
cytoplasm of the cell.
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Class II-associated invariant chain peptide (CLIP). A
peptide remnant of the invariant chain that sits in the
class II MHC peptide-binding cleft and is removed by
action of the HLA-DM molecule before the cleft
becomes accessible to pep tides produced from extracellular protein antigens.
Class II major histocompatibility complex (MHC) molecule. One of two major classes of polymorphic, heterodimeric membrane proteins that bind and display
peptide fragments of protein antigens on the surface
of APCs for recognition by T lymphocytes. Class II
MHC molecules usually display peptides derived from
extracellular proteins that are internalized into phagocytic or endocytic vesicles.
Class II vesicle (CIIV). A membrane-bound
organelle
identified in murine B cells that is important in
the class II MHC pathway of antigen presentation.
The CIIV is similar to the MHC class II compartment (MIIC) identified in other cells and contains
all the components required for the formation of
complexes of peptide antigens and class II MHC
molecules, including the enzymes that degrade
protein antigens, class II molecules, invariant chain,
and HLA-DM.
Classical pathway of complement
activation. The
pathway of activation of the complement system that
is initiated by binding of antigen-antibody complexes
to the Cl molecule and induces a proteolytic cascade
involving multiple other complement proteins. The
classical pathway is an effector arm of the humoral
immune system that generates inflammatory mediators, opsonins for phagocytosis of antigens, and lytic
complexes that destroy cells.
Clonal anergy. A state of antigen unresponsiveness of a
clone of T lymphocytes experimentally induced by
recognition of antigen in the absence of additional
signals (costimulatory signals) required for functional
activation. Clonal anergy is considered a model for
one mechanism of tolerance to self antigens and may
be applicable to B lymphocytes as well.
Clonal deletion. A mechanism of lymphocyte tolerance
in which an immature T cell in the thymus or an
immature B cell in the bone marrow undergoes apoptotic death as a consequence of recognizing an abundant antigen in the generative organ.
Clonal expansion. The increase in number of lymphocytes specific for an antigen that results from antigen
stimulation and proliferation of naive T cells. Clonal
expansion occurs in lymphoid tissues and is required
to generate enough antigen-specific effector lymphocytes from rare naive precursors to eradicate
infections.
Clonal ignorance. A form of lymphocyte unresponsiveness in which self antigens are ignored by the immune
system even though lymphocytes specific for those
antigens remain viable and functional.
Clonal selection hypothesis. A fundamental tenet ofthe
immune system (no longer a hypothesis) stating that
every individual possesses numerous clonally derived
lymphocytes, each clone having arisen from a single
precursor and being capable of recognizing and

responding to a distinct antigenic determinant. When
an antigen enters, it selects a specific preexisting clone
and activates it.
c-myc. A cellular proto-oncogene
that encodes a
nuclear factor involved in cell cycle regulation.
Translocations of the c-myc gene into 19 gene loci are
associated with B cell malignant neoplasms.
Collectins. A family of proteins, including mannosebinding lectin, that are characterized by a collagenlike domain and a lectin (Le., carbohydrate-binding)
domain. Collectins playa role in the innate immune
system by acting as microbial pattern recognition
receptors, and they may activate the complement
system by binding to Clq.
Colony-stimulating
factors (CSFs). Cytokines that
promote the expansion and differentiation of bone
marrow progenitor cells. CSFs are essential for the
maturation of red blood cells, granulocytes, monocytes, and lymphocytes. Examples of CSFs are
granulocyte- monocyte
colony-stimulating
factor
(GM-CSF), c-Kit ligand, IL-3, and IL-7.
Combinatorial diversity. Combinatorial diversity describes the many different combinations of variable,
diversity, and joining segments that are possible
as a result of somatic recombination of DNA in the
Ig and TCR loci during B cell or T cell development.
Combinatorial diversity is one mechanism for the
generation of large numbers of different antigen
receptor genes from a limited number of DNA gene
segments.
Complement. A system of serum and cell surface proteins that interact with one another and with other
molecules of the immune system to generate important effectors of innate and adaptive immune
responses. The classical and alternative pathways of
the complement system are activated by antigenantibody complexes or microbial surfaces, respectively, and consist of a cascade of proteolytic enzymes
that generate inflammatory mediators and opsonins.
Both pathways lead to the formation of a common
terminal cell lytic complex that is inserted in cell
membranes.
Complement receptor type 1 (CRl). A high-affinity
receptor for the C3b and C4b fragments of complement. Phagocytes use CRl to mediate internalization
of C3b- or C4b-coated particles. CRl on erythrocytes
serves in the clearance of immune complexes from the
circulation. CRI is also a regulator of complement
activation.
Complement
receptor
type 2 (CR2). A receptor
expressed on B cells and follicular dendritic cells that
binds proteolytic fragments of the C3 complement
protein, including C3d, C3dg, and iC3b. CR2 functions
to stimulate humoral immune responses by enhancing B cell activation by antigen and by promoting
the trapping of antigen-antibody complexes in germinal centers. CR2 is also the receptor for EpsteinBarr virus.
Complementarity-determining
region (CDR). Short
segments of Ig and TCR proteins that contain most of
the sequence differences among different antibodies
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or TCRs and that make contact with antigen. Three
CDRs are present in the variable domain of each
antigen receptor polypeptide chain and six CDRs in
an intact Ig or TCR molecule. These hypervariable
segments assume loop structures that together
form a surface that is complementary to the threedimensional structure of the bound antigen.
Congenic mouse strains. Inbred mouse strains that are
identical to one another at every genetic locus except
the one for which they are selected to differ; such
strains are created by repetitive back-crossbreeding
and selection for a particular trait. Congenic strains
that differ from one another only at a particular MHC
allele have been useful in defining the function of
MHC molecules.
Constant (C) region. The portion of Ig or TCR polypeptide chains that does not vary in sequence among different clones and is not involved in antigen binding.
Contact sensitivity. The propensity for a T cell-mediated, delayed-type
hypersensitivity
reaction to
develop in the skin on contact with a particular chemical agent. Chemicals that elicit contact hypersensitivity bind to and modify self proteins or molecules on
the surfaces of APCs, which are then recognized by
CD4+ or CDB+T cells.
Coreceptor. A lymphocyte surface receptor that binds
to an antigen complex at the same time that membrane Ig or TCR binds the antigen and delivers signals
required for optimal lymphocyte activation. CD4
and COB are T cell co receptors that bind nonpolymorphic parts of an MHC molecule concurrently with
the TCR binding to polymorphic residues and the
bound peptide. CR2 is a coreceptor on B cells that
binds to complement-opsonized
antigens at the same
time that membrane Ig binds another part of the
antigen.
Costimulator. A molecule on the surface of or secreted
by an APC that provides a stimulus (or second signal)
required for the activation of naive T cells, in addition
to antigen. The best defined co stimulators are the B7
molecules on professional APCs that bind to the CD2B
molecule on T cells.
CpG nucleotides. Un methylated
cytidine-guanine
sequences found in microbial DNA that stimulate
innate immune responses. CpG nucleotides are recognized by TLR-9, have adjuvant properties in the
mammalian immune system, and may be important
to the efficacy of DNA vaccines.
C-reactive protein (CRP). A member of the pentraxin
family of plasma proteins involved in innate immune
responses to bacterial infections. CRP is an acutephase reactant, and it binds to the capsule of pneumococcal bacteria. CRP also binds to Clq and may
thereby activate complement or act as an opsonin by
interacting with phagocyte Clq receptors.
Cross matching. A screening test performed to minimize the chance of graft rejection in which a patient
in need of an allograft is tested for the presence of preformed antibodies against donor cell surface antigens
(usually MHC antigens). The test involves mixing the
recipient serum with leukocytes from potential

donors, adding complement, and observing whether
cell lysis occurs.
Cross-priming. A mechanism by which a professional
APC activates (or primes) a naive CDB+CTL specific for
the antigens of a third cell (e.g., a virus-infected or
tumor cell). Cross-priming occurs, for example, when
an infected (often apoptotic) cell is ingested by a
professional APC and the microbial antigens are
processed and presented in association with class I
MHC molecules, just like any other phagocytosed
antigen. The professional APC also provides costimulation for the T cells. Also called cross-presentation.
Cutaneous immune system. The components of the
innate and adaptive immune system found in the skin
that function together in a specialized way to detect
and respond to environmental antigens. Components
of the cutaneous
immune system include keratinocytes, Langerhans cells, intraepithelial lymphocytes, and dermal lymphocytes.
Cyclosporine. An immunosuppressive
drug used to
prevent allograft rejection that functions by blocking
T cell cytokine gene transcription. Cyclosporine (also
called cyclosporin A) binds to a cytosolic protein
called cyclophilin, and cyclosporine-cyclophilin complexes bind to and inhibit calcineurin, thereby inhibiting activation and nuclear translocation
of the
transcription factor NFAT.
Cytokines. Proteins produced by many different cell
types that mediate inflammatory and immune reactions. Cytokines are principal mediators of communication between cells of the immune system.
Cytopathic effect of viruses. Harmful effects of viruses
on host cells that are caused by any of a variety of biochemical or molecular mechanisms and are independent of the host immune response to the virus.
Some viruses have little cytopathic effect but still
cause disease because the immune system recognizes
and destroys the infected cells.
Cytotoxic (or cytolytic) T lymphocyte (CTL). A type ofT
lymphocyte whose major effector function is to recognize and kill host cells infected with viruses or other
intracellular microbes. CTLs usually express COB and
recognize microbial peptides displayed by class I
MHC molecules. CTL killing of infected cells involves
the release of cytoplasmic granules whose contents
include membrane
pore-forming
proteins
and
enzymes that initiate apoptosis of the infected cell.
Defensins. Cysteine-rich pep tides present in the skin
and in neutrophil granules that act as broad-spectrum
antibiotics to kill a wide variety of bacteria and fungi.
The synthesis of defensins is increased in response to
inflammatory cytokines such as IL-l and TNE
Delayed-type
hypersensitivity
(DTH). An immune
reaction in which T cell-dependent macrophage activation and inflammation cause tissue injury. A DTH
reaction to the subcutaneous injection of antigen is
often used as an assay for cell-mediated immunity
(e.g., the purified protein derivative skin test for
immunity to Mycobacterium tuberculosis). DTH is a
frequent accompaniment of protective cell-mediated
immunity against microbes.
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Delayed xenograft rejection. A frequent form of rejection of xenografts that occurs within 2 to 3 days of
transplantation and is characterized by intravascular
thrombosis and fibrinoid necrosis of vessel walls.
Delayed xenograft rejection is likely to be caused by
antibody- and cytokine-mediated endothelial activation and damage.
Dendritic cells. Bone marrow-derived immune accessory cells found in epithelial and lymphoid tissues
that are morphologically
characterized
by' thin
membranous projections. Dendritic cells function as
APCs for naive T lymphocytes and are important for
initiation of adaptive immune responses to protein
antigen.
Desensitization. A method of treating immediate
hypersensitivity
disease (allergies) that involves
repetitive administration of low doses of an antigen to
which individuals are allergic. This process often
prevents severe allergic reactions on subsequent
environmental exposure to the antigen, but the mechanisms are not well understood.
Determinant. The specific portion of a macromolecular
antigen to which an antibody binds. In the case of a
protein antigen recognized by a T cell, the determinant is the peptide portion that binds to an MHC molecule for recognition by the TCR. Synonymous with
epitope.
Determinant
selection model. A model to explain
MHC-linked immune responses that was proposed
before the demonstration of peptide-MHC molecule
binding. The model states that the products of
MHC genes in each individual select which determinants of protein antigens will be immunogenic in that
individual.
Diacylglycerol (DAG). A membrane-bound
signaling
molecule generated by phospholipase
C (PLCyl)mediated hydrolysis of the plasma membrane phospholipid phosphatidylinositoI4,S-bisphosphate
(PIPz)
during antigen activation of lymphocytes. The main
function of DAG is to activate an enzyme called
protein kinase C that participates in the generation of
active transcription factors.
DiGeorge's syndrome. A selective T cell deficiency
caused by a congenital malformation that results in
defective development of the thymus, parathyroid
glands, and other structures that arise from the third
and fourth pharyngeal pouches.
Direct antigen presentation (or direct allorecognition).
Presentation of cell surface allogeneic MHC molecules
by graft cells to a graft recipient's T cells that leads to
T cell activation, with no requirement for processing.
Direct recognition of foreign MHC molecules is a
cross-reaction in which a normal TCR that recognizes
a self MHC molecule plus foreign peptide cross-reacts
with an allogeneic MHC molecule plus peptide. Direct
presentation is partly responsible for strong T cell
responses to allografts.
Diversity. The existence of a large number of lymphocytes with different antigenic specificities in any individual (Le., the lymphocyte repertoire is large and
diverse). Diversity is a fundamental property of the

adaptive immune system and is the result of variability in the structures of the antigen-binding sites of
lymphocyte receptors for antigens (antibodies and
TCRs).
Diversity (D) segments. Short coding sequences
between the variable (V) and constant (C) gene segments in the Ig heavy chain and TCR p and y loci that
together with J segments are somatically recombined
with V segments during lymphocyte development.
The resulting recombined VO] DNA codes for the
carboxy-terminal
ends of the antigen receptor V
regions, including the third hypervariable (COR)
regions. Random use of D segments contributes to the
diversity of the antigen receptor repertoire.
DNA vaccine. A vaccine composed of a bacterial
plasmid containing a complementary DNA encoding
a protein antigen. DNA vaccines presumably work
because professional APCs are transfected in vivo by
the plasmid and express immunogenic pep tides that
elicit specific responses. Furthermore, the plasmid
DNA contains CpG nucleotides that act as potent
adjuvants. DNA vaccines may elicit strong CTL
responses.
Double-negative thymocyte. A subset of developing T
cells (thymocytes) in the thymus that express neither
CD4 nor CD8. Most double-negative thymocytes are
at an early developmental stage and do not express
antigen receptors. They will later express both CD4
and CD8 during the intermediate double-positive
stage before further maturation to single-positive T
cells expressing only CD4 or CD8.
Double-positive thymocyte. A subset of developing T
cells (thymocytes) in the thymus at an intermediate
developmental stage that express both CD4 and CD8.
Double-positive thymocytes also express TCRs and
are subject to selection processes, the survivors of
which mature to single-positive T cells expressing only
CD4 or CD8.
Ectoparasites. Parasites that live on the surface of an
animal, such as ticks and mites. Both the innate and
adaptive immune systems may playa role in protection against ectoparasites, often by destroying the
larval stages of these organisms.
Effector cells. The cells that perform effector functions
during an immune response, such as secreting
cytokines (e.g., helper T cells), killing microbes (e.g.,
macrophages), killing microbe-infected
host cells
(e.g., CTLs), or secreting antibodies (e.g., differentiated B cells).
Effector phase. The phase of an immune response, after
the recognition and activation phases, in which a
foreign antigen is actually destroyed or inactivated.
For example, in a humoral immune response, the
effector phase may be characterized by antibodydependent complement activation and phagocytosis
of antibody- and complement-opsonized
bacteria.
Endosome. An intracellular membrane-bound
vesicle
into which extracellular proteins are internalized
during antigen processing. Endosomes have an acidic
pH and contain proteolytic enzymes that degrade proteins into pep tides that bind to class II MHC mole-
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cules. A subset of class II MHC-rich endosomes, called
MIIC. playa special role in antigen processing and
presentation by the class II pathway.
Endotoxin. A component of the cell wall of gramnegative bacteria, also called lipopolysaccharide
(LPS), that is released from dying bacteria and stimulates many innate immune responses, including the
secretion of cytokines, induction of microbicidal
activities of macro phages, and expression of leukocyte
adhesion molecules on endothelium. Endotoxin contains both lipid components and carbohydrate (polysaccharide) moieties.
Enhancer. A regulatory nucleotide sequence in a gene
that is located either upstream or downstream of the
promoter, binds transcription factors, and increases
the activity of the promoter. In cells of the immune
system, enhancers are responsible for integrating cell
surface signals that lead to induced transcription of
genes encoding many of the effector proteins of an
immune response, such as cytokines.
Envelope glycoprotein (Env). A membrane glycoprotein encoded by a retrovirus that is expressed on the
plasma membrane of infected cells and on the host
cell-derived membrane coat of viral particles. Env
proteins are often required for viral infectivity. The Env
proteins of HIV include gp4l and gpl20, which bind
to CD4 and chemokine receptors, respectively, on
human T cells and mediate fusion of the viral and T
cell membranes.
Enzyme-linked
immunosorbent
assay (ELISA). A
method of quantifying an antigen immobilized
on a solid surface by use of a specific antibody with
a covalently coupled enzyme. The amount of antibody that binds the antigen is proportional to the
amount of antigen present and is determined by spectrophotometrically
measuring the conversion of a
clear substrate to a colored product by the coupled
enzyme.
Eosinophil. A bone marrow-derived granulocyte that is
abundant in the inflammatory infiltrates of immediate hypersensitivity late-phase reactions and that contributes to many of the pathologic processes in allergic
diseases. Eosinophils are important in defense against
extracellular parasites, including helminths.
Epitope. The specific portion of a macromolecular
antigen to which an antibody binds. In the case of a
protein antigen recognized by a T cell, an epitope
is the peptide portion that binds to an MHC molecule for recognition by the TCR. Synonymous with
determinant.
Epstein-Barr virus (EBV). A double-stranded DNA virus
of the herpesvirus family that is the etiologic agent of
infectious mononucleosis and is associated with some
B cell malignant tumors and nasopharyngeal carcinoma. EBV infects B lymphocytes and some epithelial
cells by specifically binding to CR2 (CD2l).
Experimental
autoimmune
encephalomyelitis.
An
animal model of autoimmune demyelinating disease
of the central nervous system (e.g., multiple sclerosis)
that is induced in rodents by immunization with components of the myelin sheath (e.g., myelin basic
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protein) of nerves, mixed with an adjuvant. The
disease is mediated in large part by cytokine-secreting
CD4+T cells specific for the myelin sheath proteins.
Extravasation. Escape of the fluid and cellular components of blood from a blood vessel into tissues.
Fab (fragment, antigen-binding).
A proteolytic fragment of an IgG antibody molecule that includes one
complete light chain paired with one heavy chain fragment containing the variable domain and only the
first constant domain. Fab fragment retains the ability
to monovalently bind an antigen but cannot interact
with IgG Fc receptors on cells or with complement.
Therefore, Fab preparations are used in research and
therapeutic applications when antigen binding is
desired without activation of effector functions. (The
Fab' fragment retains the hinge region of the heavy
chain.)
F(ab'h fragment. A proteolytic fragment of an IgG molecule that includes two complete light chains but only
the variable domain, first constant domain, and hinge
region of the two heavy chains. F(ab'h fragments
retain the entire bivalent antigen-binding region of an
intact IgG molecule but cannot bind complement or
IgG Fc receptors. They are used in research and therapeutic applications when antigen binding is desired
without antibody effector functions.
Fas (CD95). A member of the TNF receptor family that
is expressed on the surface of T cells and many other
cell types and initiates a signaling cascade leading to
apoptotic death of the cell. The death pathway is initiated when Fas binds to Fas ligand expressed on activated T cells. Fas-mediated killing of T cells, called
activation-induced
cell death, is important for the
maintenance of self-tolerance. Mutations in the Fas
gene cause systemic autoimmune disease.
Fas ligand (CD95 ligand). A membrane protein that is a
member of the TNF family of proteins expressed on
activated T cells. Fas ligand binds to Fas, thereby stimulating a signaling pathway leading to apoptotic cell
death of the Fas-expressing cell. Mutations in the Fas
ligand gene cause systemic autoimmune disease in
mice.
Fc (fragment, crystalline). A proteolytic fragment of
IgG that contains only the disulfide-linked carboxyterminal regions of the two heavy chains. Fc is also
used to describe the corresponding region of an intact
Ig molecule that mediates effector functions by
binding to cell surface receptors or the Clq complement protein. (Fc fragments are so named because
they tend to crystallize out of solution.)
Fc receptor. A cell surface receptor specific for the
carboxy-terminal constant region of an Ig molecule.
Fc receptors are typically multichain protein complexes that include signaling components and Igbinding components. Several types of Fc receptors
exist, including those specific for different IgG isotypes, IgE, and IgA. Fc receptors mediate many of the
cell-dependent
effector functions of antibodies,
including phagocytosis of antibody-bound antigens,
antigen-induced activation of mast cells, and targeting and activation of NK cells.
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Fc£RI. A high-affinity receptor for the carboxy-terminal
constant region of IgE molecules that is expressed on
mast cells and basophils. FCERI molecules on mast
cells are usually occupied by IgE, and antigen-induced
cross-linking of these IgE-FcERI complexes activates
the mast cell and initiates immediate hypersensitivity
reactions.
Fey receptor (FeyR). A specific cell surface receptor for
the carboxy-terminal constant region of IgG molecules. There are several different types of Fey receptors, including a high-affinity FeyRI that mediates
phagocytosis by macrophages and neutrophils, a lowaffinity FcyRIIB that transduces inhibitory signals in B
cells, and a low-affinity FcyRIIlA that mediates targeting and activation of NK cells.
First-set rejection. Allograft rejection in an individual
who has not previously received a graft or otherwise
been exposed to tissue alloantigens from the same
donor. First-set rejection usually takes about 7 to
10 days.
FK-506. An immunosuppressive
drug used to prevent
allograft rejection that functions by blocking T cell
cytokine gene transcription, similar to cyclosporine.
FK-506 binds to a cytosolic protein called FK506-binding protein, and the resulting complex
binds to calcineurin, thereby inhibiting activation
and nuclear translocation of the transcription factor
NFA1~
Flow cytometry. A method of analysis of the phenotype
of cell populations requiring a specialized instrument
(flow cytometer) that can detect fluorescence on individual cells in a suspension and thereby determine the
number of cells expressing the molecule to which a
fluorescent probe binds. Suspensions of cells are incubated with fluorescently labeled antibodies or other
probes, and the amount of probe bound by each cell
in the population is measured by passing the cells one
at a time through a fluorimeter with a laser-generated
incident beam.
Fluorescence-activated
cell sorter (FACS). An adaptation of the flow cytometer that is used for the purification of cells from a mixed population according to
which and how much fluorescent probe the cells bind.
Cells are first stained with fluorescently labeled probe,
such as an antibody specific for a surface antigen of a
cell population. The cells are then passed one at a time
through a fluorimeter with a laser-generated incident
beam and are differentially deflected by electromagnetic fields whose strength and direction are varied
according to the measured intensity of the fluorescence signal.
Follicle. See Lymphoid follicle.
Follicular dendritic cells. Cells found in lymphoid follicles that express complement receptors, Fc receptors,
and CD40 ligand and have long cytoplasmic processes
that form a meshwork integral to the architecture of
a lymphoid follicle. Follicular dendritic cells display
antigens on their surface for B cell recognition and are
involved in the activation and selection of B cells
expressing high-affinity membrane Ig during the
process of affinity maturation.

N-Formylmethionine.
An amino acid that initiates all
bacterial proteins and no mammalian
proteins
(except those synthesized within mitochondria) and
serves as a signal to the innate immune system of
infection. Specific receptors for N-formylmethioninecontaining peptides are expressed on neutrophils and
mediate activation of the neutrophils.
FoxP3. A forkhead family transcription factor expressed
by, and required for the development of, CD4+ regulatory T cells. Mutations in FoxP3 in mice and humans
result in an absence of CD25+ regulatory T cells and
multisystem autoimmune disease.
yo l' cell receptor (yoTCR). A form ofTCR that is distinct
from the more common a~ TCR and is expressed on a
subset of l' cells found mostly in epithelial barrier
tissues. Although structurally similar to the a~ TCR,
the forms of antigen recognized by y<>TCRs are poorly
understood; they do not recognize peptide complexes
bound to polymorphic MHC molecules.
G protein-coupled receptor family. A diverse family of
receptors for hormones, lipid inflammatory mediators, and chemokines that use associated trimeric G
proteins for intracellular signaling.
G proteins. Proteins that bind guanyl nucleotides and
act as exchange molecules by catalyzing the replacement of bound guanosine diphosphate (GDP) by
guanosine triphosphate (GTP). G proteins with bound
GTP can activate a variety of cellular enzymes in different signaling cascades. Trimeric GTP-binding proteins are associated with the cytoplasmic portions of
many cell surface receptors, such as chemokine receptors. Other small soluble G proteins, such as Ras and
Rac, are recruited into signaling pathways by adapter
proteins.
GATA3. A transcription factor that promotes the differentiation of 1'112cells from naive l' cells.
Generative lymphoid organ. An organ in which lymphocytes develop from immature precursors. The
bone marrow and thymus are the major generative
lymphoid organs in which B cells and l' cells develop,
respectively.
Germinal center. A lightly staining region within a lymphoid follicle in spleen, lymph node, or mucosallymphoid tissue that forms during l' cell-dependent
humoral immune responses and is the site of B cell
affinity maturation.
Germline organization. The inherited arrangement of
variable, diversity, joining, and constant region gene
segments ofthe antigen receptor loci in nonlymphoid
cells or in immature lymphocytes. In developing B or
l' lymphocytes, the germline organization is modified
by somatic recombination to form functional Ig or
TCR genes.
Glomerulonephritis.
Inflammation of the renal glomeruli, often initiated by immunopathologic mechanisms such as deposition of circulating antigenantibody complexes in the glomerular basement
membrane or binding of antibodies to antigens
expressed in the glomerulus. The antibodies can activate complement and phagocytes, and the resulting
inflammatory response can lead to renal failure.
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Graft. A tissue or organ that is removed from one site
and placed in another site, usually in a different
individual.
Graft arteriosclerosis.
Occlusion of graft arteries caused
by proliferation of intimal smooth muscle cells. This
process is evident within 6 months to a year after
transplantation and is responsible for chronic rejection of vascularized organ grafts. The mechanism is
likely to be a result of a chronic immune response to
vessel wall alloantigens. Graft arteriosclerosis is also
called accelerated arteriosclerosis.
Graft rejection. A specific immune response to an organ
or tissue graft that leads to inflammation, damage,
and possibly graft failure.
Graft-versus-host disease. A disease occurring in bone
marrow transplant recipients that is caused by the
reaction of mature T cells in the marrow graft with
alloantigens on host cells. The disease most often
affects the skin, liver, and intestines.
Granulocyte
colony-stimulating
factor (G-CSF). A
cytokine made by activated T cells, macrophages, and
endothelial cells at sites of infection that acts on bone
marrow to increase the production of and mobilize
neutrophils to replace those consumed in inflammatory reactions.
Granulocyte-monocyte
colony-stimulating factor (GMCSF). A cytokine made by activated T cells,
macrophages, endothelial cells, and stromal fibroblasts that acts on bone marrow to increase the production of neutrophils and monocytes. GM-CSF is
also a macrophage-activating
factor and promotes
the differentiation of Langerhans cells into mature
dendritic cells.
Granuloma. A nodule of inflammatory tissue composed of clusters of activated macro phages and T lymphocytes, often with associated necrosis and fibrosis.
Granulomatous inflammation is a form of chronic
delayed-type hypersensitivity, often in response to
persistent microbes, such as Mycobacterium tuberculosis and some fungi, or in response to particulate
antigens that are not readily phagocytosed.
Granzyme. A serine protease enzyme found in the granules of CTLs and NK cells that is released by exocytosis, enters target cells, and proteolytically cleaves and
activates caspases, which in turn cleave several substrates and induce target cell apoptosis.
H-2 molecule. An MHC molecule in the mouse. The
mouse MHC was originally called the H-2 locus.
Haplotype. The set of MHC alleles inherited from one
parent and therefore on one chromosome.
Hapten. A small chemical that can bind to an antibody
but must be attached to a macromolecule (carrier) to
stimulate an adaptive immune response specific for
that chemical. For example, immunization with dinitrophenol (ONP) alone will not stimulate an anti-ONP
antibody response, but immunization with a protein
with covalently bonded ONP hapten will.
Heavy chain class (isotype) switching. The process by
which a B lymphocyte changes the class, or isotype, of
the antibodies that it produces, from IgM to IgG, IgE,
or 19A,without changing the antigen specificity of the

antibody. Heavy chain class switching is regulated by
helper T cell cytokines and C040 ligand and involves
recombination of B cell VOJ segments with downstream heavy chain gene segments.
Helminth. A parasitic worm. Helminthic infections
often elicit TlI2-regulated immune responses characterized by eosinophil-rich inflammatory infiltrates
and IgE production.
Helper T cells. The functional subset of T lymphocytes
whose main effector functions are to activate
macro phages in cell-mediated immune responses
and to promote B cell antibody production in humoral
immune responses. These effector functions are
mediated by secreted cytokines and by T cell C040
ligand binding to macrophage or B cell C040. Most
helper T cells express the C04 molecule.
Hematopoiesis. The development
of mature blood
cells, including erythrocytes, leukocytes, and platelets,
from pluripotent stem cells in the bone marrow and
fetal liver. Hematopoiesis is regulated by several different cytokine growth factors produced by bone
marrow stromal cells, T cells, and other cell types.
Hematopoietic
stem cell. An undifferentiated
bone
marrow cell that divides continuously and gives rise to
additional stem cells and cells of multiple different lineages. A hematopoietic stem cell in the bone marrow
will give rise to cells of the lymphoid, myeloid, and
erythrocytic lineage.
High endothelial venules (HEVs). Specialized venules
that are the sites oflymphocyte extravasation from the
blood into the stroma of a peripheral lymph node or
mucosal lymphoid tissue. HEVs are lined by plump
endothelial cells that protrude into the vessel lumen
and express unique adhesion molecules involved in
binding naive T cells.
Highly active antiretroviral therapy (HAART). Combination chemotherapy for HIV infection consisting of
reverse transcriptase inhibitors and a viral protease
inhibitor. HAART can reduce plasma virus titers to
below detectable levels for more than I year and slow
the progression of HIV disease.
Hinge region. A region of Ig heavy chains between the
first two constant domains that can assume multiple
conformations, thereby imparting flexibility in the orientation of the two antigen-binding sites. Because of
the hinge region, an antibody molecule can simultaneously bind two epitopes that are anywhere within a
range of distances from one another.
Histamine. A biogenic amine stored in the granules of
mast cells that is one of the important mediators of
immediate hypersensitivity. Histamine binds to specific receptors in various tissues and causes increased
vascular permeability and contraction of bronchial
and intestinal smooth muscle.
HLA. See Human leukocyte antigens.
HLA-DM. A peptide exchange molecule that plays a
critical role in the class II MHC pathway of antigen
presentation. HLA-OM is found in the specialized
MIIC endosomal compartment
and facilitates removal ofthe invariant chain-derived CLIP peptide and
the binding of other peptides to class II MHC mole-
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cules. HLA-DM is encoded by a gene in the MHC and
is structurally similar to class II MHC molecules, but
it is not polymorphic.
Homeostasis. In the adaptive immune system, the
maintenance of a constant number and diverse repertoire of lymphocytes, despite the emergence of new
lymphocytes and tremendous expansion of individual
clones that may occur during responses to immunogenic antigens. Homeostasis
is achieved by
several regulated pathways of lymphocyte death and
inactivation.
Homing receptor. Adhesion molecules expressed on
the surface of lymphocytes that are responsible for the
different pathways of lymphocyte recirculation and
tissue homing. Homing receptors bind to Iigands
(addressins) expressed on endothelial cells in particular vascular beds.
Human immunodeficiency
virus (HIV). The etiologic
agent of AIDS. HIV is a retrovirus that infects a variety
of cell types, including CD4-expressing helper T cells,
macrophages, and dendritic cells, and causes chronic
progressive destruction of the immune system.
Human leukocyte antigens (HLAs). MHC molecules
expressed on the surface of human cells. Human MHC
molecules were first identified as alloantigens on the
surface of white blood cells (leukocytes) that bound
serum antibodies from individuals previously exposed
to other individuals' cells (e.g., mothers or transfusion
recipients).
Humanized antibody. A monoclonal antibody encoded
by a recombinant hybrid gene and composed of the
antigen-binding
sites from a murine monoclonal
antibody and the constant region of a human antibody. Humanized antibodies are less likely than
mouse monoclonal antibodies to induce an antiantibody response in humans; they are used clinically
in the treatment of tumors and transplant rejection.
Humoral immunity. The type of adaptive immune
response mediated by antibodies produced by B lymphocytes. Humoral immunity is the principal defense
mechanism against extracellular microbes and their
toxins.
Hybridoma. A cell line derived by cell fusion, or somatic
cell hybridization, between a normal lymphocyte and
an immortalized
lymphocyte tumor line. B cell
hybridomas created by fusion of normal B cells of
defined antigen specificity with a myeloma cell line
are used to produce monoclonal antibodies. T cell
hybridomas created by fusion of a normal T cell of
defined specificity with a T cell tumor line are commonly used in research.
Hyperacute rejection. A form of allograft or xenograft
rejection that begins within minutes to hours after
transplantation and that is characterized by thrombotic occlusion of the graft vessels. Hyperacute rejection is mediated by preexisting antibodies in the host
circulation that bind to donor endothelial antigens,
such as blood group antigens or MHC molecules, and
activate the complement system.
Hypersensitivity
diseases. Disorders caused by immune responses. Hypersensitivity diseases include

autoimmune diseases, in which immune responses
are directed against self antigens, and diseases that
result from uncontrolled
or excessive responses
against foreign antigens, such as microbes and allergens. The tissue damage that occurs in hypersensitivity diseases is due to the same effector mechanisms
used by the immune system to protect against
microbes.
Hypervariable loop (hypervariable region). Short segments of about 10 amino acid residues within the variable regions of antibody or TCR proteins that form
loop structures that contact antigen. Three hypervariable loops, also called CDRs, are present in each antibody heavy chain and light chain and in each TCR
chain. Most of the variability between different antibodies or TCRs is located within these loops.
Idiotype. The property of a group of antibodies or TCRs
defined by their sharing a particular idiotope; that is,
antibodies that share a particular idiotope belong to
the same idiotype. Idiotype is also used to describe the
collection of idiotopes expressed by an Ig molecule,
and it is often used synonymously with idiotope.
Idiotypic network. A network of complementary interactions involving idiotypes and anti-idiotypic antibodies (or T cells) that, according to the network
hypothesis, reach a steady state at which the immune
system is at homeostasis. Theoretically, when one or
a few clones of lymphocytes respond to a foreign
antigen, their idiotypes are expanded and antiidiotype responses are triggered that function to shut
off the antigen-specific response.
Iga. and Ig~. Proteins that are required for surface
expression and signaling functions of membrane Ig on
B cells. Iga. and Ig~ pairs are disulfide linked to one
another, noncovalently associated with the cytoplasmic tail of membrane Ig, and form the BCR complex.
The cytoplasmic domains of Iga. and Ig~ contain
ITAMs that are involved in early signaling events
during antigen-induced B cell activation.
IL-I receptor antagonist (lL-Ira). A natural inhibitor of
IL-I produced by mononuclear phagocytes that is
structurally homologous to IL-l and binds to the same
receptors but is biologically inactive. Attempts to use
IL-l inhibitors to reduce inflammation in diseases
such as rheumatoid arthritis are ongoing.
Immature B lymphocyte. A membrane IgM+, IgD- B
cell, recently derived from marrow precursors, that
does not proliferate or differentiate in response to
antigens but rather may undergo apoptotic death or
become functionally unresponsive. This property is
important for the negative selection of B cells that are
specific for self antigens present in the bone marrow.
Immediate hypersensitivity. The type of immune reaction responsible for allergic diseases and dependent
on IgE plus antigen-mediated
stimulation of tissue
mast cells and basophils. The mast cells and basophils
release mediators that cause increased vascular permeability, vasodilation, bronchial and visceral smooth
muscle contraction, and local inflammation.
Immune complex. A multimolecular complex of antibody molecules with bound antigen. Because each
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antibody molecule has a minimum of two antigenbinding sites and many antigens are mutivalent,
immune complexes can vary greatly in size. Immune
complexes activate effector mechanisms of humoral
immunity, such as the classical complement pathway
and Fc receptor-mediated
phagocyte activation.
Deposition of circulating immune complexes in blood
vessel walls or renal glomeruli can lead to inflammation and disease.
Immune complex disease. An inflammatory disease
caused by the deposition of antigen-antibody complexes in blood vessel walls resulting in local complement activation and phagocyte recruitment. Immune
complexes may form because of overproduction of
antibodies to microbial antigens or as a result of
autoantibody production in the setting of an autoimmune disease such as systemic lupus erythematosus.
Immune complex deposition in the specialized capillary basement membranes of renal glomeruli can
cause glomerulonephritis
and impair renal function.
Systemic deposition of immune complexes in arterial
walls can cause thrombosis and ischemic damage to
various organs.
Immune deviation. The conversion of a T cell response
associated with one set of cytokines, such as Till
cytokines that stimulate cell-mediated immunity, to a
response associated with other cytokines. such as TII2
cytokines that stimulate the production of selected
antibody isotypes.
Immune inflammation.
Inflammation that is a result of
an adaptive immune response to antigen. The cellular
infiltrate at the inflammatory site may include cells of
the innate immune system such as neutrophils and
macro phages, which are recruited as a result of the
actions ofT cell cytokines.
Immune
response. A collective and coordinated
response to the introduction of foreign substances in
an individual mediated by the cells and molecules of
the immune system.
Immune response (lr) genes. Originally defined as
genes in inbred strains of rodents that were inherited
in a dominant mendelian manner and that controlled
the ability of the animals to make antibodies against
simple synthetic polypeptides. We now know that Ir
genes are polymorphic MHC genes that encode
peptide-binding molecules required for the activation
of T lymphocytes and are therefore also required for
helperT cell-dependent B cell (antibody) responses to
protein antigens.
Immune surveillance. The concept that a physiologic
function of the immune system is to recognize and
destroy clones of transformed cells before they grow
into tumors and to kill tumors after they are formed.
The term immune surveillance is sometimes used in a
general sense to describe the function of T lymphocytes to detect and destroy any cell, not necessarily a
tumor cell, that is expressing foreign (e.g., microbial)
antigens.
Immune system. The molecules, cells, tissues. and
organs that collectively function to provide immunity,
or protection, against foreign organisms.

Immunity. Protection against disease. usually infectious disease, mediated by a collection of molecules.
cells, and tissues collectively called the immune
system. In a broader sense, immunity refers to the
ability to respond to foreign substances. including
microbes or molecules.
Immunoblot. An analytical technique in which antibodies are used to detect the presence of an antigen
bound to (Le., blotted on) a solid matrix such as filter
paper (also known as a Western blot).
Immunodominant
epitope. A linear amino acid
sequence of a multideterminant
protein antigen for
which most of the respondingT cells in any individual
are specific. lmmunodominant
epitopes correspond
to the peptides proteolytically generated within APCs
that bind most avidly to MHC molecules and are most
likely to stimulate T cells.
Immunofluorescence.
A technique in which a molecule
is detected by use of an antibody labeled with a fluorescent probe. For example, in immunofluorescence
microscopy, cells that express a particular surface
antigen can be stained with a fluorescein-conjugated
antibody specific for the antigen and then visualized
with a fluorescent microscope.
Immunogen. An antigen that induces an immune
response. Not all antigens are immunogens. For
example, small molecular weight compounds may not
stimulate an immune response unless they are linked
to macromolecules.
Immunoglobulin (lg). Synonymous with antibody (see
Antibody).
Immunoglobulin domain. A three-dimensional globular structural motif found in many proteins in the
immune system, including Igs. TCRs. and MHC molecules. Ig domains are about 110 amino acid residues
in length, include an internal disulfide bond. and
contain two layers of ~-pleated sheets, each layer
composed of three to five strands of anti parallel
polypeptide chain. Ig domains are classified as V-like
or C-like on the basis of closest homology to either the
Ig V or C domains.
Immunoglobulin
heavy chain. One of two types of
polypeptide chains in an antibody molecule. The
basic structural unit of an antibody includes two identical. disulfide-linked heavy chains and two identical
light chains. Each heavy chain is composed of a variable (V) Ig domain and three or four constant (C) 19
domains. The different antibody isotypes, including
IgM, IgD. IgG, 19A.and IgE, are distinguished by structural differences in their heavy chain constant regions.
The heavy chain constant regions also mediate effector functions, such as complement activation or
engagement of phagocytes.
Immunoglobulin
light chain. One of two types of
polypeptide chains in an antibody molecule. The
basic structural unit of an antibody includes two identical light chains, each disulfide linked to one of two
identical heavy chains. Each light chain is composed
of one variable (V) Ig domain and one constant (C) Ig
domain. There are two light chain isotypes. called K
and A. both functionally identical. About 60% of
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human antibodies have K"light chains and 40% have A
light chains.
Immunoglobulin
superfamily. A large family of proteins that contain a globular structural motif called an
Ig domain, or Ig fold, originally described in antibodies. Many proteins of importance in the immune
system, including antibodies, TCRs, MHC molecules,
C04, and COB, are members of this superfamily.
Immunohistochemistry.
A technique to detect the
presence of an antigen in histologic tissue sections by
use of an enzyme-coupled antibody that is specific for
the antigen. The enzyme converts a colorless substrate
to a colored insoluble substance that precipitates at
the site where the antibody and thus the antigen are
localized. The position of the colored precipitate, and
therefore the antigen, in the tissue section is observed
by conventional
light microscopy. Immunohistochemistry is a routine technique in diagnostic pathology and various fields of research.
Immunological tolerance. See Tolerance.
Immunologically privileged site. Asite in the body that
is inaccessible to or constitutively suppresses immune
responses. The anterior chamber of the eye, the testes,
and the brain are examples of immunologically privileged sites.
Immunoperoxidase
technique. A common immunohistochemical
technique in which a horseradish
peroxidase-coupled
antibody is used to identify the
presence of an antigen in a tissue section. The peroxidase enzyme converts a colorless substrate to an
insoluble brown product that is observable by light
microscopy.
Immunoprecipitation.
A technique for the isolation of
a molecule from a solution by binding it to an antibody and then rendering the antigen-antibody
complex insoluble, either by precipitation with a
second anti-antibody or by coupling the first antibody
to an insoluble particle or bead.
Immunoreceptor
tyrosine-based
activation
motif
(ITAM). A conserved motif composed oftwo copies of
the sequence tyrosine-X-X-Ieucine (where X is an
unspecified amino acid) found in the cytoplasmic tails
of various membrane proteins in the immune system
that are involved in signal transduction. ITAMs are
present in the 1;and C03 proteins of the TCR complex,
in Iga and 19p proteins in the BCR complex, and
in several Ig Fc receptors. When these receptors
bind their ligands, the tyrosine residues of the
ITAMs become phosphorylated
and form docking
sites for other molecules involved in propagating cellactivating signal transduction pathways.
Immunoreceptor
tyrosine-based
inhibition
motif
(ITIM). A six-amino acid (isoleucine-X-tyrosine-X-Xleucine) motif found in the cytoplasmic tails ofvarious
inhibitory receptors in the immune system, including
FcyRIIB on B cells and killer cell Ig-like receptors (KIR)
on NK cells. When these receptors bind their ligands,
the ITIMs become phosphorylated on their tyrosine
residue and form a docking site for protein tyrosine
phosphatases, which in turn function to inhibit other
signal transduction pathways.

Immunosuppression.
Inhibition of one or more components of the adaptive or innate immune system as
a result of an underlying disease or intentionally
induced by drugs for the purpose of preventing
or treating graft rejection or autoimmune disease.
A commonly used immunosuppressive
drug is
cyclosporine, which blocks T cell cytokine production.
Immunotherapy.
The treatment of a disease with therapeutic agents that promote or inhibit immune
responses. Cancer immunotherapy,
for example,
involves promoting active immune responses to
tumor antigens or administering anti-tumor antibodies or T cells to establish passive immunity.
Immunotoxins. Reagents that may be used in the treatment of cancer and consist of covalent conjugates of
a potent cellular toxin, such as ricin or diphtheria
toxin, with antibodies specific for antigens expressed
on the surface of tumor cells. It is hoped that such
reagents can specifically target and kill tumor cells
without damaging normal cells, but safe and effective
immunotoxins have yet to be developed.
Inbred mouse strain. A strain of mice created by repetitive mating of siblings that is characterized by
homozygosity at every genetic locus. Every mouse of
an inbred strain is genetically identical (syngeneic) to
every other mouse of the same strain.
Indirect antigen presentation (or indirect allorecognition). In transplantation immunology, a pathway of
presentation of donor (allogeneic) MHC molecules by
recipient APCs that involves the same mechanisms
used to present microbial proteins. The allogeneic
MHC proteins are processed by recipient professional
APCs, and pep tides derived from the allogeneic MHC
molecules are presented, in association with recipient
(self) MHC molecules, to host T cells. In contrast
to indirect antigen presentation, direct antigen presentation involves recipient T cell recognition of
unprocessed
allogeneic MHC molecules on the
surface of graft cells.
Inflammation. A complex reaction of vascularized
tissue to infection, toxin exposure, or cell injury, which
involves extravascular accumulation of plasma proteins and leukocytes. Acute inflammation
is a
common result of innate immune responses, and local
adaptive immune responses can also promote inflammation. Although inflammation serves a protective
function in controlling infections and promoting
tissue repair, it can also cause tissue damage and
disease.
Inflammatory bowel disease (IBD). A group of disorders, including ulcerative colitis and Crohn's disease,
characterized by chronic inflammation in the gastrointestinal tract. The etiology of IBO is not known,
but some evidence indicates that immune mechanisms may be involved. IBO develops in gene knockout mice lacking IL-2, IL-IO, or the TCR a chain.
Innate immunity. Protection against infection that
relies on mechanisms that exist before infection, are
capable of a rapid response to microbes, and react in
essentially the same way to repeated infections. The
innate immune system includes epithelial barriers,
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phagocytic cells (neutrophils, macrophages), NK cells,
the complement system, and cytokines, largely made
by mononuclear phagocytes, that regulate and coordinate many of the activities of the cells of innate
immunity.
Inositoll,4,5-triphosphate
(lP3). A cytoplasmic signaling molecule generated by phospholipase C (PLCyl)mediated
hydrolysis of the plasma membrane
phospholipid PIP2 during antigen activation of lymphocytes. The main function of IP3 is to stimulate
the release of intracellular stores of calcium from
membrane-bound
compartments such as the endoplasmic reticulum.
Insulin-dependent
diabetes mellitus. A disease characterized by a lack of insulin that leads to various metabolic and vascular abnormalities.
The insulin
deficiency results from autoimmune destruction of
the insulin-producing
~ cells of the islets of Langerhans in the pancreas, usually during childhood. CD4+
and CD8+'I' cells, antibodies, and cytokines have been
implicated in the islet cell damage. Also called type I
diabetes mellitus.
Integrins. Heterodimeric cell surface proteins whose
major functions are to mediate the adhesion ofleukocytes to other leukocytes, endothelial cells, and extracellular matrix proteins. Integrins are important forT
cell interactions with APCs and for migration ofleukocytes from blood into tissues. The ligand-binding
affinity of the integrins can be regulated by various
stimuli, and the cytoplasmic domains of integrins
bind to the cytoskeleton. There are two main subfamilies of integrins; the members of each family express
a conserved ~ chain (~" or CD29, and ~2' or CDI8)
associated with different a chains. VLA-4 (very late

activation protein-4) is a ~I integrin expressed on

'I'

cells, and LFA-I (leukocyte function-associated
antigen-I) is a ~2 integrin expressed on 'I' cells and
phagocytes.
Interferon-y (IFN -y). A cytokine produced by 'I' lymphocytes and NK cells whose principal function is to activate macrophages in both innate immune responses
and adaptive cell-mediated immune responses. (lFNy is also called immune or type II interferon.)
Interleukin (lL). Another name for a cytokine originally used to describe a cytokine made by leukocytes that acts on leukocytes. The term is now
generally used with a numerical suffix to designate a
structurally defined cytokine regardless of its source or
target.
Interleukin-I
(IL-I). A cytokine produced mainly by
activated mononuclear phagocytes whose principal
function is to mediate host inflammatory responses in
innate immunity. The two forms of IL-I (a and ~) bind
to the same receptors and have identical biologic
effects, including induction of endothelial cell adhesion molecules, stimulation of chemokine production
by endothelial cells and macrophages, stimulation of
the synthesis of acute-phase reactants by the liver, and
fever.
Interleukin-2 (lL-2). A cytokine produced by antigenactivated 'I' cells that acts in an autocrine manner to

stimulate 'I' cell proliferation and also potentiates the
apoptotic cell death of antigen-activated 'I' cells. Thus,
IL-2 is required for both the induction and self-

regulation of

'I'

cell-mediated immune responses.

IL-2 also stimulates the proliferation and effector
functions of NK cells and B cells.
Interleukin-3 (lL-3). A cytokine produced by CD4+ 'I'
cells that promotes the expansion of immature
marrow progenitors of all known mature blood cell
types. IL-3 is also known as multilineage colonystimulating factor.
Interleukin-4 (lL-4). A cytokine produced mainly by the
'1'112subset of CD4+ helper 'I' cells whose functions
include induction of differentiation of '1'112cells from
naive CD4+ precursors, stimulation of IgE production
by B cells, and suppression of IFN-y-dependent
macrophage functions.
Interleukin-5 (lL-5). A cytokine produced by CD4+ '1'1{2
cells and activated mast cells that stimulates the
growth and differentiation of eosinophils and activates mature eosinophils.
Interleukin-6 (IL-6). A cytokine produced by many cell
types, including activated mononuclear phagocytes,
endothelial cells, and fibroblasts, that functions in
both innate and adaptive immunity. IL-6 stimulates
the synthesis of acute-phase proteins by hepatocytes
as well as the growth of antibody-producing
B
lymphocytes.
Interleukin-7
(IL-7). A cytokine secreted by bone
marrow stromal cells that stimulates survival and
expansion of immature, but lineage-committed, precursors of B and 'I' lymphocytes.
Interleukin-IO (lL-lO). A cytokine produced by activated macro phages and some helper 'I' cells whose
major function is to inhibit activated macro phages
and therefore to maintain homeostatic control of
innate and cell-mediated immune reactions.
Interleukin-12
(lL-12). A cytokine
produced
by
mononuclear phagocytes and dendritic cells that
serves as a mediator of the innate immune response
to intracellular microbes and is a key inducer of cellmediated immune responses to these microbes. IL-12
activates NK cells, promotes IFN-y production by NK
cells and 'I' cells, enhances the cytolytic activity of
NK cells and CTLs, and promotes the development of
'1'111cells.

Interleukin-15
(IL-15). A cytokine
produced
by
mononuclear phagocytes and other cells in response
to viral infections whose principal function is to stimulate the proliferation of NK cells. It is structurally
similar to IL-2.
Interleukin- I 7 (lL-l7). A family of structurally related
pro-inflammatory
cytokines, some of which cause
tissue damage in autoimmune disease, and others
which protect against bacterial infections. IL-17producing CD4+ effector 'I' cells are a distinct lineage
from '1'111or '1'112cells,

called

'1'1117.

Interleukin-18
(lL-18). A cytokine
produced
by
macrophages in response to LPS and other microbial
products that functions together with IL-12 as an
inducer of cell-mediated immunity. IL-18 synergizes
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with IL-12 in stimulating the production of IFN-y by
NK cells and T cells. IL-18 is structurally homologous
to but functionally different from IL-I.
Intracellular bacterium. A bacterium that survives or
replicates within cells, usually in endosomes. The
principal defense against intracellular bacteria, such
as Mycobacterium
tuberculosis, is cell-mediated
immunity.
Intraepidermal
lymphocytes. T lymphocytes found
within the epidermal layer of the skin. In the mouse,
most of the intraepidermal T cells express the yo form
ofTCR (see Intraepithelial T lymphocytes).
Intraepithelial T lymphocytes. T lymphocytes present
in the epidermis of the skin and in mucosal epithelia
that typically express a limited diversity of antigen
receptors. Some of these lymphocytes may recognize
microbial products, such as glycolipids, associated
with non polymorphic class I MHC-like molecules.
Intraepithelial T lymphocytes may be considered
effector cells of innate immunity and function in host
defense by secreting cytokines and activating phagocytes and by killing infected cells.
Invariant chain (It). A non polymorphic protein that
binds to newly synthesized class II MHC molecules in
the endoplasmic reticulum. The invariant chain prevents loading of the class II MHC peptide-binding
cleft with peptides present in the endoplasmic reticulum, and such peptides are left to associate with class
I molecules. The invariant chain also promotes folding
and assembly of class II molecules and directs newly
formed class II molecules to the specialized endosomal MIIC compartment, where peptide loading takes
place.
Isotype. One of five types of antibodies, determined by
which of five different forms of heavy chain are
present. Antibody isotypes include IgM, IgD, IgG, 19A,
and IgE, and each isotype performs a different set of
effector functions. Additional structural variations
characterize distinct subtypes of IgG and 19A.
J chain. A small polypeptide that is disulfide bonded to
the tail pieces of multimeric IgM and IgA antibodies.
JAK/STATsignaling pathway. A signaling pathway initiated by cytokine binding to type I and type II cytokine
receptors. This pathway sequentially involves activation of receptor-associated Janus kinase (JAK)tyrosine
kinases. JAK-mediated tyrosine phosphorylation
of
the cytoplasmic tails of cytokine receptors, docking of
signal transducers and activators of transcription
(STATs) to the phosphorylated receptor chains, JAKmediated tyrosine phosphorylation of the associated
Slf\Ts. dimerization and nuclear translocation of the
STATs. and STAT binding to regulatory regions of
target genes causing transcriptional
activation of
those genes.
Janus kinases OAK kinases). A family of tyrosine
kinases that associate with the cytoplasmic tails of
several different cytokine receptors, including the
receptors for IL-2, IL-4, IFN-y, IL-12, and others. In
response to cytokine binding and receptor dimerization, JAKs phosphorylate the cytokine receptors to
permit the binding of STATs,and then the JAKs phos-

phorylate and thereby activate the STATs.Different JAK
kinases associate with different cytokine receptors.
Joining (J) segments. Short coding sequences, between
the variable (V) and constant (C) gene segments in all
the Ig and TCR loci, that together with D segments are
somatically recombined with V segments during lymphocyte development. The resulting recombined VD}
DNA codes for the carboxy-terminal ends of the
antigen receptor V regions, including the third hypervariable (COR) regions. Random use of different J segments contributes to the diversity of the antigen
receptor repertoire.
Junctional diversity. The diversity in antibody and TCR
repertoires that is attributed to the random addition
or removal of nucleotide sequences at junctions
between V.0, and J gene segments.
Kaposi's sarcoma. A malignant tumor of vascular cells
that frequently arises in patients with AIDS. Kaposi's
sarcoma is associated with infection by the Kaposi's
sarcoma-associated
herpesvirus (human herpesvirus
8).
Killer Ig-like receptors (KIRs). Ig superfamily receptors
expressed by NK cells that recognize different alleles
of HLA-A, HLA-B, and HLA-C molecules. Some KIRs
have signaling components with ITIMs in their cytoplasmic tails. and these deliver inhibitory signals to
inactivate the NK cells. Some members of the KIR
family have short cytoplasmic tails without ITIMs, but
associate with other ITAM-containing polypeptides
and function as activating receptors.
Knockout mouse. A mouse with a targeted disruption
of one or more genes that is created by homologous
recombination techniques. Knockout mice lacking
functional genes encoding cytokines, cell surface
receptors, signaling molecules, and transcription
factors have provided extensive information about the
roles of these molecules in the immune system.
Langerhans cells. Immature dendritic cells found as a
continuous meshwork in the epidermal layer of the
skin whose major function is to trap and transport
protein antigens to draining lymph nodes. During
their migration to the lymph nodes, Langerhans cells
mature into lymph node dendritic cells. which can
efficiently present antigen to naive T cells.
Large granular lymphocyte. Another name for an NK
cell based on the morphologic appearance of this cell
type in the blood.
Late-phase reaction. A component of the immediate
hypersensitivity reaction that ensues 2 to 4 hours after
mast cell and basophil degranulation and that is characterized by an inflammatory infiltrate of eosinophils,
basophils, neutrophils, and lymphocytes. Repeated
bouts of this late-phase inflammatory reaction can
cause tissue damage.
Lck. An Src family nonreceptor tyrosine kinase that
noncovalently associates with the cytoplasmic tails of
CD4 and CD8 molecules in T cells and is involved in
the early signaling events of antigen-induced T cell
activation. Lck mediates tyrosine phosphorylation of
the cytoplasmic tails of CD3 and 1;,proteins of the TCR
complex.
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Lectin pathway of complement activation. A pathway
of complement activation triggered, in the absence of
antibody, by the binding of microbial polysaccharides
to circulating lectins such as MBL. MBL is structurally
similar to Clq and activates the Clr-Cls enzyme
complex (like Clq) or activates another serine
esterase, called mannose-binding
protein-associated
serine esterase. The remaining steps of the lectin
pathway, beginning with cleavage of C4, are the same
as the classical pathway.
Leishmania. An obligate intracellular protozoan parasite that infects macro phages and can cause a chronic
inflammatory disease involving many tissues. Leishmania infection in mice has served as a model system
for study of the effector functions of several cytokines
and the helper T cell subsets that produce them. Till
responses to Leishmania major and associated IFN-y
production control infection, whereas TII2 responses
with IL-4 production lead to disseminated lethal
disease.
Lethal hit. A term used to describe the events that result
in irreversible damage to a target cell when a CTL
binds to it. The lethal hit includes CTL granule exocytosis, perforin polymerization in the target cell
membrane, and entry of calcium ions and apoptosisinducing enzymes (granzymes) into the target cell
cytoplasm.
Leukemia. A malignant disease of bone marrow precursors of blood cells in which large numbers of
leukemic cells usually occupy the bone marrow and
often circulate in the blood stream. Lymphocytic
leukemias are derived from B or T cell precursors,
myelogenous leukemias are derived from granulocyte
or monocyte precursors, and erythroid leukemias are
derived from red blood cell precursors.
Leukocyte adhesion deficiency (LAD). One of a rare
group of immunodeficiency diseases with infectious
complications that is caused by defective expression
of the leukocyte adhesion molecules required for
tissue recruitment of phagocytes and lymphocytes.
LAD-l is due to mutations in the gene encoding the
CDl8 protein, which is part of ~2 integrins. LAD-2 is
caused by mutations in a gene that encodes a fucose
transporter involved in the synthesis of leukocyte
ligands for endothelial selectins.
Leukotrienes. A class of arachidonic acid-derived lipid
inflammatory mediators produced by the lipoxygenase pathway in many cell types. Mast cells make
abundant leukotriene C4 (LTC4) and its degradation
products LTD4and LTE4'which bind to specific receptors on smooth muscle cells and cause prolonged
bronchoconstriction.
Leukotrienes contribute to the
pathologic processes of bronchial asthma. Collectively, LTC4,LTD4' and LTE4constitute what was once
called slow-reacting substance of anaphylaxis.
Lipopolysaccharide.
Synonymous with endotoxin.
Live viral vaccine. A vaccine composed of a live but
nonpathogenic (attenuated) form of a virus. Attenuated viruses carry mutations that interfere with the
viral life cycle or pathogenesis. Because live virus vaccines actually infect the recipient cells, they can effec-

tively stimulate immune responses, such as the CTL
response, that are optimal for protecting against wildtype viral infection. A commonly used live virus
vaccine is the Sabin poliovirus vaccine, and there is
much interest in development of an attenuated live
virus vaccine to protect against HIV infection.
LMP-2 and LMP-7. Two catalytic subunits of the proteasome, the organelle that degrades cytosolic proteins into peptides in the class I MHC pathway of
antigen presentation. LMP-2 and LMP-7 are encoded
by genes in the MHC, are up-regulated by IFN-y, and
are particularly important for generating class I MHCbinding peptides.
Lymph node. Small nodular, encapsulated aggregates
of lymphocyte-rich tissue situated along lymphatic
channels throughout
the body where adaptive
immune responses to lymph-borne
antigens are
initiated.
Lymphatic system. A system of vessels throughout the
body that collects tissue fluid called lymph, originally
derived from the blood, and returns it, through the
thoracic duct, to the circulation. Lymph nodes are
interspersed along these vessels and trap and retain
antigens present in the lymph.
Lymphocyte
homing. The directed
migration
of
subsets of circulating lymphocytes into particular
tissue sites. Lymphocyte homing is regulated by the
selective expression of adhesion molecules, called
homing receptors, on the lymphocytes and the tissuespecific expression of endothelial ligands for these
homing receptors, called addressins, in different vascular beds. For example, some T lymphocytes preferentially home to intestinal lymphoid tissue (e.g.,
Peyer's patches), and this directed migration is regulated by binding of the VLA-4 integrin on the T cells to
the MadCAM addressin on Peyer's patch endothelium.
Lymphocyte
maturation. The process
by which
pluripotent bone marrow precursor cells develop into
mature, antigen receptor-expressing naive B orT lymphocytes that populate peripheral lymphoid tissues.
This process takes place in the specialized environments ofthe bone marrow (for B cells) and the thymus
(for T cells).
Lymphocyte migration. The movement of lymphocytes
from the blood stream into peripheral tissues.
Lymphocyte recirculation. The continuous movement
of lymphocytes through the blood stream and lymphatics, between the lymph nodes or spleen, and, if
activated, to peripheral inflammatory sites.
Lymphocyte repertoire. The complete collection of
antigen receptors and therefore antigen specificities expressed by the Band T lymphocytes of an
individual.
Lymphoid follicle. A B cell-rich region of a lymph node
or the spleen that is the site of antigen-induced B cell
proliferation and differentiation. In T cell-dependent
B cell responses to protein antigens, a germinal center
forms within the follicles.
Lymphokine. An old name for a cytokine (soluble
protein mediator of immune responses) produced by
lymphocytes.
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Lymphokine-activated
killer (LAK) cells. NK cells with
enhanced cytolytic activity for tumor cells as a result
of exposure to high doses of IL-2. LAKcells generated
in vitro have been adoptively transferred back into
patients with cancer to treat their tumors.
Lymphoma. A malignant tumor of B or T lymphocytes
usually arising in and spreading between lymphoid
tissues but that may spread to other tissues. Lymphomas often express phenotypic characteristics of
the normal lymphocytes from which they were
derived.
Lymphotoxin (LT, TNF-~). A cytokine produced by T
cells that is homologous to and binds to the same
receptors as TNE Like TNF, LT has pro inflammatory
effects, including endothelial and neutrophil activation. LT is also critical for the normal development of
lymphoid organs.
Lysosome. A membrane-bound,
acidic organelle abundant in phagocytic cells that contains proteolytic
enzymes that degrade proteins derived both from the
extracellular environment and from within the cell.
Lysosomes are involved in the class II MHC pathway
of antigen processing.
M cells. Specialized epithelial cells overlying Peyer's
patches in the gut that playa role in delivering antigens to Peyer's patches.
Macrophage. A tissue-based phagocytic cell derived
from blood monocytes that plays important roles in
innate and adaptive immune responses. Macrophages
are activated by microbial products such as endotoxin
and by T cell cytokines such as IFN-y. Activated
macro phages phagocytose and kill microorganisms,
secrete proinflammatory cytokines, and present antigens to helper T cells. Macrophages may assume
different morphologic forms in different tissues,
including the microglia of the central nervous system,
Kupffer cells in the liver, alveolar macrophages in the
lung, and osteoclasts in bone.
Major histocompatibility
complex (MHC). A large
genetic locus (on human chromosome 6 and mouse
chromosome 17) that includes the highly polymorphic genes encoding the peptide-binding molecules
recognized by T lymphocytes. The MHC locus also
includes
genes encoding
cytokines,
molecules
involved in antigen processing, and complement
proteins.
Major histocompatibility
complex (MHC) molecule. A
heterodimeric
membrane protein encoded in the
MHC locus that serves as a peptide display molecule
for recognition byT lymphocytes. Two structurally distinct types of MHC molecules exist. Class I MHC molecules are present on most nucleated cells, bind
peptides derived from cytosolic proteins, and are recognized by COB+T cells. Class II MHC molecules are
restricted largely to professional APCs, bind peptides
derived from endocytosed proteins, and are recog-

nized by C04 + T cells.
Mannose receptor. A carbohydrate-binding
receptor
(lectin) expressed by macro phages that binds mannose and fucose residues on microbial cell walls and
mediates phagocytosis of the organisms.

Mannose-binding lectin (MBL). A plasma protein that
binds to mannose residues on bacterial cell walls and
acts as an opsonin by promoting phagocytosis of the
bacterium by macrophages. Macrophages express a
surface receptor for Clq that can also bind MBL and
mediate uptake of the opsonized organisms.
Marginal zone. A peripheral region of splenic lymphoid
follicles containing macro phages that are particularly
efficient at trapping polysaccharide antigens. Such
antigens may persist for prolonged periods on the surfaces of marginal zone macrophages, where they are
recognized by specific B cells, or they may be transported into follicles.
Marginal zone B lymphocytes. A subset of B lymphocytes, found exclusively in the marginal zone of the
spleen, which respond rapidly to blood borne microbial antigens by producing IgM antibodies with
limited diversity.
Mast cell. The major effector cell of immediate hypersensitivity (allergic) reactions. Mast cells are derived
from the marrow, reside in most tissues adjacent to
blood vessels, express a high-affinity Fc receptor for
IgE, and contain numerous mediator-filled granules.
Antigen-induced cross-linking of IgE bound to the
mast cell Fc receptors causes release of their granule
contents as well as new synthesis and secretion of
other mediators, leading to an immediate hypersensitivity reaction.
Mature B cell. IgM- and IgO-expressing, functionally
competent naive B cells that represent the final stage
of B cell maturation in the bone marrow and that populate peripheral lymphoid organs.
Membrane attack complex (MAC). A lytic complex of
the terminal components of the complement cascade,
including multiple copies of Cg, that forms in the
membranes of target cells. The MAC causes lethal
ionic and osmotic changes in cells.
Memory. The property of the adaptive immune system
to respond more rapidly, with greater magnitude, and
more effectively to a repeated exposure to an antigen,
compared with the response to the first exposure.
Memory lymphocytes. B orT lymphocytes that mediate
rapid and enhanced (Le., memory or recall) responses
to second and subsequent exposures to antigens.
Memory Band T cells are produced by antigen stimulation of naive lymphocytes and survive in a functionally quiescent state for many years after the antigen is
eliminated.
MHC class II (MIl C) compartment.
A subset of endosomes (membrane-bound
vesicles involved in cell
trafficking pathways) found in macro phages and
human B cells that are important in the class II MHC
pathway of antigen presentation. The MIIC contains
all the components
required for formation of
peptide-class II MHC molecule complexes, including
the enzymes that degrade protein antigens, class II
molecules, invariant chain, and HLA-OM.
MHC restriction. The characteristic of T lymphocytes
that they recognize a foreign peptide antigen only
when it is bound to a particular allelic form of an MHC
molecule.
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MHC-tetramer. A reagent used to identify and enumerate T cells that specifically recognize a particular
MHC-peptide
complex. The reagent consists of
four recombinant,
biotinylated
MHC molecules
(usually class 1) bound to a fluorochrome-labeled
avidin molecule and loaded with a peptide. T cells that
bind the MHC-tetramer can be detected by flow
cytometry.
Mitogen-activated
protein (MAP) kinase cascade. A
signal transduction cascade initiated by the active
form of the Ras protein and involving the sequential
activation of three serine/threonine
kinases, the last
one being MAP kinase. MAP kinase in turn phosphorylates and activates other enzymes or transcription
factors. The MAP kinase pathway is one of several
signal pathways activated by antigen binding to the
TCR.
Mixed leukocyte reaction (MLR). An in vitro reaction of
alloreactive T cells from one individual against MHC
antigens on blood cells from another individual. The
MLR involves proliferation of and cytokine secretion
by both CD4 + and CDB+T cells and is used as a screening test to assess the compatibility of a potential graft
recipient with a potential donor.
Molecular
mimicry. A postulated
mechanism
of
autoimmunity triggered by infection with a microbe
containing antigens that cross-react with self antigens. Immune responses to the microbe result in reactions against self tissues.
Monoclonal antibody. An antibody that is specific for
one antigen and is produced by a B cell hybridoma
(a cell line derived by the fusion of a single normal B
cell and an immortal B cell tumor line). Monoclonal
antibodies are widely used in research and clinical
diagnosis and therapy.
Monocyte. A type of bone marrow-derived
circulating blood cell that is the precursor of tissue
macrophages. Monocytes are actively recruited into
inflammatory
sites, where they differentiate into
macro phages.
Monocyte
colony-stimulating
factor
(M-CSF). A
cytokine made by activated T cells, macro phages,
endothelial cells, and stromal fibroblasts that stimulates the production of monocytes from bone marrow
precursor cells.
Monokine. An old name for a cytokine produced by
mononuclear phagocytes.
Mononuclear phagocytes. Cells with a common bone
marrow lineage whose primary function is phagocytosis. These cells function as accessory cells in the
recognition
and activation
phases of adaptive
immune responses and as effector cells in innate and
adaptive immunity. Mononuclear phagocytes circulate in the blood in an incompletely differentiated
form called monocytes, and once they settle in tissues,
they mature into macro phages.
Mucosa-associated lymphoid tissue. Lymphocytes and
accessory cells within the mucosa ofthe gastrointestinal and respiratory tracts that are sites of adaptive
immune
responses
to environmental
antigens.
Mucosa-associated
lymphoid tissues include intra-

epithelial lymphocytes, mainly T cells, and organized
collections of lymphocytes, often rich in B cells, below
mucosal epithelia, such as Peyer's patches in the gut
or pharyngeal tonsils.
Mucosal immune system. A part of the immune system
that responds to and protects against microbes that
enter the body through mucosal surfaces, such as the
gastrointestinal and respiratory tracts. The mucosal
immune system is composed of mucosa-associated
lymphoid tissues, which are collections of lymphocytes and accessory cells in the epithelia and lamina
propria of mucosal surfaces.
Multiple myeloma. A malignant tumor of antibodyproducing B cells that often secretes 19s or parts of 19
molecules. The monoclonal antibodies produced by
multiple myelomas were critical for early biochemical
analyses of antibody structure.
Mycobacterium. A genus of aerobic bacteria, many
species of which can survive within phagocytes and
cause disease. The principal host defense against
mycobacteria such as Mycobacterium tuberculosis is
cell-mediated immunity.
N nucleotides. The name given to nucleotides randomly added to the junctions between V.D, and J gene
segments in 19orTCR genes during lymphocyte development. The addition of up to 20 of these nucleotides,
which is mediated by the enzyme terminal deoxyribonucleotidyl transferase, contributes to the diversity
of the antibody and TCR repertoires.
Naive lymphocyte. A mature B orT lymphocyte that has
not previously encountered antigen, nor is it the
progeny of an antigen-stimulated mature lymphocyte.
When naive lymphocytes are stimulated by antigen,
they differentiate into effector lymphocytes, such as
antibody-secreting B cells or helper T cells and CTLs.
Naive lymphocytes have surface markers and recirculation patterns that are distinct from those of previously activated lymphocytes. ("Naive" also refers to an
unimmunized individual.)
Natural antibodies. IgM antibodies, largely produced
by B-1 cells, specific for bacteria that are common in
the environment and gastrointestinal tract. Normal
individuals contain natural antibodies without any
evidence of infection, and these antibodies serve as a
preformed defense mechanism against microbes that
succeed in penetrating epithelial barriers. Some of
these antibodies cross-react with ABO blood group
antigens and are responsible for transfusion reactions.
Natural
killer (NK) cells. A subset
of bone
marrow-derived lymphocytes, distinct from B or T
cells, that function in innate immune responses to kill
microbe-infected cells by direct lytic mechanisms and
by secreting IFN-y. NK cells do not express clonally
distributed antigen receptors like 19receptors orTCRs,
and their activation is regulated by a combination of
cell surface stimulatory and inhibitory receptors, the
latter recognizing self MHC molecules.
Natural killer T cells (NKT cells). A numerically small
subset of lymphocytes that express surface molecules
characteristic of both NK cells and T cells. They
express a~ T cell antigen receptors with very little
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diversity, and perform various effector functions
typical of helper T cells. NKT cells are considered as
part of both adaptive and innate immune systems.
Some NKT cells recognize lipid antigens presented by
CD 1 molecules.
Negative selection. The process by which developing
lymphocytes that express self-reactive antigen receptors are eliminated, thereby contributing to the
maintenance
of self-tolerance. Negative selection
of developing T lymphocytes (thymocytes) is best
understood and involves high-avidity binding of a
thymocyte to self MHC molecules with bound peptides on thymic APCs leading to apoptotic death of the
thymocyte.
Neonatal Fc receptor (FeRn). An IgG-specific Fc receptor that mediates the transport of maternal IgG across
the placenta and the neonatal intestinal epithelium.
FcRn resembles a class I MHC molecule. An adult form
of this receptor functions to protect plasma IgG antibodies from catabolism.
Neonatal immunity. Passive humoral immunity to
infections in mammals in the first months of life,
before full development
of the immune system.
Neonatal immunity is mediated by maternally produced antibodies transported across the placenta
into the fetal circulation before birth or derived
from ingested milk and transported across the gut
epithelium.
Neutrophil (also polymorphonuclear
leukocyte, PMN).
A phagocytic cell characterized
by a segmented
lobular nucleus and cytoplasmic granules filled with
degradative enzymes. PMNs are the most abundant
type of circulating white blood cells and are the major
cell type mediating acute inflammatory responses to
bacterial infections.
Nitric oxide. A biologic effector molecule with a broad
range of activities that in macrophages functions as a
potent microbicidal agent to kill ingested organisms.
Nitric oxide synthase. A member of a family of enzymes
that synthesize the vasoactive and microbicidal compound nitric oxide from I-arginine. Macrophages
express an inducible form of this enzyme on activation by various microbial or cytokine stimuli.
Nuclear factor 1CB(NF-1CB).A family of transcription
factors composed of homodimers or heterodimers of
proteins homologous to the c-Rel protein. NF-KB proteins are important in the transcription of many genes
in both innate and adaptive immune responses.
Nuclear factor of activated T cells (NFAT). A transcription factor required for the expression of IL-2, IL-4,
TNF, and other cytokine genes. The four different
NFATsare each encoded by separate genes; NFATp and
NFATc are found in T cells. Cytoplasmic NFAT is activated by calcium/calmodulin-dependent,
calcineurinmediated dephosphorylation
that permits NFAT to
translocate into the nucleus and bind to consensus
binding sequences in the regulatory regions ofIL-2, IL4, and other cytokine genes, usually in association with
other transcription factors such as AP-l.
Nude mouse. A strain of mice that lacks development of
the thymus, and therefore T lymphocytes, as well as

hair follicles. Nude mice have been used experimentally to define the role ofT lymphocytes in immunity
and disease.
OncofetaI antigen. Proteins that are expressed at high
levels on some types of cancer cells and in normal
developing (fetal) but not adult tissues. Antibodies
specific for these proteins are often used in
histopathologic identification of tumors or to monitor
the progression of tumor growth in patients. CEA
(CD66) and a-fetoprotein are two oncofetal antigens
commonly expressed by certain carcinomas.
Opsonin. A macromolecule that becomes attached to
the surface of a microbe and can be recognized by
surface receptors of neutrophils and macrophages
and that increases the efficiency of phagocytosis of the
microbe. Opsonins include IgG antibodies, which are
recognized by the Fey receptor on phagocytes, and
fragments of complement proteins, which are recognized by CRI (CD35) and by the leukocyte integrin
Mac-I.
Opsonization. The process of attaching opsonins, such
as IgG or complement fragments, to microbial surfaces to target the microbes for phagocytosis.
Oral tolerance. The suppression of systemic humoral
and cell-mediated immune responses to an antigen
after the oral administration of that antigen as a result
of anergy of antigen-specific T cells or the production
of immunosuppressive
cytokines such as transforming growth factor-~. Oral tolerance is a possible mechanism for preventing immune responses to food
antigens and to bacteria that normally reside as commensals in the intestinal lumen.
P nucleotides. Short inverted repeat nucleotide sequences in the VDJ junctions of rearranged Ig and
TCR genes that are generated by RAG-l- and RAG-2mediated asymmetric cleavage of hairpin DNA intermediates during somatic recombination events. P
nucleotides contribute to the junctional diversity of
antigen receptors.
Paracrine factor. A molecule that acts on cells in proximity to the cell that produces the factor. Most
cytokines act in a paracrine fashion.
Partial agonist. A variant peptide ligand of a TCR that
induces only a subset of the functional responses
by the T cell or responses entirely different from
responses to the unaltered (native) peptide. For
instance, a partial agonist may stimulate production
of only some of the many cytokines that are induced
by the native peptide or quantitatively
smaller
responses. Partial agonist peptides are usually synthetic pep tides in which one or two TCR contact
residues have been changed; they are also called
APLs.
Passive immunity. The form of immunity to an antigen
that is established in one individual by transfer of antibodies or lymphocytes from another individual who is
immune to that antigen. The recipient of such a transfer can become immune to the antigen without ever
having been exposed to or having responded to the
antigen. An example of passive immunity is the transfer of human sera containing antibodies specific for
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certain microbial toxins or snake venom to a previously un immunized individual.
Pathogenicity. The ability of a microorganism to cause
disease. Multiple mechanisms may contribute to
pathogenicity, including production of toxins, stimulation of host inflammatory responses, and perturbation of host cell metabolism.
Pattern recognition receptors. Receptors of the innate
immune system that recognize frequently encountered structures called molecular patterns produced
by microorganisms and that facilitate innate immune
responses against the microorganisms. Examples of
pattern recognition receptors include CD14 receptors
on macro phages, which bind bacterial endotoxin
leading to macrophage activation, and the mannose
receptor on phagocytes, which binds microbial glycoproteins or glycolipids.
Pentraxins. A family of plasma proteins that contain
five identical globular subunits; includes the acutephase reactant C-reactive protein.
Peptide-binding cleft. The portion of an MHC molecule
that binds peptides for display to T cells. The cleft is
composed of paired a-helices resting on a floor made
up of an eight-stranded p-pleated sheet. The polymorphic residues, which are the amino acids that vary
among different MHC alleles, are located in and
around this cleft.
Perforin. A protein that is homologous to the C9 complement protein and is present as a monomer in the
granules of CTLs and NK cells. When perforin is
released from the granules of activated CTLs or NK
cells, it forms a complex with granzymes and proteoglycans that binds to the target cell plasma membrane
and promotes entry of the granzymes into the target
cell. This channel can cause osmotic lysis of the target
cell and serve as a channel for the influx of enzymes
derived from the CTL granules.
Periarteriolar lymphoid sheath (PALS). A cuff of lymphocytes surrounding small arterioles in the spleen,
adjacent to lymphoid follicles. A PALScontains mainly
T lymphocytes, about two thirds of which are CD4+
and one third CD8+. In humoral immune responses to
protein antigens, B lymphocytes are activated at the
interface between the PALS and follicles and then
migrate into the follicles to form germinal centers.
Peripheral lymphoid organs and tissues. Organized
collections of lymphocytes
and accessory cells,
including the spleen, lymph nodes, and mucosaassociated lymphoid tissues, in which adaptive
immune responses are initiated.
Peripheral tolerance. Physiologic unresponsiveness to
self antigens that are present in peripheral tissues and
not usually in the generative lymphoid organs. Peripheral tolerance is induced by the recognition of antigens without adequate levels of the co stimulators
required for lymphocyte activation or by persistent
and repeated stimulation by these self antigens.
Peyer's patches. Organized lymphoid tissue in the
lamina propria of the small intestine in which
immune responses to ingested antigens may be initiated. Peyer's patches are composed mostly of B cells,

with smaller numbers ofT cells and accessory cells, all
arranged in follicles similar to those found in lymph
nodes, often with germinal centers.
Phagocytosis. The process by which certain cells of the
innate immune system, including macro phages and
neutrophils, engulf large particles (>O.5Ilm in diameter) such as intact microbes. The cell surrounds the
particle with extensions of its plasma membrane by an
energy- and cytoskeleton-dependent
process; this
process results in the formation of an intracellular
vesicle called a phagosome, which contains the
ingested particle.
Phagosome. A membrane-bound
intracellular vesicle
that contains microbes or particulate material from
the extracellular
environment.
Phagosomes
are
formed during the process of phagocytosis, and fusion
with other vesicular structures such as lysosomes
leads to enzymatic degradation of the ingested
material.
Phosphatase (protein phosphatase). An enzyme that
removes phosphate groups from the side chains of
certain amino acid residues of proteins. Protein phosphatases in lymphocytes, such as CD45 or calcineurin,
regulate the activity of various signal transduction
molecules and transcription factors. Some protein
phosphatases may be specific for phosphotyrosine
residues and others for phosphoserine and phosphothreonine residues.
Phospholipase Cy (PLCy). An enzyme that catalyzes
hydrolysis of the plasma membrane phospholipid
PIPz to generate two signaling molecules, IP3and DAG.
PLCy becomes activated in lymphocytes by antigen
binding to the antigen receptor.
Phytohemagglutinin
(PHA). A carbohydrate-binding
protein, or lectin, produced by plants that cross-links
human T cell surface molecules, including the T cell
receptor, thereby inducing polyclonal activation
and agglutination of T cells. PHA is frequently
used in experimental immunology to studyT cell activation. In clinical medicine, PHA is used to assess
whether a patient's T cells are functional or to induce
T cell mitosis for the purpose of generating karyotypic
data.
Plasma cell. A terminally differentiated
antibodysecreting B lymphocyte with a characteristic histologic appearance, including an oval shape, eccentric
nucleus, and perinuclear halo.
Platelet-activating
factor (PAF). A lipid mediator
derived from membrane phospholipids in several cell
types, including mast cells and endothelial cells. PAF
can cause bronchoconstriction
and vascular dilatation and leak and may be an important mediator in
asthma.
Polyclonal activators. Agents that are capable of activating many clones of lymphocytes, regardless of their
antigen specificities. Examples of polyclonal activators include anti-IgM antibodies for B cells and antiCD3 antibodies, bacterial superantigens, and PHA for
T cells.
Poly-Ig receptor. An Fe receptor expressed by mucosal
epithelial cells that mediates the transport of IgA and
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IgM through the epithelial cells into the intestinal
lumen.
Polymerase chain reaction (PCR). A rapid method of
copying and amplifying specific DNA sequences up to
about I kb in length that is widely used as a preparative and analytical technique in all branches of molecular biology. The method relies on the use of short
oligonucleotide
primers complementary
to the
sequences at the ends of the DNA to be amplified and
involves repetitive cycles of melting, annealing, and
synthesis of DNA.
Polymorphism. The existence of two or more alternative forms, or variants, of a gene that are present at
stable frequencies in a population. Each common
variant of a polymorphic gene is called an allele, and
one individual may carry two different alleles of a
gene, each inherited from a different parent. The MHC
genes are the most polymorphic genes in the mammalian genome.
Polyvalency. The presence of multiple identical copies
of an epitope on a single antigen molecule, cell
surface, or particle. Polyvalent antigens, such as bacterial capsular polysaccharides, are often capable of
activating B lymphocytes independent of helper T
cells.
Positive selection. The process by which developing T
cells in the thymus (thymocytes) whose TCRs bind to
self MHC molecules are rescued from programmed
cell death, whereas thymocytes whose receptors do
not recognize self MHC molecules die by default. Positive selection ensures that mature T cells are selfMHC
restricted and that CD8+ T cells are specific for complexes of peptides with class I MHC molecules and
CD4+ T cells for complexes of pep tides with class II
MHC molecules.
Pre-B cell. A developing B cell present only in
hematopoietic tissues that is at a maturational stage
characterized by expression of cytoplasmic Ig Il heavy
chains and surrogate light chains but not Ig light
chains. Pre-B cell receptors composed ofll chains and
surrogate light chains deliver signals that stimulate
further maturation of the pre-B cell into an immature
B cell.
Pre-B cell receptor. A receptor expressed on maturing B
lymphocytes at the pre-B cell stage that is composed
of an Ig Il heavy chain and an invariant surrogate light
chain. The surrogate light chain is composed of two
proteins, including the AS protein, which is homologous to the A.light chain C domain, and the V pre-B
protein, which is homologous to a V domain. The preB cell receptor associates with the 19a and Igp signal
transduction proteins to form the pre-B cell receptor
complex. Pre-B cell receptors are required for stimulating the proliferation and continued maturation of
the developing B cell. It is not known whether the preB cell receptor binds a specific ligand.
Pre-cytolytic T lymphocyte (pre-CTL). A mature, naive
CD8+T lymphocyte that cannot perform effector functions but, on activation by antigen and costimulators,
will differentiate into a CTL capable of lysing target
cells and secreting cytokines.

Pre- T cell. A developing T lymphocyte in the thymus at
a maturational stage characterized by expression of
the TCR p chain, but not the a chain or CD4 or CD8.
In pre- T cells, the TCR

P chain

is found

on the cell

surface as part of the pre- T cell receptor.
Pre- T cell receptor. A receptor expressed on the surface
of pre- T cells that is composed

of the TCR

Pchain

and

an invariant pre- Ta protein. This receptor associates
with CD3 and 1;molecules to form the pre- T cell receptor complex. The function of this complex is similar to
that of the pre-B cell receptor in B cell development,
namely, the delivery of signals that stimulate further
proliferation, antigen receptor gene rearrangements,
and other maturational events. It is not known
whether the pre- T cell receptor binds a specific ligand.
Pre- Ta. An invariant transmembrane
protein with a
single extracellular Ig-like domain that associates
with TCR Pchain in pre- T cells to form the pre- T cell
receptor.
Primary immune response. An adaptive immune
response that occurs after the first exposure of an individual to a foreign antigen. Primary responses are
characterized by relatively slow kinetics and small
magnitude compared with the responses after a
second or subsequent exposure.
Primary immunodeficiency.
A genetic defect in which
an inherited deficiency in some aspect of the innate or
adaptive immune system leads to an increased susceptibility to infections. Primary immunodeficiency is
frequently manifested early in infancy and childhood
but is sometimes clinically detected later in life.
Pro-B cell. A developing B cell in the bone marrow that
is the earliest cell committed to the B lymphocyte
lineage. Pro-B cells do not produce Ig, but they can
be distinguished from other immature cells by the
expression of B lineage-restricted surface molecules
such as CDl9 and CDIO.
Professional
antigen-presenting
cells (professional
APCs). APCs for naive helper T lymphocytes, used to
refer to dendritic cells, mononuclear phagocytes, and
B lymphocytes, all of which are capable of expressing
class II MHC molecules and costimulators. The most
important professional APCs for initiating primary T
cell responses are dendritic cells.
Programmed cell death. A pathway of cell death by
apoptosis that occurs in lymphocytes deprived of necessary survival stimuli, such as growth factors or costimulators. Programmed cell death, also called death
by neglect or passive cell death, is characterized by the
release of mitochondrial cytochrome c into the cytoplasm, activation of caspase-9, and initiation of the
apoptotic pathway.
Promoter. A DNA sequence immediately 5' to the transcription start site of a gene where the proteins
that initiate transcription bind. The term promoter
is often used to mean the entire 5' regulatory region
of a gene, including enhancers, which are additional sequences that bind transcription factors and
interact with the basal transcription complex to
increase the rate of transcriptional initiation. Other
enhancers may be located at a significant distance
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from the promoter, either 5' of the gene, in introns, or
3' of the gene.
Prostaglandins.
A class oflipid inflammatory mediators
derived from arachidonic acid in many cell types
through the cyclooxygenase pathway. Activated mast
cells make prostaglandin O2 (PGD2), which binds to
receptors on smooth muscle cells and acts as a
vasodilator and a bronchoconstrictor.
PGD2 also promotes neutrophil chemotaxis and accumulation at
inflammatory sites.
Pro- T cell. A developing T cell in the thymic cortex that
is a recent arrival from the bone marrow and does not
express TCRs, CD3, ~ chains, or CD4 or CD8 molecules. Pro-T cells are also called double-negative
thymocytes.
Protease. An enzyme that cleaves peptide bonds and
thereby breaks proteins down into pep tides. Different
kinds of pro teases have different specificities for
bonds between particular amino acid residues. Proteases inside phagocytes are important for killing
ingested microbes during innate immune responses,
and proteases released from phagocytes at inflammatory sites can cause tissue damage. Proteases in APCs
are critical for generating peptide fragments of protein
antigens that bind to MHC molecules during T
cell-mediated immune responses.
Proteasome. A large multiprotein enzyme complex with
a broad range of proteolytic activity that is found in
the cytoplasm of most cells and generates from
cytosolic proteins the peptides that bind to class I
MHC molecules. Proteins are targeted for proteasomal degradation by covalent linkage of ubiquitin
molecules.
Protein kinase C (PKC). Any of several isoforms of an
enzyme that mediates the phosphorylation of serine
and threonine residues in many different protein substrates and thereby serves to propagate various signal
transduction pathways leading to transcription factor
activation. In T and B lymphocytes, PKC is activated
by DAG, which is generated in response to antigen
receptor ligation.
Protein tyrosine kinases (PTKs). Enzymes that mediate
the phosphorylation of tyrosine residues in proteins
and thereby promote phosphotyrosine-dependent
protein-protein
interactions. PTKs are involved in
numerous signal transduction pathways in cells of the
immune system.
Protozoa. Single-celled eukaryotic organisms, many of
which are human parasites and cause diseases. Examples of pathogenic protozoa include Entamoeba
histolytica, which causes amebic dysentery; Plasmodium. which causes malaria; and Leishmania. which
causes leishmaniasis. Protozoa stimulate both innate
and adaptive immune responses. It has proved difficult to develop effective vaccines against many of
these organisms.
Provirus. A DNA copy of the genome of a retrovirus that
is integrated into the host cell genome and from which
viral genes are transcribed and the viral genome is
reproduced. HIV proviruses can remain inactive for
long periods and thereby represent a latent form of

HIV infection that is not accessible to immune
defense.
Purified antigen (subunit) vaccine. A vaccine composed of purified antigens or subunits of microbes.
Examples of this type of vaccine include diphtheria
and tetanus toxoids. pneumococcus
and Haemophi/us influenzae polysaccharide vaccines, and purified polypeptide vaccines against hepatitis Band
influenza virus. Purified antigen vaccines may stimulate antibody and helper T cell responses, but they do
not generate CTL responses.
Pyogenic bacteria. Bacteria, such as the gram-positive
staphylococci and streptococci, that induce inflammatory responses rich in polymorphonuclear
leukocytes (giving rise to pus). Antibody responses to these
bacteria greatly enhance the efficacy of innate
immune effector mechanisms to clear infections.
Rae. A small guanine nucleotide-binding protein that is
activated by the GDP-GTP exchange factor Vav during
the early events ofT cell activation. GTP.Rac triggers a
three-step protein kinase cascade that culminates in
activation of the stress-activated protein (SAP) kinase,
c-Jun N-terminal kinase (JNK), and p38 kinase, which
are similar to the MAP kinases.
Radioimmunoassay.
A highly sensitive and specific
immunologic method of quantifying the concentration of an antigen in a solution that relies on a radioactively labeled antibody specific for the antigen.
Usually, two antibodies specific for the antigen are
used. The first antibody is unlabeled but attached to a
solid support, where it binds and immobilizes the
antigen whose concentration is being determined.
The amount of the second, labeled antibody that
binds to the immobilized antigen, as determined by
radioactive decay detectors. is proportional to the
concentration of antigen in the test solution.
Ras. A member of a family of 21-kD guanine nucleotidebinding proteins with intrinsic GTPase activity that
are involved in many different signal transduction
pathways in diverse cell types. Mutated ras genes are
associated with neoplastic transformation. In T cell
activation, Ras is recruited to the plasma membrane
by tyrosine-phosphorylated
adapter proteins, where it
is activated by GDP-GTP exchange factors. GTP.Ras
then initiates the MAP kinase cascade, which leads to
expression of the [os gene and assembly of the AP-l
transcription factor.
Reactive oxygen intermediates (ROIs). Highly reactive
metabolites of oxygen, including superoxide anion.
hydroxyl radical. and hydrogen peroxide, that are produced by activated phagocytes. ROIs are used by the
phagocytes to form oxyhalides that damage ingested
bacteria. ROIs may also be released from cells and
promote inflammatory responses or cause tissue
damage.
Reagin. IgE antibody that mediates an immediate
hypersensitivity reaction.
Receptor editing. A process by which some immature B
cells that recognize self antigens in the bone marrow
may be induced to change their Ig specificities. Receptor editing involves reactivation of the RAG genes,
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additional light chain VJ recombinations, and new Ig
light chain production, which allows the cell to
express a different Ig receptor that is not self-reactive.
Recombination-activating
gene 1 and 2 (RAGl and
RAG2). The genes encoding RAG-I and RAG-2 proteins, which are the lymphocyte-specific components
ofV(D)J recombinase and are expressed in developing
Band T cells. RAG proteins bind to recombination
recognition sequences and are critical for DNA recombination events that form functional Ig and TCR
genes. Therefore, RAG proteins are required for
expression of antigen receptors and for the maturation of Band T lymphocytes.
Recombination
signal
sequences. Specific
DNA
sequences found adjacent to the V, 0, and J segments
in the antigen receptor loci and recognized by the
RAG-lIRAG-2 component ofV(D)J recombinase. The
recognition sequences consist of a highly conserved
stretch of 7 nucleotides, called the heptamer, located
adjacent to the V,0, or J coding sequence, followed by
a spacer of exactly 12 or 23 non conserved nucleotides
and a highly conserved stretch of9 nucleotides, called
the nonamer.
Red pulp. An anatomic and functional compartment of
the spleen composed of vascular sinusoids, scattered
among which are large numbers of erythrocytes,
macro phages, dendritic cells, sparse lymphocytes,
and plasma cells. Red pulp macrophages clear the
blood of microbes, other foreign particles, and
damaged red blood cells.
RegulatoryT cells. A population oft cells that regulates
the activation of other T cells and is necessary to
maintain peripheral tolerance to self antigens. Most
regulatory T cells are CD4+ and many constitutively
express CD25, the a chain of the IL-2 receptor, and the
transcription factor FoxP3.
Respiratory burst. The process by which reactive
oxygen intermediates
such as superoxide anion,
hydroxyl radical, and hydrogen peroxide are produced
in macrophages and polymorphonuclear
leukocytes.
The respiratory burst is mediated by the enzyme
phagocyte oxidase and is usually triggered by inflammatory mediators, such as LTB4'PAF,and TNF, or by
bacterial
products,
such as N-formylmethionyl
pep tides.
Reverse transcriptase. An enzyme encoded by retroviruses, such as HIV, that synthesizes a DNA copy of
the viral genome from the RNA genomic template.
Purified reverse transcriptase is used widely in molecular biology research for purposes of cloning complementary DNAs encoding a gene of interest from
messenger RNA. Reverse transcriptase inhibitors are
used as drugs to treat HIV-l infection.
Reverse-transcriptase
polymerase chain reaction (RTPCR). An adaptation of the polymerase chain reaction (PCR) used to amplify a complementary DNA
(cDNA) of a gene of interest. In this method, RNA is
isolated from a cell expressing the gene, and cDNAs
are synthesized by use of the reverse-transcriptase
enzyme. The cDNA of interest is then amplified by
conventional
PCR techniques
with gene-specific
primers.

Rh blood group antigens. A complex system of protein
alloantigens expressed on red blood cell membranes
that are the cause of transfusion reactions and
hemolytic disease of the newborn. The most clinically
important Rh antigen is designated D.
Rheumatoid arthritis. An autoimmune disease characterized primarily by inflammatory damage to joints
and sometimes inflammation of blood vessels, lungs,
and other tissues. CD4+ T cells, activated B lymphocytes, and plasma cells are found in the inflamed joint
lining (synovium), and numerous proinflammatory
cytokines, including IL-I and TNF, are present in the
synovial (joint) fluid.
RNase protection assay. A sensitive method of detecting
and quantifying messenger RNA (mRNA) copies of
particular genes based on hybridization of the mRNA
to radio labeled RNA probes and digestion of unhybridized RNA with the enzyme RNase. The doublestranded
RNA duplexes
created
during
the
hybridization reaction resist degradation by RNase
and are of a particular size determined by the length
of the probe. They can be separated by gel electrophoresis and are detected and quantitated by
radioautography.
Scavenger receptors. A family of cell surface receptors
expressed on macrophages, originally defined as
receptors that mediate endocytosis of oxidized or
acetylated low-density lipoprotein particles but that
also bind and mediate the phagocytosis of a variety of
microbes.
SCID mouse. A mouse strain in which Band T cells are
absent because of an early block in maturation from
bone marrow precursors. SCID mice carry a mutation
in a component of the enzyme DNA-dependent
protein kinase, which is required for double-stranded
DNA break repair. Deficiency of this enzyme results
in abnormal joining of Ig and TCR gene segments
during recombination and therefore failure to express
antigen receptors.
Secondary immune response. An adaptive immune
response that occurs on second exposure to an
antigen. A secondary response is characterized by
more rapid kinetics and greater magnitude relative to
the primary immune response, which occurs on first
exposure.
Second-set rejection. Allograft rejection in an individual who has previously been sensitized to the donor's
tissue alloantigens by having received another graft or
transfusion from that donor. In contrast to first-set
rejection, which occurs in an individual who has not
previously been sensitized to the donor alloantigens,
second-set rejection is rapid and occurs in 2 to 3 days
as a result of immunologic memory.
Secretory component. The proteolytically
cleaved
portion of the extracellular domain of the poly-Ig
receptor that remains bound to an 19A molecule in
mucosal secretions.
Selectin. Anyone of three separate but closely related
carbohydrate-binding proteins that mediate adhesion
of leukocytes to endothelial cells. Each of the selectin
molecules is a single-chain transmembrane glycoprotein with a similar modular structure, including an
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extracellular calcium-dependent

lectin domain. The

select ins include L-selectin (CD62L), expressed on
leukocytes; P-selectin (CD62P), expressed on platelets
and activated endothelium; and E-selectin (CD62E).
expressed on activated endothelium.
Selective immunoglobulin
deficiency. Immunodeficiencies characterized by a lack of only one or a few Ig
classes or subclasses. Selective 19A deficiency is the
most common selective Ig deficiency, followed by
IgG3 and IgG2 deficiencies. Patients with these disorders may be at increased risk for bacterial infections,
but many are normal.
Self MHC restriction. The limitation (or restriction) of
antigens that can be recognized by an individual's
T cells to complexes of peptides bound to major
histocompatibility
complex (MHC) molecules that
were present in the thymus during T cell maturation
(Le., self MHC molecules). The T cell repertoire is self
MHC restricted as a result of the process of positive
selection.
Self-tolerance. Unresponsiveness
of the adaptive
immune system to self antigens, largely as a result of
inactivation or death of self-reactive lymphocytes
induced by exposure to those self antigens. Selftolerance is a cardinal feature of the normal immune
system, and failure of self-tolerance leads to autoimmune diseases.
Septic shock. An often lethal complication of severe
gram-negative bacterial infection with spread to the
blood stream (sepsis) that is characterized by vascular
collapse, disseminated intravascular coagulation, and
metabolic disturbances. This syndrome is due to the
effects of bacterial LPS and cytokines, including TNF,
IL-12, and IL-l. Septic shock is also called endotoxin
shock.
Seroconversion. The production of detectable antibodies in the serum specific for a microorganism
during the course of an infection or in response to
immunization.
Serology. The study of blood (serum) antibodies and
their reactions with antigens. The term serology is
often used to refer to the diagnosis of infectious diseases by detection of microbe-specific antibodies in
the serum.
Serotype. An antigenically distinct subset of a species of
an infectious organism that is distinguished from
other subsets by serologic (Le., serum antibody) tests.
Humoral immune responses to one serotype of
microbes (e.g., influenza virus) may not be protective
against another serotype.
Serum. The cell-free fluid that remains when blood or
plasma forms a clot. Blood antibodies are found in the
serum fraction.
Serum amyloid A (SAA). An acute-phase protein whose
serum concentration rises significantly in the setting
of infection and inflammation, mainly because of
IL-l- and TNF-induced synthesis by the liver. SAA
activates leukocyte chemotaxis, phagocytosis, and
adhesion to endothelial cells.
Serum sickness. A disease caused by the injection of
large doses of a protein antigen into the blood and
characterized by the deposition of antigen-antibody

(immune) complexes in blood vessel walls, especially
in the kidneys and joints. Immune complex deposition leads to complement fixation and leukocyte
recruitment and subsequently to glomerulonephritis
and arthritis. Serum sickness was originally described
as a disorder that occurred in patients receiving injections of serum containing antitoxin antibodies to
prevent diphtheria.
Severe combined immunodeficiency (SCID). Immunodeficiency diseases in which both Band T lymphocytes do not develop or do not function properly, and
therefore both humoral and cell-mediated immunity
are impaired. Children with SCID usually have infections during the first year of life and succumb to these
infections unless the immunodeficiency
is treated.
SCID has several different genetic causes.
Shwartzman reaction. An experimental model of the
pathologic effects of bacterial LPS and TNF in which
two intravenous injections of LPS are administered to
a rabbit 24 hours apart. After the second injection, the
rabbit suffers disseminated intravascular coagulation
and neutrophil and platelet plugging of small blood
vessels.
Signal transducer and activator oftranscription (STAT).
A member of a family of proteins that function as
signaling molecules and transcription
factors in
response to binding of cytokines to type I and type II
cytokine receptors. STATs are present as inactive
monomers in the cytoplasm of cells and are recruited
to the cytoplasmic tails of cross-linked cytokine receptors, where they are tyrosine phosphorylated by JAKs.
The phosphorylated
STAT proteins dimerize and
move to the nucleus, where they bind to specific
sequences in the promoter regions of various genes
and stimulate their transcription. Different STATsare
activated by different cytokines.
Simian immunodeficiency
virus. A lentivirus closely
related to HIV-l that causes disease similar to AIDS in
monkeys.
Single-positive thymocyte. A maturing T cell precursor
in the thymus that expresses CD4 or CD8 molecules
but not both. Single-positive thymocytes are found
mainly in the medulla and have matured from the
double-positive
stage, during which thymocytes
express both CD4 and CD8 molecules.
Smallpox. A disease caused by variola virus. Smallpox
was the first infectious disease shown to be preventable by vaccination and the first disease to be
completely eradicated by a worldwide vaccination
program.
Somatic hypermutation.
High-frequency point mutations in Ig heavy and light chains that occur in germinal center B cells. Mutations that result in increased
affinity of antibodies for antigen impart a selective
survival advantage to the B cells producing those antibodies and lead to affinity maturation of a humoral
immune response.
Somatic recombination.
The process of DNA recombination by which the functional genes encoding the
variable regions of antigen receptors are formed
during lymphocyte development. A relatively limited
set of inherited, or germline, DNA sequences that are
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initially separated from one another are brought
together by enzymatic deletion of intervening
sequences and religation. This process occurs only in
developing B or T lymphocytes. This process is sometimes referred to as somatic rearrangement.
Southern blot. A technique used to determine the
organization of genomic DNA around a particular
gene. The DNA is cut into fragments by restriction
endonucleases,
different-sized fragments are electrophoretically separated in a gel, and the DNA is then
immobilized (blotted) onto a sheet of nitrocellulose
or nylon. The position and therefore the size of a
particular DNA fragment can then be detected by use
of a radioactively labeled DNA probe with a homologous sequence. (See Appendix III for a detailed
description.)
Specificity. A cardinal feature of the adaptive immune
system, namely, that immune responses are directed
toward and able to distinguish between distinct antigens or small parts of macromolecular antigens. This
fine specificity is attributed to lymphocyte antigen
receptors that may bind to one molecule but not to
another with only minor structural differences from
the first.
Spleen. A secondary lymphoid organ in the left upper
quadrant of the abdomen. The spleen is the major site
of adaptive immune responses to blood-borne antigens. The red pulp ofthe spleen is composed of bloodfilled vascular sinusoids lined by active phagocytes
that ingest opsonized antigens and damaged red
blood cells. The white pulp ofthe spleen contains lymphocytes and lymphoid follicles where B cells are
activated.
Src homology 2 (SH2) domain. A three-dimensional
domain structure of about 100 amino acid residues
present in many signaling proteins that permits specific noncovalent interactions with other proteins by
binding to phosphotyrosines. Each SH2 domain has a
unique binding specificity that is determined by the
amino acid residues adjacent to the phosphotyrosine
on the target protein. Several proteins involved in
early signaling events in T and B lymphocytes interact
with one another through SH2 domains.
Src homology 3 (SH3) domain. A three-dimensional
domain structure of about 60 amino acid residues
present in many signaling proteins that mediates
protein-protein binding. SH3 domains bind to proline
residues and function cooperatively with the SH2
domains of the same protein. For instance, Sos, the
guanine nucleotide exchange factor for Ras, contains
both SH2 and SH3 domains, and both are involved in
Sos binding to the adapter protein Grb-2.
Stem cell. An undifferentiated cell that divides continuously and gives rise to additional stem cells and to
cells of multiple different lineages. For example, all
blood cells arise from a common hematopoietic stem
cell.
Superantigens.
Proteins that bind to and activate all the
T cells in an individual that express a particular set or
family ofV~TCR genes. Superantigens are presented to
T cells by binding to nonpolymorphic regions of class

II MHC molecules on APCs, and they interact with
conserved regions ofTCR V~domains. Several staphylococcal enterotoxins are superantigens. Their importance lies in their ability to activate many T cells,
which results in large amounts of cytokine production
and a clinical syndrome that is similar to septic shock.
Suppressor T cell. T cells that block the activation and
function of other effector T lymphocytes. Suppressor
function may be attributed to a still poorly defined population ofT cells currently called regulatory T cells.
Surrogate light chain. A complex of two nonvariable
proteins that associate with Ig 11heavy chains in preB cells to form the pre-B cell receptor. The two surrogate light chain proteins include V pre-B protein,
which is homologous to a light chain V domain, and
AS,which is covalently attached to the 11heavy chain
by a disulfide bond.
Switch recombination.
The molecular mechanism
underlying Ig isotype switching in which a rearranged
VDJ gene segment in an antibody-producing
B cell
recombines with a downstream C gene and the intervening C gene is deleted. DNA recombination events
in switch recombination are triggered by CD40 and
cytokines and involve nucleotide sequences called
switch regions located in the introns at the 5' end of
each CIIlocus.
Syngeneic. Genetically identical. All animals of an
inbred strain and monozygotic twins are syngeneic.
Syngeneic graft. A graft from a donor who is genetically
identical to the recipient. Syngeneic grafts are not
rejected.
Synthetic vaccine. Vaccines composed of recombinant
DNA-derived antigens. Synthetic vaccines for hepatitis B virus and herpes simplex virus are now in use.
Systemic inflammatory
response syndrome (SIRS).
The systemic changes observed in patients who have
disseminated bacterial infections. In its mild form,
SIRS consists of neutrophilia, fever, and a rise in acutephase reactants in the plasma. These changes are
stimulated by bacterial products such as LPS and are
mediated by cytokines of the innate immune system.
In severe cases, SIRS may include disseminated
intravascular coagulation, adult respiratory distress
syndrome, and septic shock.
Systemic lupus erythematosus
(SLE). A chronic systemic autoimmune disease that affects predominantly
women and is characterized by rashes, arthritis,
glomerulonephritis,
hemolytic anemia, thrombocytopenia, and central nervous system involvement.
Many different autoantibodies are found in patients
with SLE, particularly anti-DNA antibodies. Many of
the manifestations of SLE are due to the formation of
immune complexes composed of autoantibodies and
their specific antigens, with deposition of these complexes in small blood vessels in various tissues. The
underlying mechanism for the breakdown of selftolerance in SLE is not understood.
T-bet. A T-box family transcription factor that promotes
the differentiation of Till cells from naive T cells.
T cell receptor (TCR). The clonally distributed antigen
receptor on CD4+and CD8+T lymphocytes that recog-
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nizes complexes of foreign peptides bound to self
MHC molecules on the surface of APCs. The most
common form of TCR is composed of a heterodimer
of two disulfide-linked transmembrane
polypeptide
chains, designated a and ~, each containing one Nterminallg-like variable (V) domain, one 19-1ikeconstant (C) domain, a hydrophobic transmembrane
region, and a short cytoplasmic region. (Another less
common type of TCR, composed of y and 0 chains, is
found on a small subset of T cells and recognizes different forms of antigen.)
T cell receptor complex. A multi protein plasma membrane complex on T lymphocytes that is composed of
the highly variable, antigen-binding TCR heterodimer
and the invariant signaling proteins CD3 0, e, and y
and the S chain.
T lymphocyte. The cell type that mediates cellmediated immune responses in the adaptive immune
system. T lymphocytes mature in the thymus, circulate in the blood, populate secondary lymphoid
tissues, and are recruited to peripheral sites of antigen
exposure. They express antigen receptors (TCRs) that
recognize peptide fragments of foreign proteins
bound to selfMHC molecules. Functional subsets ofT
lymphocytes include CD4+ helper T cells and CDa+
CTLs.
T-dependent antigen. An antigen that requires both B
cells and helper T cells to stimulate an antibody
response. T-dependent antigens are protein antigens
that contain some epitopes recognized by T cells
and other epitopes recognized by B cells. Helper
T cells produce cytokines and cell surface molecules that stimulate B cell growth and differentiation
into antibody-secreting
cells. Humoral immune
responses to T-dependent antigens are characterized
by isotype switching, affinity maturation,
and
memory.
Till cells. A functional subset ofCD4+ helperT cells that
secrete a particular set of cytokines, including IFN-y,
and whose principal function is to stimulate
phagocyte-mediated
defense against infections, especially with intracellular microbes.
TII2 cells. A functional subset ofCD4+ helperT cells that
secrete a particular set of cytokines, including IL-4 and
IL-S, and whose principal functions are to stimulate
IgE and eosinophil/mast cell-mediated immune reactions and to down-regulate THI responses.
TII17 cells. A functional subset ofCD4+ helperT cells that
secrete a particular set of inflammatory cytokines,
including IL-17, which are protective against certain
bacterial infections and also mediate pathogenic
responses in autoimmune diseases.
Thymic epithelial cells. Epithelial cells abundant in the
cortical and medullary stroma ofthe thymus that play
a critical role in T cell development. Thymic epithelial
cells secrete factors, such as IL-7, that are required for
the early stages of T cell development. In the process
of positive selection, maturing T cells must recognize
self peptides bound to MHC molecules on the surface
of thymic epithelial cells to be rescued from programmed cell death.

Thymocyte. A precursor of a mature T lymphocyte
present in the thymus.
Thymus. A bilobed organ situated in the anterior mediastinum that is the site of maturation of T lymphocytes from bone marrow-derived precursors. Thymic
tissue is divided into an outer cortex and an
inner medulla and contains stromal thymic epithelial
cells, macrophages, dendritic cells, and numerous
T cell precursors (thymocytes) at various stages of
maturation.
T-independent antigen. Nonprotein antigens, such as
polysaccharides and lipids, that can stimulate antibody responses without a requirement for antigenspecific helper T lymphocytes.
T-independent
antigens usually contain multiple identical epitopes
that can cross-link membrane Ig on B cells and
thereby activate the cells. Humoral immune responses
to T-independent antigens show relatively little heavy
chain isotype switching or affinity maturation, two
processes that require signals from helper T cells.
Tissue typing. The determination
of the particular
MHC alleles expressed by an individual for the
purpose of matching allograft donors and recipients.
Tissue typing, also called HLA typing, is usually done
by testing whether sera known to be reactive with
certain MHC gene products mediate complementdependent lysis of an individual's lymphocytes. PCR
techniques are now also used to determine whether
an individual carries a particular MHC allele.
TNF receptor-associated
factors (TRAFs). A family of
adapter molecules that interact with the cytoplasmic
domains of various receptors in the TNF receptor
family, including TNF-RIl, lymphotoxin (LT)-~ receptor, and CD40. Each of these receptors contains a cytoplasmic motif that binds different TRAFs, which in
turn engage other signaling molecules leading to activation of the transcription factors AP-l and NF-KB.
A transforming gene product of Epstein-Barr virus
encodes a protein with a domain that binds TRAFs,
and therefore infection by the virus mimics TNF- or
CD40-induced signals.
Tolerance. Unresponsiveness of the adaptive immune
system to antigens, as a result of inactivation or death
of antigen-specific lymphocytes, induced by exposure
to the antigens. Tolerance to self antigens is a normal
feature of the adaptive immune system, but tolerance
to foreign antigens may be induced under certain
conditions of antigen exposure.
Tolerogen. An antigen that induces immunologic tolerance, in contrast to an immunogen, which induces
an immune response. Many antigens can be either
tolerogens or immunogens, depending on how they
are administered. Tolerogenic forms of antigens
include large doses of the proteins administered
without adjuvants, APLs, and orally administered
antigens.
Toll-like receptors. Cell surface molecules on phagocytes and other cell types that are involved in recognition of microbial structures, such as endotoxin, and
the generation of signals that lead to the activation of
innate immune responses. Toll-like receptors share
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structural homology and signal transduction pathways with the type IIL-l receptor.
Toxic shock syndrome. An acute illness characterized
by shock, skin exfoliation, conjunctivitis, and diarrhea
that is associated with tampon use and caused by a
Staphylococcus aureus superantigen.
Transforming growth factor-~ (TGF-~). A cytokine produced by activated T cells, mononuclear phagocytes,
and other cells whose principal actions are to inhibit
the proliferation and differentiation of T cells, to
inhibit the activation of macrophages, and to counteract the effects of pro inflammatory cytokines.
Transfusion. Transplantation of circulating blood cells,
platelets, or plasma from one individual to another.
Transfusions are performed to treat blood loss from
hemorrhage or to treat a deficiency in one or more
blood cell types resulting from inadequate production
or excess destruction.
Transfusion
reactions. An immunologic
reaction
against transfused blood products, usually mediated
by preformed antibodies in the recipient that bind to
donor blood cell antigens, such as ABO blood group
antigens or histocompatibility antigens. Transfusion
reactions can lead to intravascular lysis of red blood
cells and, in severe cases, kidney damage, fever, shock,
and disseminated intravascular coagulation.
Transgenic mouse. A mouse that expresses an exogenous gene that has been introduced into the genome
by injection of a specific DNA sequence into the
pronuclei of fertilized mouse eggs. Transgenes insert
randomly at chromosomal break points and are subsequently inherited as simple mendelian traits. By the
design of transgenes with tissue-specific regulatory
sequences, mice can be produced that express a particular gene only in certain tissues. Transgenic mice
are used extensively in immunology research to study
the functions of various cytokines, cell surface molecules, and intracellular signaling molecules.
Transplantation.
The process of transferring cells,
tissues, or organs (Le., grafts) from one individual to
another or from one site to another in the same individual. Transplantation is used to treat a variety of diseases in which there is a functional disorder of a tissue
or organ. The major barrier to successful transplantation between individuals is immunologic reaction
(rejection) to the transplanted graft.
Transporter associated with antigen processing (TAP).
An adenosine triphosphate (ATP)-dependent peptide
transporter that mediates the active transport of peptides from the cytosol to the site of assembly of class I
MHC molecules inside the endoplasmic reticulum.
TAP is a heterodimeric molecule composed of TAP-l
and TAP-2 polypeptides, both encoded by genes in the
MHC. Because pep tides are required for stable assembly of class I MHC molecules, TAP-deficient animals
express few cell surface class I MHC molecules, which
results in diminished development and activation of
COW T cells.
Tumor immunity. Protection against the development
of tumors by the immune system. Although immune
responses to naturally occurring tumors can fre-

quently be demonstrated, true immunity may occur
only in the case of a subset of these tumors that
express immunogenic antigens (e.g., tumors that are
caused by oncogenic viruses and therefore express
viral antigens). Research efforts are under way to
enhance weak immune responses to other tumors by
a variety of approaches.
Tumor-infiltrating
lymphocytes (TILs). Lymphocytes
isolated from the inflammatory infiltrates present in
and around surgical resection samples of solid tumors
that are enriched with tumor-specific CTLs and NK
cells. In an experimental mode of cancer treatment,
TILs are grown in vitro in the presence of high doses
of IL-2 and are then adoptively transferred back into
patients with the tumor.
Tumor necrosis factor (TNF). A cytokine produced
mainly by activated mononuclear phagocytes that
functions to stimulate the recruitment of neutrophils
and monocytes to sites of infection and to activate
these cells to eradicate microbes. TNF stimulates vascular endothelial cells to express new adhesion molecules, induces macro phages and endothelial cells to
secrete chemokines, and promotes apoptosis of target
cells. In severe infections, TNF is produced in large
amounts and has systemic effects, including induction of fever, synthesis of acute-phase proteins by the
liver, and cachexia. The production of large amounts
ofTNF can cause intravascular thrombosis and shock.
(TNF-~, or Iymphotoxin, is a closely related cytokine
with biologic effects identical to those ofTNF-a but is
produced by T cells.)
Tumor necrosis factor (TNF) receptors. Cell surface
receptors for TNF-a and TNF-~ (LT), present on most
cell types. There are two distinct TNF receptors, TNFRI and TNF- RII, but most biologic effects of TNF are
mediated by TNF- Rl. TNF receptors are members of a
family of homologous receptors with cysteine-rich
extracellular motifs that include Fas and CD40.
Tumor-specific antigen. An antigen whose expression
is restricted to a particular tumor and is not expressed
by normal cells. Tumor-specific antigens may serve as
target antigens for antitumor immune responses.
Tumor-specific
transplantation
antigen (TSTA). An
antigen expressed on experimental animal tumor cells
that can be detected by induction of immunologic
rejection of tumor transplants. TSTAs were originally
defined on chemically induced rodent sarcomas and
shown to stimulate CTL-mediated rejection of transplanted tumors.
1\vo-signal hypothesis. A now proven hypothesis that
states that the activation of lymphocytes requires two
distinct signals, the first being antigen and the second
either microbial products or components of innate
immune responses to microbes. The requirement for
antigen (so-called signal 1) ensures that the ensuing
immune response is specific. The requirement for
additional stimuli triggered by microbes or innate
immune reactions (signal 2) ensures that immune
responses are induced when they are needed, that is,
against microbes and other noxious substances and
not against harmless substances, including self anti-
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gens. Signal 2 is referred to as co stimulation and is
often mediated by membrane molecules on professional APCs. such as B7 proteins.
Type I cytokine receptors. A family of cytokine receptors, also called hemopoietin receptors, that contain
conserved structural motifs in their extracellular
domains and bind cytokines that fold into four ahelical strands. including growth hormone. IL-2, IL-3,
IL-4, IL-5, IL-6, IL-7. IL-9, IL-ll, IL-13, IL-15. GM-CSF,
and G-CSE Some of these receptors consist of a
ligand-binding
chain and one or more signaltransducing chains, and all of these chains have the
same structural motifs. Type I cytokine receptors are
dimerized on binding their cytokine ligands, and they
signal through JAK/STAT pathways.
Type I interferons (lFN-a, IFN-~). A family of cytokines,
including several structurally related IFN-a proteins
and a single IFN-p protein, all of which have potent
antiviral actions. The major source of IFN-a is
mononuclear phagocytes; IFN-p is produced by many
cells, including fibroblasts. Both IFN-a and IFN-p bind
to the same cell surface receptor and induce similar
biologic responses. Type I IFNs inhibit viral replication, increase the lytic potential of NK cells, increase
expression of class I MHC molecules on virus-infected
cells, and stimulate the development of Till cells,
especially in humans.
Ubiquitination.
Covalent linkage of several copies of a
small polypeptide called ubiquitin to a protein. Ubiquitination serves to target the protein for proteolytic
degradation by proteasomes, a critical step in the
class I MHC pathway of antigen processing and
presentation.
Urticaria. Localized transient swelling and redness of
the skin caused by leakage of fluid and plasma proteins from small vessels into the dermis during an
immediate hypersensitivity reaction.
V gene segments. A DNA sequence that encodes the
variable domain of an 19heavy chain or light chain or
a TCR a, p, y, or 0 chain. Each antigen receptor locus
contains many different V gene segments. anyone of
which may recombine with downstream D or J segments during lymphocyte maturation to form functional antigen receptor genes.
V(D)J recombinase. A collection of enzymes that
together mediate the somatic recombination events
that form functional antigen receptor genes in developing Band T lymphocytes. Some of the enzymes.
such as RAG-I and RAG-2, are found only in developing lymphocytes. and others are ubiquitous DNA
repair enzymes.
Vaccine. A preparation of microbial antigen, often combined with adjuvants, that is administered to individuals to induce protective immunity against microbial
infections. The antigen may be in the form of live but
avirulent microorganisms,
killed microorganisms,
purified macromolecular components of a microorganism, or a plasmid that contains a complementary
DNA encoding a microbial antigen.
Variable region. The extracellular, N-terminal region
of an 19 heavy or light chain or a TCR a, p, y. or 0

chain that contains variable amino acid sequences
that differ between every clone of lymphocytes
and that are responsible for the specificity for
antigen. The antigen-binding
variable sequences
are localized to extended loop structures or hypervariable segments.
Virus. A primitive obligate intracellular parasitic organism or infectious particle that consists of a simple
nucleic acid genome packaged in a protein capsid,
sometimes surrounded by a membrane envelope.
Many pathogenic animal viruses cause a wide range
of diseases. Humoral immune responses to viruses
can be effective in blocking infection of cells, and NK
cells and CTLs are necessary to kill cells already
infected.
Western blot. An immunologic technique to determine
the presence of a protein in a biologic sample. The
method involves separation of proteins in the sample
by electrophoresis, transfer of the protein array from
the electrophoresis gel to a support membrane by
capillary action (blotting), and finally detection of the
protein by binding of an enzymatically or radioactively labeled antibody specific for that protein.
Wheal and flare reaction. Local swelling and redness in
the skin at a site of an immediate hypersensitivity
reaction. The wheal reflects increased vascular permeability and the flare results from increased local
blood flow, both changes resulting from mediators
such as histamine released from activated dermal
mast cells.
White pulp. The part of the spleen that is composed
predominantly of lymphocytes, arranged in periarteriolar lymphoid sheaths. and follicles and other leukocytes. The remainder of the spleen contains sinusoids
lined with phagocytic cells and filled with blood,
called the red pulp.
Wiskott-Aldrich syndrome. An X-linked disease characterized by eczema, thrombocytopenia
(reduced
blood platelets), and immunodeficiency manifested
as susceptibility to bacterial infections. The defective
gene encodes a cytosolic protein involved in signaling
cascades and regulation of the actin cytoskeleton.
Xenoantigen. An antigen on a graft from another
species.
Xenogeneic graft (xenograft). An organ or tissue graft
derived from a species different from the recipient.
Transplantation of xenogeneic grafts (e.g., from a pig)
to humans is not yet practical because of special problems related to immunologic rejection.
Xenoreactive. Describing a T cell or antibody that recognizes and responds to an antigen on a graft from
another species (a xenoantigen). The T cell may recognize an intact xenogeneic MHC molecule or a
peptide derived from a xenogeneic protein bound to
a self MHC molecule.
X-linked agammaglobulinemia.
An immunodeficiency
disease, also called Bruton's agammaglobulinemia,
characterized by a block in early B cell maturation and
absence of serum Ig. Patients suffer from pyogenic
bacterial infections. The disease is caused by mutations or deletions in the gene encoding Btk, an
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enzyme involved in signal transduction in developing
B cells.
X-linked hyper-IgM syndrome. A rare immunodeficiency disease caused by mutations in the CD40
ligand gene and characterized by failure of B cell heavy
chain isotype switching and cell-mediated immunity.
Patients suffer from both pyogenic bacterial and protozoal infections.
~Chain. A transmembrane protein expressed in T cells
as part of the TCR complex that contains ITAMs in its

cytoplasmic tail and binds the ZAP-70 protein tyrosine
kinase during T cell activation.
Zeta-associated
protein of 70 kD (ZAP-70). An Src
family cytoplasmic protein tyrosine kinase that is critical for early signaling steps in antigen-induced T cell
activation. ZAP-70 binds to phosphorylated tyrosines
in the cytoplasmic

tails of the

~ chain

of the TCR

complex and in turn phosphorylates adapter proteins
that recruit other components
of the signaling
cascade.

PRINCIPAL

FEATURES OF SELECTED
CD MOLECULES
the book. Many other molecules that have CD number
designations are not described in the text, and therefore
they are not included in this selected list. A complete and
up-to-date listing of CD molecules may be found on the
WWW at http://www.hlda8.org.

The table below includes selected CD molecules that are
referred to in the text. We have not included cytokine
receptors and Toll-like receptors, many of which have
been assigned CD numbers. because we refer to these
molecules by the more descriptive names throughout

Main cellular
expression

Known or
proposed functions

49 kD; class I MHC
family; ~2microglobulinassociated

Thymocytes,
dendritic
cells (including
Langerhans cells)

Presentation
of non peptide
(lipid and glycolipid)
antigens to some T cells

T6

45 kD; class I MHC
family; ~2microglobulinassociated

Same as CD1a

Same as CD1 a

CD1c

T6

43 kD; class I MHC
family; ~2microglobulinassociated

Thymocytes,
dendritic
cells (including
Langerhans cells),
some B cells

Same as CD1a

CD1d

-

49 kD; class I MHC
family; ~2microglobulin
associated

Thymocytes,
dendritic
cells (including Langerhans
cells), intestinal epithelial
cells, some B cells

Same as CD1 a

CD1e

-

28 kD; class I MHC
family;
~2microglobulinassociated

Dendritic

cells

Same

CD2

T11; LFA-2;
sheep red blood
cell receptor

50 kD; Ig superfamily;
CD2/CD48/CD58
family

T cells,

NK cells

CD3y

T3; Leu-4

25-28
kD; associated
with CD30 and CD3E in
TCR complex;
Ig
superfamily;
ITAM in
cytoplasmic
tail

Tcells

Cell surface
expression
of
and signal transduction
by
the T cell antigen
receptor

CD30

T3; Leu-4

20 kD; associated
with
CD30 and CD3E in
TCR complex;
Ig
superfamily;
ITAM in
cytoplasmic
tail (Chapter

Tcells

Cell surface
expression
of
and signal transduction
by
the T cell antigen
receptor

CD
designation

Common
synonyms

Molecular
family

CD1a *

T6

CD1b

structure,

as CD1a

Adhesion
molecule
(binds CD58); T cell
'activation;
CTL- and NK
cell-mediated
lysis

6)

The complete listing of CD molecules, called Human Cell Differentiation Markers (HCDM), formerly called Human Leukocyte Differentiation Antigens, is compiled by the Collaborative Research on Cellular Markers workshop. The HCDM website, http://
www.hlda8.org!, includes links to various gene and protein databases, which contain information about each molecule.
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PRINCIPAL

OF SELECTED CD MOLECULES

FEATURES

Main cellular
expression

Known or
proposed functions

20 kD; associated with
CD3/\ and CD3E in TCR
complex; Ig superfamily';
ITAM in cytoplasmic tall

Tcells

Cell surface expression
and signal transduction
T cell antigen receptor

T4; Leu-3; L3T4

55 kD; Ig superfamily

Class II MHC-restricted
T cells, monocytes and
macrophages

Signaling and adhesion
coreceptor in class II
MHG-restricted
antigeninduced T cell activation
(binds to class II MHC
molecules); receptor for HIV

CD5

T1; Ly-1

67 kD; scavenger
receptor family

T cells, B cell subset

Signaling molecule;
binds CD72

CD8a.

T8; Leu2; Lyt2

34 kD; expressed as
homodimer or heterodimer
with CD8

Class I MHC-restricted
Tcells

Signaling and adhesion
coreceptor in class I MHC~restricted antigen-induced
T cell
activation (binds to class I MHC
molecules); thymocyte
development

CD8~

T8; Leu2; Lyt2

34 kD; expressed as
heterodimer with CD8 a;
Ig superfamily

Same as CD8a

Same as CD8a

CD10

Common acute

100 kD; type
protein

Immature
and some mature
B cells; lymphoid
progenitors,
granulocytes

Metalloproteinase;
development

CD11a

LFA-1 a chain;
integrin
subunit

180 kD; noncovalently
linked to CD18 to form
LFA-1 integrin

Leukocytes

Cell:cell
ICAM-1
(CD102),

CD11b

Mac-1; M01; CR3
(iC3b receptor);
aM integrin
chain

165 kD; non covalently
linked to CD18 to form
Mac-1 integrin

Granulocytes,
macrophages,
cells, NK cells

CD11c

p150,95;
CR4 a
chain; ax integrin
chain

145 kD; noncovalently
linked to CD18 to form
p150,95
integrin

Monocytes/macrophages,
granulocytes,
NK cells

Similar functions
major CD11CD18
on macrophages

CD14

M02; LPS receptor

53 kD; GPI-linked

Monocytes,
granulocytes

Binds complex of LPS and
LPS-binding
protein; required
LPS-induced
macrophage
activation

CD16a

FcyRlllA

50-70 kD; transmembrane
protein; Ig superfamily

NK cells, macrophages

Binds Fc region of IgG;
phagocytosis
and antibodydependent cellular cytotoxicity

CD16b

FcyR II IB

50-70 kD; GPllinked;
Ig superfamily

Neutrophils

Binds Fc re~ion of IgG; synergy
with FcyRllm immune complexmediated neutrophil activation

CD18

chain
amily;
Pc
subunit

95 kD; non covalently
linked to CD11a, CD11b,
or CD11c to form
~2
integrins

Leukocytes

See CD11a,

CD19

B4

95 kD; Ig superfamily

Most

B cells

B cell activation;
forms a
coreceptor
complex
with CD21
and CD81 which delivers
signals
that synergize
with signals from
B cell antigen
receptor
complex

CD20

B1

35-37
kD; tetraspan
(TM4SF)
family

Most

or all B cells

? Role in B cell activation
or
regulation;
calcium
ion channel

CD21

CR2;
B2

145 kD; regulators
of
complement
activation

Mature B cells,
dendritic
cells

CD
designation

Common
synonyms

Molecular
family

CD3e

T3; Leu-4

CD4

lymphoblastic
leukemia
antigen
(CALLA);
neutral
endopeptidase.
metalloendopeptidase;
enkephalinase
aL

of LFA-1
~2integrin

C3d

receptor;

structure,

\I membrane

monocytesl
dendritic

macrophages,

follicular

of
by the

B cell

adhesion;
binds to
(CD54),
ICAM.2
and ICAM-3
(CD50)

Phagocytosis
of iC3b-coated
particles;
neutrophil
and
monocyte
adhesion
to
endothelium
(binds CD54)
and extracellular
matrix proteins
to CD11 b;
integrin

CD11b,

for

CD11c

Receptor
for complement
fragment
C3d; forms a
coreceptor
complex
with CD19
and CD81 which delivers
activating
signals in B cells;
Epstein-Barr
virus receptor
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PRINCIPAL

FEATURES OF SELECTED CD MOLECULES

Main cellular
expression

Known or
proposed functions

130-140 kD; Ig superfamily;
sialadhesin family; ITIM in
cytoplasmic tail

B cells

Regulation of B cell activation;
adhesion molecule

FCERllb; low-affinity
IgE receptor

45 kD; c-type

Activated
B cells,
macrophages

CD25

IL-2 receptor
TAC; p55

55 kD; regulators
of
complement
activation
family; noncovaientl~
associates
with IL-2 P
~CD122~ and IL-2Ry
CD132
chains to form
high-affinity
IL-2 receptor

Activated
regulatory
activated

CD28

Tp44

Homodimer
of 44 kD
chains;
Ig superfamily

T cells (most
CD8 cells)

CD29

P chain of VLA
antigens;
integrin
subunit;
p rc1
ate let
GPlla

130 kD; noncovalently
linked with CD49a-d
chains
to form VLA (P 1) integrins

T cells, B cells,
granulocytes

CD30

Ki-1

120 kD; TNF-R

Activated
T and B cells;
NK cells, monocytes,
Reed-Sternberg
cells in
Hodgkin's
disease

Role in activation-induced
cell
death of CD8+ T cells; binds to
CD153
(CD30L)
on neutrophils,
activated
T cells, and
macrophages

CD31

PECAM-1;
GPlla

Platelets;
monocytes,
granulocytes,
B cells,
endothelial
cells

Adhesion
molecule
involved
the leukocyte
transmigration
through
endothelium

CD32

FcyRIIA;
FcyRllC

Macrophages,
granulocytes,
B cells, eosinophils,
platelets

Fc receptor
for aggregated
IgG;
binds C-reactive
protein;
role in
phagocytosis,
ADCC; acts as
inhibitory
receptor
that terminates
activation
signals
initiated
by the
B cell antigen
receptor

CD34

gp105-120

Precursors
of hematopoietic
cells, endothelial
cells in high
endothelial
venules

Cell-cell
CD62L

CD35

CR1;

190-285
kD (four products
of polymorphic
alleles);
regulators
of complement
activation
family

Granulocytes,
monocytes,
ery1hrocytes,
B cells, T cell
subsets,
follicular
dendritic
cells

Binds C3b and C4b; promotes
phagocytosis
of C3b- or
C4b-coated
particles
and
immune
complexes;
regulates
complement
activation

CD36

Platelet

85-90

Platelets,
monocytes,
and
macrophages,
microvascular
endothelial
cells

Scavenger
low-density
adhesion;
apoptotic

CD40

-

Homodimer
of 44-48
chains; TNF-R family

B cells,
dendritic
cells

Binds CD154
(CD40 ligand);
in T cell-dependent
B cell,
activation,
and macrophage,
dendritic
cell, and endothelial
cell activation

CD43

Sialophorin;
leukosialin

95-135

CD44

Pgp-1;

80 to >100
glycosylated;
link protein

CD45

Leukocyte
common
antigen
(LCA);
T200;B220

Multiple
isoforms,
180-220
kD (see CD45R);
protein tyrosine
phosphatase
receptor
family; fibronectin
type III family

Hematopoietic

CD45R

Forms of CD45 with
restricted
cellular
expression

CD45RO:
180 kD
CD45RA:
220 kD
CD45RB:
190, 205,
and 220 kD isoforms

CD45RO:
memory
T cells,
subset of B cells,
monocytes,
macrophages
CD45RA:
naive T cells,
B cells, monocytes
CD45RB:
B cells, subset of
Tcells

CD
designation

Common
synonyms

Molecular
family

CD22

BL-CAM;

CD23

Lyb8

a chain;

130-140

platelet

FcyRIIB;

family

40 kD; Ig superfamily;
ITIM
in cytoplasmic
tail; A, B,
and C forms products
of
different
but homologous
genes

receptor

GPlllb;

lectin

kD; Ig superfamily

kD; sialomucin

105-120

C3b

structure,

GPIV

Hermes

kD

kD

kD; sialomucin
kD, highly
cartilage
family

monocytes,

T and B cells;
T cells;
macrophages

CD4,

some

monocytes,

macrophages,
cells, endothelial

Leukocytes
circulating
Leukocytes,

(except
B cells)
ery1hrocytes

cells

Low-affinity
FCE receptor,
induced
by IL-4; ? regulation
of
IgE synthesis;
? triggering
of
monocyte
cytokine
release
Binds

IL-2; subunit of IL-2R

T cell receptor
for costimulator
molecules
CD80 (B7-1) and
CD86 (B7-2)
Leukocyte
adhesion
to
extracellular
matrix proteins
and endothelium
(see CD49)

adhesion;
(L-selectin)

Adhesive
functions

in

binds

receptor
for oxidized
lipoprotein;
platelet
phagocytosis
of
cells
role

and anti-adhesive

Binds hyaluronan;
involved
in
leukocyte
adhesion
to endothelial
cells and extracellular
matrix;
leukocyte
aggregation
phosphatase
which
Tr.rosine
pays critical role in regulating
T and B cell antigen
receptor-mediated
signaling
See CD45
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PRINCIPAL

FEATURES OF SELECTEO CO MOLECULES

CD
designation

Common
synonyms

Molecular
family

CD46

Membrane
cofactor
protein
(MCP)

52-58
kD; regulators
complement
activation

CD49a

a1 integrin

subunit

210 kD; noncovalently
linked to CD29 to form
VLA-1 (~1 integrin)

Activated

T cells,

monocytes

CD49b

a2 integrin
subunit;
platelet
GPla

165 kD; non covalently
linked to CD29 to form
VLA-2 (~1 integrin)

Platelets,
monocytes,

activated
some

T cells,
B cells

CD49c

a3 integrin

subunit

Dimer of 130 and 25 kD
chains;
noncovalently
linked to CD29 to form
VLA-3 (~1 integrin)

T cells, some
monocytes

CD49d

IX.! integrin

subunit

150 kD; noncovalently
linked to CD29 to form

T cells, monocytes,
B cells,
NK cells, eosinophils,
dendritic
cells, thymocytes

Leukocyte
adhesion
to
endothelium
and extracellular
matrix; binds to VCAM-1
and
MAdCAM-1;
binds fibronectin
and collagens

VLA-4

(1X.!~1)

structure,

Known or
proposed functions

Main cellular
expression

of
family

integrin

Leukocytes,
fibroblasts

epithelial

cells,

Regulation
activation

of complement

Leukocyte
adhesion
to
extracellular
matrix;
binds collagens,
laminin
Leukocyte
adhesion
extracellular
matrix;
collagen,
laminin

B cells,

Leukocyte
extracellular
fibronectin,

to
binds

adhesion
to
matrix; binds
collagens,
laminin

CD4ge

as integrin

subunit

Heterodimer
of 135 and
25 kD chains;
noncovalently
linked to CD29 to form
VLA-5 (~1 integrin)

T cells; few B cells and
monocytes,
thymocytes

Adhesion
to extracellular
binds fibronectin

matrix;

CD49f

as integrin

subunit

Heterodimer
of 125 and
25 kD chains;
noncovalently
linked to CD29 to form
VLA-6 (~1 integrin)

Platelets,
activated

Adhesion
to extracellular
binds fibronectin

matrix;

CD54

ICAM-1

75-114

Endothelial
cells, T cells,
B cells, monocytes,
endothelial
cells
(cytokine
inducible)

Cell-cell
adhesion;
ligand for
CD11aCD18
(LFA-1)
and
CD11bCD18
(Mac-1);
receptor
for rhinovirus

CD55

Decay-accelerating
factor (DAF)

55-70 kD; GPllinked;
regulators of complement
activation family

Broad

Regulation
activation;

of complement
binds C3b, C4b

CD58

Leukocyte
associated
(LFA-3)

functionantigen-3

55-70 kD; GPllinked
or
integral membrane protein;
CD2JCD48/CD58
family

Broad

Leukocyte

adhesion;

CD59

Membrane
of reactive
(MIRL)

inhibitor
lysis

18-20 kD; GPllinked;
superfamily

Broad

Binds C9; inhibits formation of
complement
membrane attack
complex

CD62E

E-selectin;

ELAM-1

115 kD; selectin

CD62L

L-selectin;
MEL-14

LAM-1;

74-95

CD62P

P-selectin;
PADGEM

gmp140;

140 kD; selectin

CD64

FcyRl

CD66e

Carcinoembryonic
antigen
(CEA)

CD74

Class II MHC
(y) chain;
invariant

kD; Ig superfamily

kD; selectin

Ly-6

family
family

megakaryocytes,
T cells, monocytes

Endothelial

cells

binds CD2

Leukocyte-endothelial

adhesion

B cells, T cells, monocytes,
granulocytes,
some NK cells

Leukocyte-endothelial
adhesion;
homing
of naive T cells to
peripheral
lymph nodes

Platelets,
endothelial
cells
(present
in granules,
translocated
to cell surface
upon activation)

Leukocyte
adhesion
to
endothelium,
platelets;
binds CD162
(PSGL-1)

72 kD; Ig superfamily;
noncovalently
associated
with the common
FeR y
chain

Monocytes,
macrophages,
activated
neutrophils

High-affinity
Fey receptor;
Phagoc~osiS,
ADCC,
macrop
age activation

180-220
kD; Ig superfamily;
carcinoembryonic
antigen
(CEA) family

Colonic
cells

? Adhesion;
carcinoma

33, 35, and 41 kD isoforms

B cells, monocytes,
macrophage,
other class
MHC-expressing
cells

family

II

and other

epithelial

II

clinical
burden

marker

role in

of

Binds to and directs intracellular
sorting of newly synthesized
class II MHC molecules

CD79a

Iga,

MB1

32, 45 kD; forms dimer with
CD79p;
Ig superfamily;
ITAM In cytoplasmic
tail

Mature

B cells

Required
for cell surface
expression
of and signal
transduction
by the B cell
antigen receptor
complex

CD79b

Ig~, B29

37-39
kD; forms dimer with
CD79a;
Ig superfamily;
ITAM in cytoplasmic
tail

Mature

B cells

Required
for cell surface
expression
of and signal
transduction
by the B cell
antigen
receptor
complex
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PRINCIPAL

FEATURES

OF SELECTEDCD MOLECULES

Molecular structure,
family

Main cellular
expression

Known or
proposed functions

60 kD; Ig superfamily

Dendritic
cells, activated
8 cells and macrophages

Costimulator
for T lymphocyte
activation;
ligand for CD28 and
CD152
(CTLA-4)

Target for
antiproliferative
antigen-1
(TAPA-1)

26 kD; tetraspan

T cells, B cells, NK cells,
dendritic
cells, thymocytes,
endothelium

B cell activation;
forms a
coreceptor
complex
with
CD19 and CD21 which delivers
signals that synergize
with
signals from B cell antigen
receptor
complex

C086

B7-2

80 kD; Ig superfamily

8 cells, monocytes,
cells; some T cells

Costimulator
for T lymphocyte
activation; ligand for CD28 and
CD152 (CTLA-4)

C088

C5a receptor

43 kD; G protein-coupled,
7 -membrane-spanning
receptor family

Granulocytes,
monocytes,
dendritic cells, mast cells

Receptor for C5a complement
fragment; role in complementinduced inflammation

C089

Fca

superfamily;
55-75
kD;
I~ y associated
noncovalent
with the common
FcR
Y chain

Granulocytes,
macrophages,
B cell subset

Binds IgA; mediates
IgA-dependent
cellular
cytotoxicity

C090

Thy-1

25-35
kD; GPllinked;
superfamily

C094

Kp43; KIR

C095

Fas antigen,

C0102

ICAM-2

C0103

HML-1;
subunit

C0106

Vascular
cell
adhesion
molecule-1
(VCAM-1);
INCAM-110

100-110

C0150

Signaling
activation
(SLAM);

75-95

C0152

Cytotoxic
T lymphocyteassociated
protein-4
(CTLA-4)

33, 50 kD; Ig superfamily

Activated

C0153

CD30

40 kD; TNF

Activated
T cells, resting
8 cells, granulocytes,
macrophages,
thymocytes

Role in activation-induced
death of CD8+ T cells;
to CD30

C0154

CD40 liJand
(CD40L ; TNFrelated activation
protein
(TRAP);

Activated

CD4+

Activates
B cells, macrophages,
and endothelial
cells; ligand
for CD40

C0158

Killer
(KIR)

50, 58 kD; Ig superfamily;
killer Ig-like receptor
(KIR)
family; ITIMS in
cytoplasmic
tail

NK cells,

T cell subsets

43 kD; C-type lectin; forms
heterodimer
with CD94

NK cells,

CD
designation

Common
synonyms

C080

87-1;

C081

C0159a

881

receptor

(FcaR)

APO-1

aE integrin

lymphocyte
molecule
IPO-3

ligand

(CD30L)

Ig receptor

NKG2A

(TM4SF)

dendritic

monocytes,
T cell subset,

Thymocytes,
peripheral
T cells (mice), CD34+
hematopoietic
progenitor
cells, neurons

Marker for T cells;
T cell activation

43 kD; C-type lectin; on
NK cells, covalently
assembles with other
C-type lectin molecules
(NKG2)

NK cells; subset of CD8+
Tcells

CD94/NKG2
complex functions
as an NK cell inhibitory receptor;
binds HLA-E class I
MHC molecules

Homotrimer of 45 kD
chains; TNF receptor family

Multiple

8inds Fas ligand; mediates
signals leading to activationinduced cell death

55-65

Endothelial cells,
lymphocytes,
monocytes,
platelets

Ligand for CD11aCD18
cell-cell adhesion

Intraepitheliallymphocytes,
other cell types

Role in T cell homing
retention in mucosa;
binds E-cadherin

Endothelial
cells,
macrophages,
follicular
dendritic
cells, marrow
stromal
cells

Adhesion;
receptor
for
CD49dCD29
(VLA-4)
integrin;
role in lymphocyte
trafficking,
activation;
role In hematopoiesis

Ig

kD; Ig superfamily

Dimer of 150 and 25 kD
subunits; noncovalently
linked to ~7integrin subunit
to form aE~7 integrin
kD; Ig superfamily

Thymocytes,
lymphocytes,
endothelial

kD; Ig superfamily

family

Homotrimer
of 32-39
chains; TNF receptor

cell types

kD
family

activated
dendritic
cells
T lymphocytes

T cells

cells,

? role in

(LFA-1);

to and

Regulation
of B cell- T cell
interactions
and proliferative
signals
in B lymphocytes;
binds
itself as a self ligand
Inhibitory
Signalin~
in T cells;
binds CD80 (87-1
and CD86
(87-2) on antigen-presenting
cells
cell
binds

gp39

T cell subsets

Inhibition
or activation
upon interaction
with
the appropriate
class
molecules
Inhibition
or activation
upon interaction
with
the appropriate
class
molecules

of NK cells
I HLA
of NK cells
I HLA
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PRINCIPAL FEATURES OF SELECTED CO MOLECULES

CD
designation

Common
synonyms

Molecular
family

CD159c

NKG2C

CD162

Main cellular
expression

Known or
proposed functions

40 kD; C-type lectin; forms
heterodimer
with CD94

NK cells

Activation of NK cells upon
interaction with the
appropriate class I HLA
molecules

PSGL-1

Homodimer of 120 kD
chains; sialomucin

T cells, monocytes,
granulocytes,
some B cells

Ligand for selectins (CD62P,
CD62L); adhesion of
leukocytes to endothelium

CD247

Zeta chain; TCR

~17kD; ITAMs in
cytoplasmic tail

T cells, NK cells

Signaling chain of TCR and
NK cell-activating
receptors

CD273

B7-DC,

PD-L2

25 kD; Ig superfamily;
B7 costimulator
family

Dendritic cells, monocytes,
macrophages

Binds PD-1; inhibition
activation

of T cell

CD274

B7-H1,

PD.L 1

33 kD; Ig superfamily;
B7 costimulator
family

Leukocytes

Binds PD-1; inhibition
activation

of T cell

CD275

B7-H2, ICOS ligand,
B7-RP1

60 kD; Ig superfamily;
B7 costimulator
family

B cells, dendritic
monocytes

Binds ICOS (CD278);
costimulation

T cell

CD276

B7 -H3

40-45 kD; Ig superfamily;
B7 costimulator
family

Dendritic
activated

cells, monocytes,
T cells

T cell costimulation

CD278

ICOS, AlUM

55-60 kD; Ig superfamily;
CD28 costimulator
family

Activated

T cells

Binds ICOS-L
costimulation

CD279

PD1, SLEB2

55 kD; Ig superfamily;
CD28 costimulator
family

Activated
B cells

T cells, activated

Binds B7-H1 (CD274) and
B7-DC (CD273); regulation
T cell activation

180 kD; C-type lectin

Macrophages,
chondrocytes,
fibroblasts, endothelial cells

Mannose receptor;
pattern recognition
immunity receptor

42 kD; C-type lectin

NK cells, activated CD8+
T cells, NK1.1 T cells,
some myeloid cells

Binds MHC class I, MICA, MICB,
Rae1 and ULBP4; NK cell and
CTL activation

CD280

END0180,

CD314

NKG2D,KLR

.

UPARAP

The lowercase
letters affixed to some CD numbers
families
of structurally
related proteins.
For instance,
~2 microglobulin-associated
nonpolymorphic
protein.

structure,

refer to complex
CD molecules
CD1a, CD1b, CD1c, and CD1d

cells,

(CD275);

T cell

of

endocytic
of innate

that are encoded
by multiple
genes or that belong
are structurally
related but distinct forms of a

Abbreviations:
ADCC, antibody-dependent
cell-mediated
cytotoxicity;
GP, glycoprotein;
ICAM, intercellular
adhesion
molecule;
Ig, immunoglobulin;
IL, interleukin;
ITAM, immunoreceptor
tyrosine-based
activation
motif; ITIM, immunoreceptor
tyrosine-based
inhibition
motif; kD, kilodalton;
LFA, lymphocyte
function-associated
antigen;
LPS, lipopolysaccharide;
MHC, major histocompatibility
complex;
NK, natural killer; GPI, glycophosphatidylinositol;
VCAM, vascular
cell adhesion
molecule;
VLA, very late activation.
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Many laboratory techniques that are routine in research
and clinical settings are based on the use of antibodies.
In addition, many of the techniques of modern molecular biology have provided invaluable information about
the immune system. We have mentioned these techniques often throughout the book. In this appendix, we

describe the principles underlying some of the most
commonly used laboratory methods in immunology. In
addition, we summarize how Band T lymphocyte
responses are studied using laboratory techniques.
Details of how to carry out various assays may be found
in laboratory manuals.

LABORATORY METHODS

USING

ANTIBODIES

The exquisite specificity of antibodies for particular antigens makes antibodies valuable reagents for detecting,
purifying, and quantitating antigens. Because antibodies can be produced against virtually any type of macromolecule
and
small
chemical,
antibody-based
techniques may be used to study virtually any type of
molecule in solution or in cells. The method for producing monoclonal antibodies (see Chapter 4, Box 4- I) has
greatly increased our ability to generate antibodies of
almost any desired specificity. Historically, many of the
uses of antibody depended on the ability of antibody
and specific antigen to form large immune complexes,
either in solution or in gels, that could be detected by
various optical methods. These methods were of great
importance in early studies but have now been replaced
almost entirely by simpler methods based on immobilized antibodies or antigens.
Quantitation
of Antigen
by Immunoassays
Immunologic methods of quantifying antigen concentration provide exquisite sensitivity and specificity and
have become standard techniques for both research and
clinical applications. All modern immunochemical
methods of quantitation are based on having a pure
antigen or antibody whose quantity can be measured by
an indicator molecule. When the indicator molecule is
labeled with a radioisotope, as first introduced by
Rosalyn Yalow and colleagues, it may be quantified by
instruments that detect radioactive decay events; the
assay is called a radioimmunoassay
(RIA). When the
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coupled
to an enzyme,
it may be quantified
by determining
with a spectrophotometer
the rate at which the enzyme converts
a clear
substrate
to a colored
product;
the assay is called an
enzyme-linked
immunosorbent
assay (ELISA). Several
variations
of RIA and ELISA exist, but the most commonly used version is the sandwich
assay (Fig. A-I). The
sandwich
assay uses two different
antibodies
reactive
with different
epitopes on the antigen whose concentration needs to be determined.
A fixed quantity
of one
antibody
is attached
to a series of replicate
solid supports, such as plastic microtiter
wells. Test solutions containing antigen at an unknown concentration
or a series
of standard
solutions with known concentrations of
antigen are added to the wells and allowed to bind.
Unbound
antigen
is removed
by washing,
and the
second antibody,
which is enzyme linked or radiolabeled, is allowed to bind. The antigen serves as a
bridge, so the more antigen in the test or standard solu-

FIGURE
A-1 Sandwich
enzyme-linked
immunosorbent
assay or radioimmunoassay. A fixed amount of one immobilized
antibody is used to capture an antigen. The
binding of a second, labeled antibody that
recognizes
a nonoverlapping
determinant
on the antigen will increase as the concentration of antigen increases and thus allow
quantification
of the antigen.

tions, the more enzyme-linked or radiolabeled second
antibody will bind. The results from the standard solutions are used to construct a binding curve for second
antibody as a function of antigen concentration, from
which the quantities of antigen in the test solutions may
be inferred. When this test is performed with two monoclonal antibodies, it is essential that these antibodies
see nonoverlapping determinants on the antigen; otherwise, the second antibody cannot bind.
In an important clinical variant of immunobinding
assays, samples from patients may be tested for the presence of antibodies that are specific for a microbial
antigen (e.g., antibodies reactive with proteins from
human immunodeficiency virus [HIV] or hepatitis B
virus) as indicators of infection. In this case, a saturating
quantity of antigen is added to replicate wells containing plate-bound antibody, or the antigen is attached
directly to the plate, and serial dilutions of the patient's
serum are then allowed to bind. The amount of the
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patient's antibody bound to the immobilized antigen is
determined by use of an enzyme-linked or radiolabeled
second antihuman immunoglobulin (lg) antibody.
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is a widely used technique to determine the presence
and size of a protein in a biologic sample.

Immunoprecipitation and
Affinity Chromatography
Purification
of Proteins

and

Identification

Antibodies can be used to purify proteins from solutions
and to identify and characterize proteins. l\vo commonly used methods to purify proteins are immunoprecipitation and affinity chromatography. Western blotting

Immunoprecipitation
is a technique in which an antibody specific for one protein antigen in a mixture of proteins is used to isolate the specific antigen from the
mixture (Fig. A-2A). In most modern procedures, the
antibody is attached to a solid-phase particle (e.g., an
agarose bead) either by direct chemical coupling or indi-
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Isolation

of an antigen

by immunoprecipitation
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chromatography.

A. A particular

antigen

can be purified

from

a

mixture of antigens in serum or other solutions by adding antibodies specific to the antigen, which are bound to insoluble beads. Unbound
antigens are then washed away, and the desired antigen is recovered by changing the pH or ionic strength of the solution so that the affinity of antibody-antigen
binding is lowered. Immunoprecipitation
can be used as a means of purification,
as a means of quantification,
or as
a means of identification
of an antigen. Antigens purified by immunoprecipitation
are often analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
B. Affinity chromatography
is based on the same principle as immunoprecipitation,
except that the antibody is
fixed to an insoluble matrix or beads. usually in a column. The method is often used to isolate soluble antigens (shown) or antibodies specific for an immobilized
antigen.
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rectly. Indirect coupling may be achieved by means of an
attached anti-antibody, such as rabbit antimouse Ig
antibody, or by means of some other protein with specific affinity for the Fe portion of Ig molecules, such as
protein A or protein G from staphylococcal bacteria.
After the antibody-coated beads are incubated with the
solution of antigen, unbound molecules are separated
from the bead-anti body-antigen complex by washing.
Specific antigen is then released (eluted) from the antibody by changing the pH or by other solvent conditions
that reduce the affinity of binding. The purified antigen
can then be analyzed by conventional chemical techniques. Alternatively, a small amount of radiolabeled
protein can be purified and the characteristics of the
macromolecule
inferred from the behavior of the
radioactive label in analytical separation techniques,
such as sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SOS-PAGE) or isoelectric focusing.
Affinity chromatography, like immunoprecipitation,
uses antibodies attached to an insoluble support to
remove and thereby purify antigens from a solution (Fig.
A-2B). Antibodies specific for the desired antigen are
attached to a solid support, such as agarose beads
packed into a column, either by direct coupling or indirectly, as described for immunoprecipitation.
A complex
mixture of antigens is passed through the beads to allow
the antigen that is recognized by the antibody to bind.
Unbound molecules are washed away, and the bound
antigen is eluted by changing the pH or by exposure to
a chemical that breaks the antigen-antibody bonds. The
same method may be used to purify antibodies from
culture supernatants or natural fluids, such as serum, by
first attaching the antigen to beads and passing the
supernatants or serum through.
Western

Blotting

Western blotting (Fig. A-3) is used to determine the relative quantity and the molecular weight of a protein
within a mixture of proteins or other molecules. The
mixture is first subjected to analytical separation, typically by SOS-PAGE, so that the final positions of different proteins in the gel are a function of their molecular
size. The array of separated proteins is then transferred
from the separating polyacrylamide gel to a support
membrane by capillary action (blotting) or by electrophoresis such that the membrane acquires a replica
of the array of separated macromolecules present in the
gel. SOS is displaced from the protein during the transfer process, and native antigenic determinants are often
regained as the protein refolds. The position of the
protein antigen on the membrane can then be detected
by binding of labeled antibody specific for that protein,
thus providing information about antigen size and
quantity. If radiolabeled antibody probes are used, the
proteins on the blot are visualized by autoradiographic
exposure of film. More recently, antibody probes are
labeled with enzymes that generate chemiluminescent
signals and leave images on photographic film. The sensitivity and specificity of this technique can be increased
by starting with immunoprecipitated
proteins instead of

crude protein mixtures. This sequential technique is
especially useful for detecting protein-protein interactions. For example, the physical association of two different proteins in the membrane of a lymphocyte can
be established by immunoprecipitating
a membrane
extract by use of an antibody specific for one of the proteins and probing a Western blot of the immunoprecipitate by use of a labeled antibody specific for the second
protein that may have been co-immunoprecipitated
along with the first protein. A variation of the Western
blot technique is routinely used to detect the presence
of anti-HIV antibodies in patients' sera. In this case, a
defined mixture of HIV proteins is separated by SOSPAGEand blotted onto a membrane, and the membrane
is incubated with dilutions of the test serum. The blot is
then probed with a second labeled antihuman Ig to
detect the presence of HIV-specific antibodies that were
in the serum and bound to the HIV proteins.
The technique of transferring proteins from a gel to a
membrane is called Western blotting as a biochemist's
joke. Southern is the last name of the scientist who first
blotted DNA from a separating gel to a membrane. a
technique since called Southern blotting. By analogy,
Northern blotting was applied to the technique of transferring RNA from a gel to a membrane, and Western blotting was applied to protein transfer.
Labeling and Detection
Cells and TIssues

of Antigens

in

Antibodies specific for antigens expressed on or in particular cell types are commonly used to identify these
cells in tissues or cell suspensions and to separate these
cells from mixed populations. In these methods, the
antibody can be radio labeled, enzyme linked, or, most
commonly, fluorescently labeled, and a detection
system is used that can identify the bound antibody.
Antibodies attached to magnetic beads can be used to
physically isolate cells expressing specific antigens.
Flow Cytometry
Cell Sorting

and Fluorescence-Activated

The tissue lineage. maturation stage, or activation status
of a cell can often be determined by analyzing the cell
surface or intracellular expression of different molecules. This technique is commonly done by staining the
cell with fluorescently labeled probes that are specific for
those molecules and measuring the quantity of fluorescence emitted by the cell (Fig. A-4). The flow cytometer
is a specialized instrument that can detect fluorescence
on individual cells in a suspension and thereby determine the number of cells expressing the molecule to
which a fluorescent probe binds. Suspensions of cells are
incubated with fluorescently labeled probes, and the
amount of probe bound by each cell in the population is
measured by passing the cells one at a time through a
fluorimeter with a laser-generated incident beam. The
relative amounts of a particular molecule on different
cell populations can be compared by staining each pop-
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FIGURE A-3 Characterizationof antigens by Western blotting. Protein antigens. separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and transferred to a membrane, can be labeled with radioactive or
(not shown) enzyme-coupled antibodies.
Analysis of an antigen by Western blotting provides information similar to that
obtained from immunoprecipitation followed by polyacrylamide gel electrophoresis. Some antibodies work only
in one or the other technique.
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DNA-binding
probes
such as propidium
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FIGURE A-4 Principle of flow cytometry and fluorescence-activated cell sorting. The incident laser beam is of a designated wavelength,
and the light that emerges from the sample is analyzed for forward and side scatter as well as fluorescent
light of two or more wavelengths
that depend on the fluorochrome
labels attached to the antibodies. The separation depicted here is based on two antigenic markers (twocolor sorting). Modern instruments
can routinely analyze and separate cell populations on the basis of three or more different colored probes.
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iodide. Apoptotic cells can be identified using fluorescent probes, such as Annexin V.that bind to abnormally
exposed phospholipids on the surface of the dying cells.
Modern flow cytometers can routinely detect three or
more different-colored
fluorescent
signals, each
attached to a different antibody or other probe. This
technique permits simultaneous analysis of the expression of many different combinations of molecules by a
cell. In addition to detecting fluorescent signals, flow
cytometers also measure the forward and side lightscattering properties of cells, which reflect cell size
and internal complexity, respectively. This information
is often used to distinguish different cell types. For
example, compared with lymphocytes, neutrophils
cause greater side scatter because of their cytoplasmic
granules, and monocytes cause greater forward scatter
because of their size.
Purification

of Cells

A fluorescent-activated
cell sorter (FACS) is an adaptation of the flow cyotmeter that allows one to separate cell
populations according to which and how much fluorescent probe they bind. This technique is accomplished by
differentially deflecting the cells with electromagnetic
fields whose strength and direction are varied according
to the measured intensity of the fluorescent signal (Fig.
A-4). The cells may be labeled with fluorescently tagged
antibodies ex vivo, or, in the case of experimental animal
studies, labeling may be accomplished in vivo byexpression of transgenes that encode fluorescent proteins,
such as green fluorescent protein (GFP). (Transgenic
technology is described later in this appendix.)
Another commonly used technique to purify cells
with a particular phenotype relies on antibodies that are
attached to magnetic beads. These "immunomagnetic
reagents" will bind to certain cells, depending on the
specificity of the antibody used, and the bound cells can
then be pulled out of suspension using a strong magnet.
Immunofluorescence
Immunohistochemistry

and

Antibodies can be used to identify the anatomic distribution of an antigen within a tissue or within compartments of a cell. To do so, the tissue or cell is incubated
with an antibody that is labeled with a fluorochrome
or enzyme, and the position of the label, determined
with a suitable microscope, is used to infer the position
of the antigen. In the earliest version of this method,
called immunofluorescence,
the antibody was labeled
with a fluorescent dye and allowed to bind to a monolayer of cells or to a frozen section of a tissue. The stained
cells or tissues were examined with a fluorescence
microscope to locate the antibody. Although sensitive,
the fluorescence microscope is not an ideal tool for identifying the detailed structures of the cell or tissue
because of a low signal-to-noise ratio. This problem
has been overcome by new technologies including
confocal microscopy, which uses optical sectioning
technology to filter out unfocused fluorescent light,

and two-photon
microscopy, which prevents outof-focus light from forming. Alternatively, antibodies
may be coupled to enzymes that convert colorless substrates to colored insoluble substances that precipitate
at the position of the enzyme. A conventional light
microscope may then be used to localize the antibody in
a stained cell or tissue. The most common variant of this
method uses the enzyme horseradish peroxidase, and
the method is commonly referred to as the immunoperoxidase technique. Another commonly used enzyme is
alkaline phosphatase. Different antibodies coupled to
different enzymes may be used in conjunction to
produce simultaneous two-color localizations of different antigens. In other variations, antibody can be
coupled to an electron-dense probe such as colloidal
gold, and the location of antibody can be determined
subcellularly by means of an electron microscope,
a technique
called immunoelectron
microscopy.
Different-sized gold particles have been used for simultaneous localization of different antigens at the ultrastructural level.
In all immunomicroscopic
methods, signals may be
enhanced by use of sandwich techniques. For example,
instead of attaching horseradish peroxidase to a specific
mouse antibody directed against the antigen of interest,
it can be attached to a second anti-antibody (e.g.. rabbit
anti mouse Ig antibody) that is used to bind to the first,
unlabeled antibody. When the label is attached directly
to the specific, primary antibody, the method is referred
to as direct; when the label is attached to a secondary or
even tertiary antibody, the method is indirect. In some
cases, molecules other than antibody can be used in
indirect methods. For example, staphylococcal protein
A, which binds to IgG, or avidin, which binds to primary
antibodies labeled with biotin, can be coupled to fluorochromes or enzymes.
Measurement
Interactions

of Antigen-Antibody

In many situations, it is important to know the affinity of
an antibody for an antigen. For example, the usefulness
of a monoclonal antibody as an experimental or therapeutic reagent depends on its affinity. Antibody affinities
for antigen can be measured directly for small antigens
(e.g., haptens) by a method called equilibrium dialysis
(Fig. A-5). In this method, a solution of antibody is confined within a "semipermeable" membrane of porous
cellulose and immersed in a solution containing the
antigen. (Semipermeable in this context means that
small molecules, such as antigen, can pass freely
through the membrane pores but that macromolecules,
such as antibody, cannot.) If no antibody is present
within the membrane-bound
compartment, the antigen
in the bathing solution enters until the concentration of
antigen within the membrane-bound
compartment
becomes exactly the same as that outside. Another way
to view the system is that at dynamic equilibrium,
antigen enters and leaves the membrane-bound
compartment at exactly the same rate. However, when antibody is present inside the membrane, the net amount of
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antigen inside the membrane at equilibrium increases
by the quantity that is bound to antibody. This phenomenon occurs because only unbound antigen can diffuse
across the membrane, and at equilibrium, it is the
unbound concentration of antigen that must be identical inside and outside the membrane. The extent of the
increase in antigen inside the membrane depends on
the antigen concentration, on the antibody concentration, and on the dissociation constant (Ko)ofthe binding
interaction. By measuring the antigen and antibody concentrations, by spectroscopy or by other means, Kocan
be calculated.
An alternative way to determine Ko is by measuring
the rates of antigen-antibody
complex formation and
dissociation. These rates depend, in part, on the concentrations of antibody and antigen and on the affinity
of the interaction. All parameters except the concentrations can be summarized as rate constants, and both the
on-rate constant (I(on) and the off-rate constant (Koff)
can be calculated experimentally by determining the
concentrations and the actual rates of association or dissociation, respectively. The ratio of Koff/Konallows one to
cancel out all the parameters not related to affinity and
is exactly equal to the dissociation constant Ko. Thus,
one can measure K, at equilibrium by equilibrium dialysis or calculate Kofrom rate constants measured under
nonequilibrium conditions.

TRANSGENIC

MICE AND TARGETED

GENE KNOCKOUTS

Two important methods for studying the functional
effects of specific gene products in vivo are the creation
of transgenic mice that overexpress a particular gene in
a defined tissue and the creation of gene knockout mice,
in which a targeted disruption is used to ablate the func-

tion of a particular gene. Both techniques have been
widely used to analyze many biologic phenomena,
including the maturation, activation, and tolerance of
lymphocytes.
To create transgenic mice, foreign DNA sequences,
called transgenes, are introduced into the pronuclei of
fertilized mouse eggs, and the eggs are implanted into
the oviducts of pseudopregnant females. Usually, if a few
hundred copies of a gene are injected into pronuclei,
about 25% of the mice that are born are transgenic. One
to 50 copies of the transgene insert in tandem into a
random site of breakage in a chromosome and are subsequently inherited as a simple mendelian trait. Because
integration usually occurs before DNA replication, most
(about 75%) of the transgenic pups carry the transgene
in all their cells, including germ cells. In most cases, integration of the foreign DNA does not disrupt endogenous
gene function. Also, each founder mouse carrying the
transgene is a heterozygote, from which homozygous
lines can be bred.
The great value of transgenic technology is that it can
be used to express genes in particular tissues by attaching coding sequences of the gene to regulatory
sequences that normally drive the expression of genes
selectively in that tissue. For instance, lymphoid promoters and enhancers can be used to overexpress genes,
such as rearranged antigen receptor genes, in lymphocytes, and the insulin promoter can be used to express
genes in the

~ cells

of pancreatic

islets. Examples

of the

utility of these methods for studying the immune system
are mentioned in many chapters of this book. Transgenes can also be expressed under the control of promoter elements that respond to drugs or hormones,
such as tetracycline or estrogens. In these cases, transcription of the transgene can be controlled at will by
administration of the inducing agent.
A powerful method for developing animal models of
single-gene disorders, and the most definitive way of
establishing the obligatory function of a gene in vivo, is
the creation of knockout mice by targeted mutation or
disruption of the gene. This technique relies on the phenomenon of homologous recombination. If an exogenous gene is inserted into a cell, for instance, by
electroporation, it can integrate randomly into the cell's
genome. However, if the gene contains sequences that
are homologous to an endogenous gene, it will preferentially recombine with and replace endogenous
sequences. To select for cells that have undergone
homologous recombination,
a drug-based selection
strategy is used. The fragment of homologous DNA to be
inserted into a cell is placed in a vector typically containing a neomycin resistance gene and a viral thymidine kinase (tk) gene (Fig. A-6A). This targeting vector is
constructed in such a way that the neomycin resistance
gene is always inserted into the chromosomal DNA, but
the tk gene is lost whenever homologous recombination
(as opposed to random insertion) occurs. The vector
is introduced into cells, and the cells are grown in
neomycin and ganciclovir, a drug that is metabolized by
thymidine kinase to generate a lethal product. Cells in
which the gene is integrated randomly will be resistant

Appendix

to neomycin but will be killed by ganciclovir, whereas
cells in which homologous recombination has occurred
will be resistant to both drugs because the tk gene will
not be incorporated. This positive-negative selection
ensures that the inserted gene in surviving cells has
undergone homologous recombination with endogenous sequences. The presence of the inserted DNA in the
middle of an endogenous gene usually disrupts the
coding sequences and ablates expression or function of
that gene. In addition, targeting vectors can be designed
such that homologous recombination will lead to the
deletion of one or more exons of the endogenous gene.
To generate a mouse carrying a targeted gene disruption or mutation, a targeting vector is used to first
disrupt the gene in a murine embryonic stem (ES) cell
line. ES cells are pluripotent cells derived from mouse
embryos that can be propagated and induced to differentiate in culture or that can be incorporated into a
mouse blastocyst, which may be implanted in a pseudopregnant mother and carried to term. Importantly, the
progeny of the ES cells develop normally into mature
tissues that will express the exogenous genes that have
been transfected into the ES cells. Thus, the targeting
vector designed to disrupt a particular gene is inserted
into ES cells, and colonies in which homologous recombination has occurred (on one chromosome)
are
selected with drugs, as described before (Fig. A-6B). The
presence of the desired recombination is verified by
analysis of DNA with techniques such as Southern blot
hybridization or PCR. The selected ES cells are injected
into blastocysts, which are implanted into pseudopregnant females. Mice that develop will be chimeric for a
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heterozygous disruption or mutation, that is, some of
the tissues will be derived from the ES cells and others
from the remainder of the normal blastocyst. The germ
cells are also usually chimeric, but because these cells
are haploid, only some will contain the chromosome
copy with the disrupted (mutated) gene. If chimeric
mice are mated with normal (wild-type) animals and
either sperm or eggs containing the chromosome with
the mutation fuse with the wild-type partner, all cells in
the offspring derived from such a zygote will be heterozygous for the mutation (so-called germline transmission). Such heterozygous mice can be mated to yield
animals that will be homozygous for the mutation with
a frequency that is predictable by simple mendelian segregation. Such knockout mice are deficient in expression
of the targeted gene.
Homologous recombination
can also be used to
replace a normal gene sequence with another gene,
thereby creating a knock-in mouse strain. In a sense,
knock-in mice are mice carrying a transgene at a defined
site in the genome rather than in a random site as in conventional transgenic mice. This strategy is used when it
is desirable to have the expression of the transgene regulated by certain endogenous DNA sequences, such as a
particular enhancer or promoter region. In this case, the
targeting vector contains an exogenous gene encoding a
desired product as well as sequences homologous to an
endogenous gene that are needed to target the site of
recombination.
Although the conventional gene-targeting strategy has
proved to be of great usefulness in immunology
research, the approach has some potentially significant
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FIGURE A-6 Generation of gene knockout. A. The disruption of gene X in an embryonic stem (ES) cell is accomplished by homologous
recombination. A population of ES cells is transfected with a targeting vector that contains sequences homologous to two exons of gene X
flanking a neomycin resistance (neo) gene. The neo gene replaces or disrupts one of the exons of gene X on homologous recombination.
The thymidine kinase (tk) gene in the vector will be inserted into the genome only if random, nonhomologous recombination occurs.
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drawbacks. First, the mutation of one gene during development may be compensated for by altered expression
of other gene products, and therefore the function of the
targeted gene may be obscured. Second, in a conventional gene knockout mouse, the importance of a gene
in only one tissue or at only one time during development cannot be easily assessed. Third, a functional
selection marker gene, such as the neomycin resistance
gene, is permanently
introduced
into the animal
genome, and this alteration may have unpredictable
results on the phenotype of the animal. An important
refinement of gene knockout technology that can overcome many of these drawbacks takes advantage of the
bacteriophage-derived
Cre/ loxP recombination system.
The Cre enzyme is a DNA recombinase that recognizes

+

A-6--Cont'd
B. The ES cells that were
transfected
by the targeting
vector
are selected
by
neomycin
and ganciclovir
so that only those cells with
targeted
insertion
(homologous
recombination)
survive.
These cells are then injected
into a blastocyst,
which
is then implanted
into the uterus
of a pseudopregnant
mouse.
A chimeric
mouse
will develop
in
which some of the tissues
are derived
from the ES cell
carrying
the targeted
mutation
in gene
X. These
chimeric
mice are identified
by a mixed-color
coat,
including
the color of the mouse
strain from which the
ES cells were derived
and the color of the mouse strain
from which the blastocyst
was derived.
If the mutation
is present
in germ cells, it can be propagated
by further
breeding.

a 34-bp sequence motif called loxP, and the enzyme
mediates the deletion of gene segments flanked by two
loxP sites in the same orientation. To generate mice with
loxP-tagged genes, targeting vectors are constructed
with one loxP site flanking the neomycin resistance gene
at one end and a second loxP site flanking the sequences
homologous to the target at the other end. These vectors
are transfected into ES cells, and mice carrying the loxPflanked but still functional target gene are generated as
described for conventional knockout mice. A second
strain of mice carrying a ere transgene is then bred with
the strain carrying the loxP- flanked target gene. In the
offspring, expression of Cre recombinase will mediate
deletion of the target gene. Both the normal gene
sequences and the neomycin resistance gene will be
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deleted. Importantly, expression of the ere gene, and
therefore deletion of the targeted gene, can be restricted
to certain tissues or specified times by the use of ere
trans gene constructs with different promoters. For
example, selective deletion of a gene only in helper T
cells can be accomplished by using a ere transgenic
mouse in which ere is driven by a C04 promoter. Alternatively, a steroid-inducible promoter can be used so
that Cre expression and subsequent gene deletion occur
only after mice are given a dose of dexamethasone.
Many other variations on this technology have been
devised to create conditional mutants. CrelloxP technology can also be used to create knock-in mice. In this
case, loxP sites are placed in the targeting vector to flank
the neomycin resistance gene and the homologous
sequences, but they do not flank the replacement
(knock-in) gene sequences.
Therefore, after eremediated deletion, the exogenous gene remains in the
genome at the targeted site.

METHODS

FOR STUDYING

T LYMPHOCYTE

RESPONSES
Our current knowledge of the cellular events in T cell
activation is based on a variety of experimental techniques in which different populations ofT cells are activated by defined stimuli and functional responses are
measured. In vitro experiments have provided a great
deal of information on the changes that occur in a T cell
when it is stimulated by antigen. More recently, several
techniques have been developed to study T cell proliferation, cytokine expression, and anatomic redistribution
in response to antigen activation in vivo. The new experimental approaches have been particularly useful for the
study of naive T cell activation and the localization of
antigen-specific
memory T cells after an immune
response has waned.
Polyclonal

Activation

of T Cells

Polyclonal activators of T cells bind to many or all TCR
complexes regardless of specificity and activate the T
cells in ways similar to peptide-MHC complexes on
APCs. Polyclonal activators are mostly used in vitro to
activate T cells isolated from human blood or the lymphoid tissues of experimental animals. polyclonal activators can also be used to activate T cells with unknown
antigen specificities, and they can evoke a detectable
response from mixed populations of naive T cells, even
though the frequency of cells specific for anyone
antigen would be too low to elicit a detectable response.
The polymeric plant proteins called lectins, such as concanavalin-A (Con-A) and phytohemagglutinin
(PHA),
are one commonly used group of polyclonal T cell activator. Lectins bind specifically to certain sugar residues
on T cell surface glycoproteins, including the TCR and
C03 proteins, and thereby stimulate the T cells. Antibodies specific for invariant framework epitopes on TCR
or C03 proteins also function as polyclonal activators of
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T cells. Often, these antibodies need to be immobilized
on solid surfaces or beads or cross-linked with secondary anti-antibodies
to induce optimal activation
responses. Because soluble polyclonal activators do not
provide co stimulatory signals that are normally provided by APCs, they are often used together with stimulatory antibodies to receptors for co stimulators, such as
anti-C028 or anti-C02. Superantigens, another kind of
polyclonal stimulus, bind to and activate all T cells that
express particular types ofTCR ~ chain (see Chapter 15,
Box 15-2). T cells of any antigen specificity can also be
stimulated with pharmacologic reagents, such as the
combination of the phorbol ester PMA and the calcium
ionophore ionomycin, that mimic signals generated by
the TCR complex.
Antigen-Induced
Cell Populations

Activation

of Polyclonal

T

Polyclonal populations
of normal T cells that are
enriched for T cells specific for a particular antigen can
be derived from the blood and peripheral lymphoid
organs of individuals after immunization
with the
antigen. The immunization
serves to expand the
number of antigen-specific T cells, which can then be
restimulated in vitro by adding antigen and MHCmatched APCs to the T cells. This approach can be used
to study antigen-induced activation of a mixed population of previously activated ("primed") T cells expressing
many different TCRs, but the method does not permit
analysis of responses of naive T cells.
Antigen-Induced
Activation
of T Cell
Populations
with a Single Antigen
Specificity
Monoclonal populations ofT cells, which express identical TCRs, have been useful for functional, biochemical,
and molecular analyses. The limitation of these monoclonal populations is that they are maintained as longterm tissue culture lines and therefore may have
phenotypically diverged from normal T cells in vivo. One
type of monoclonal T cell population that is frequently
used in experimental immunology is an antigen-specific
T cell clone. Such clones are derived by isolating T cells
from immunized individuals, as described for polyclonal
T cells, followed by repetitive in vitro stimulation with
the immunizing antigen plus MHC-matched APCs and
cloning of single antigen-responsive cells in semisolid
media or in liquid media by limiting dilution. Antigenspecific responses can easily be measured in these populations because all the cells in a cloned cell line have
the same receptors and have been selected for growth in
response to a known antigen-MHC complex. Both
helper and CTL clones have been established from mice
and humans. Other monoclonal T cell populations used
in the study ofT cell activation include antigen-specific
T cell hybridomas, which are produced like B cell
hybridomas (see Box 3-1, Chapter 3), and tumor lines
derived from T cells have been established in vitro after
removal of malignant T cells from animals or humans
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with T cell leukemias or lymphomas. Although some
tumor-derived lines express functional TCR complexes,
their antigen specificities are not known, and the cells
are usually stimulated with polyclonal activators for
experimental purposes. The Jurkat line, derived from a
human T cell leukemia cell, is an example of a tumor
line that is widely used as a model to study T cell signal
transduction.
TCR transgenic mice are a source of homogeneous,
phenotypically normal T cells with identical antigen
specificities that are widely used for in vitro and in vivo
experimental

analyses.

If the rearranged

a and

~ chain

genes of a single TCR of known specificity are expressed
as a transgene in mice, a majority of the mature T cells
in the mice will express that TCR. If the TCR transgene is
crossed onto a RAG-l- or RAG-2-deficient background,
no endogenous TCR gene expression occurs and 100%
of the T cells will express only the transgenic TCR. TCR
transgenic T cells can be activated in vitro or in vivo with
a single peptide antigen, and they can be identified by
antibodies specific for the transgenic TCR. One of the
unique advantages of TCR transgenic mice is that they
permit the isolation of sufficient numbers of naive T cells
of defined specificity to allow one to study functional
responses to the first exposure to antigen. This advantage has allowed investigators to study the in vitro conditions under which antigen activation of naive T cells
leads to differentiation into functional subsets such as
Till and TII2 cells (see Chapter 12). Naive T cells from
TCR transgenic mice can also be injected into normal
syngeneic recipient mice, where they home to lymphoid
tissues. The recipient mouse is then exposed to the
antigen for which the transgenic TCR is specific. By use
of antibodies that label the TCR transgenic T cells, it is
possible to follow their expansion and differentiation in
lIivo and to isolate them for analyzing recall (secondary)
responses to antigen ex vivo.

Methods to Enumerate
and Study
Functional
Responses
of T Cells
Proliferation assays for T lymphocytes, like that of other
cells, are conducted in vitro by determining the amount
of 3H-labeled thymidine incorporated into the replicating DNA of cultured cells. Thymidine incorporation provides a quantitative measure of the rate of DNA
synthesis, which is usually directly proportional to the
rate of cell division. Cellular proliferation in vivo can be
measured by injecting the thymidine analogue bromodeoxyuridine (BrdU) into animals and staining cells with
anti-BrdU antibody to identify and enumerate nuclei
that have incorporated BrdU into their DNA during DNA
replication.
Fluorescent dyes can be used to study proliferation of
T cells in vivo. T cells are first labeled with chemically
reactive lipophilic fluorescent esters and then adoptively
transferred into experimental animals. The dyes enter
cells, form covalent bonds with cytoplasmic proteins,
and then cannot leave the cells. One commonly used dye

of this type is 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE), which can be detected in cells by
standard flow cytometric techniques. Every time a T cell
divides, its dye content is halved, and therefore it is possible to determine whether the adoptively transferred T
cells present in lymphoid tissues of the recipient mouse
have divided in vivo and to estimate the number of doublings each T cell has gone through.
Peptide-MHC tetramers are used to enumerate T cells
with a single antigen specificity isolated from blood or
lymphoid tissues of experimental animals or humans.
These tetramers contain four of the peptide-MHC complexes that the T cell would normally recognize on the
surface of APCs. The tetramer is made by producing a
class I MHC molecule to which is attached a small molecule called biotin by use of recombinant DNA technology. Biotin binds with high affinity to a protein called
avidin, and each avidin molecule binds four biotin molecules. Thus, avidin forms a substrate for assembling
four biotin-conjugated MHC proteins. The MHC molecules can be loaded with a peptide of interest and thus
stabilized, and the avidin molecule is labeled with a fluorochrome, such as FITe. This tetramer binds to T cells
specific for the peptide-MHC complex with high enough
avidity to label the T cells even in suspension. This
method is the only feasible approach for identifying
antigen-specific T cells in humans. For instance, it is
possible to identify and enumerate circulating HLAA2-restricted T cells specific for an HIV peptide by staining blood cells with a tetramer of HLA-A2 molecules
loaded with the peptide. The same technique is being
used to enumerate and isolate T cells specific for self
antigens in normal individuals and in patients with
autoimmune
diseases. Peptide-MHC tetramers that
bind to a particular transgenic TCR can also be used to
quantify the transgenic T cells in different tissues after
adoptive transfer and antigen stimulation. The technique is now widely used with class I MHC molecules; in
class I molecules, only one polypeptide is polymorphic,
and stable molecules can be produced in vitro. This is
more difficult for class II molecules, because both chains
are polymorphic and required for proper assembly, but
class II-peptide tetramers are also being produced.
Cytokine secretion assays can be used to quantify
cytokine-secreting
effector T cells within lymphoid
tissues. The most commonly used methods are cytoplasmic staining of cytokines and single-cell enzymelinked immunosorbent assays (ELISPOT). In these types
of studies, antigen-induced activation and differentiation ofT cells take place in vivo, and then T cells are isolated and tested for cytokine expression in vitro.
Cytoplasmic staining of cytokines requires permeabilizing the cells so that fluorochrome-labeled
antibodies
specific for a particular cytokine can gain entry into the
cell, and the stained cells are analyzed by flow cytometry. Cytokine expression by T cells specific for a particular antigen can be determined by additionally staining T
cells with peptide-MHC tetramers or, in the case ofTCRtransgenic T cells, antibodies specific for the transgenic
TCR. By use of a combination of CFSE and anticytokine
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antibodies, it is possible to examine the relationship
between cell division and cytokine expression. In the
ELlSPOT assay, T cells freshly isolated from blood or
lymphoid tissues are cultured in plastic wells coated
with antibody specific for a particular cytokine. As
cytokines are secreted from individual T cells, they bind
to the antibodies in discrete spots corresponding to the
location of individual T cells. The spots are visualized by
adding secondary enzyme-linked anti-immunoglobulin, as in a standard ELISA (see Appendix III), and the
number of spots is counted to determine the number of
cytokine-secreting T cells.

METHODS

FOR STUDYING

B LYMPHOCYTE

REPONSES
Activation

of Polyclonal

B Cell Populations

It is technically difficult to study the effects of antigens
on normal B cells because, as the clonal selection
hypothesis predicted, very few lymphocytes in an individual are specific for anyone antigen. An approach to
circumventing this problem is to use anti-Ig antibodies
as analogues of antigens, with the assumption that antiIg will bind to constant (C) regions of membrane Ig molecules on all B cells and will have the same biologic
effects as an antigen that binds to the hypervariable
regions of membrane Ig molecules on only the antigenspecific B cells. To the extent that precise comparisons
are feasible, this assumption appears generally correct,
indicating that anti-Ig antibody is a valid model for antigens. Thus, anti-Ig antibody is frequently used as a polyclonal activator of B lymphocytes, similar to the use of
anti- CD3 antibodies as polyclonal activators of T lymphocytes discussed earlier.
Antigen-Induced
Activation
of B Cell
Populations
with a Single AntigenSpecificity
To examine the effects of antigen binding to B cells,
investigators have attempted to isolate antigen-specific
B cells from complex populations of normal lymphocytes or to produce cloned B cell lines with defined antigenic specificities. These efforts have met with little
success. However, transgenic mice have been developed
in which virtually all B cells express a transgenic Ig of
known specificity, so that most of the B cells in these
mice respond to the same antigen. A somewhat more
sophisticated approach has been to generate antigen
receptor knockin mice, in which rearranged Ig Hand L
chain genes have been homologously recombined into
their endogenous loci. Such knockin animals have
proved particularly useful in the examination of receptor editing.

Assays to Measure B Cell Proliferation
Antibody
Production

and

Much of our knowledge of B cell activation is based on
in vitro experiments, in which different stimuli are used
to activate B cells and their proliferation and differentiation can be measured accurately. The same assays may
be done with B cells recovered from mice exposed to different antigens or with homogeneous B cells expressing
transgene-encoded antigen receptors.
B cell proliferation is measured using 3H-labeled
thymidine incorporation in vitro and BrdU labeling in
vivo, a described for T cell proliferation, above.
Antibody production is measured in two different
ways: with assays for cumulative Ig secretion, which
measure the amount of Ig that accumulates in the supernatant of cultured lymphocytes or in the serum of an
immunized individual and with single-cell assays, which
determine the number of cells in an immune population
that secrete Ig of a particular specificity or isotype. The
most accurate, quantitative, and widely used techniques
for measuring the total amount of Ig in a culture supernatant or serum sample is ELISA. By use of antigens
bound to solid supports, it is possible to use ELISA to
quantify the amount of antibody in a sample specific for
a particular antigen. In addition, the availability of antiIg antibodies that detect Igs of different heavy or light
chain classes allows measurement of the quantities of
different isotypes in a sample. Other techniques for
measuring antibody levels include hemagglutination for
antierythrocyte antibodies and complement-dependent
lysis for antibodies specific for known cell types. Both
assays are based on the demonstration
that if the
amount of antigen (i.e., cells) is constant, the concentration of antibody determines the amount of antibody
bound to cells, and this is reflected in the degree of cell
agglutination or subsequent binding of complement
and cell lysis. Results from these assays are usually
expressed as antibody titers, which are the dilution of
the sample giving half-maximal effects or the dilution at
which the end point of the assay is reached.
A single-cell assay for antibody secretion is the
ELISPOT assay. In this method, antigen is bound to the
bottom of a well. antibody-secreting cells are added, and
antibodies that have been secreted and are bound to the
antigen are detected by an enzyme-linked anti-Ig antibody, as in an ELISA, in a semisolid medium. Each spot
represents the location of an antibody-secreting
cell.
Single-cell assays provide a measure of the numbers of
Ig-secreting cells, but they cannot accurately quantify
the amount of Ig secreted by each cell or by the total
population. The ELISA and ELISPOT techniques can be
adapted to assess affinity of antibodies, by the use of
antigens with differing numbers of hapten moieties. IN
this way affinity maturation can be assessed by testing
serum or B cells sampled at different times during an
immune response.
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Anti-tumor antibodies, 399
therapy with, 4 I 5--416, 415t
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genetic susceptibility to, 455, 456t
Attenuated microbial vaccines, 370-371
Autoantibody(ies)
defined,491
diseases caused by, 420, 420t, 421-423
effector mechanisms of, 422, 422f
examples of, 422-423, 423t
pathologic features of, 423, 424f
types of. 421, 421f
Autocrine factors, 491
cytokines as, 269
Autograft, 376
Autoimmune diseases, II
defined,419,491
effector mechanisms in, 432
systemic vs. organ-specific, 432
Autoimmune encephalomyelitis,
experimental, 428, 430b, 497
Autoimmune hemolytic anemia, 422, 423t
Autoimmune myocarditis, 428t, 432
Autoimmune polyendocrine syndrome
(APS), 248, 435, 436t
Autoimmune regulator (AIRE) gene, in
autoimmune polyendocrine
syndrome, 248, 435, 436t, 491-492
Autoimmune regulator (AIRE) protein,
1114-185,246,491-492
Autoimmune thrombocytopenic
purpura,
422,423t
Autoimmunity
anatomic alterations and, 438
defined,419,492
genetic susceptibility to, 432, 433-436,
433f, 434f, 435t, 436t
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examples of, 353t
immune evasion by, 358t, 362
innate immunity to, 358, 358f
BAFF (B cell activating factor), 55, 174,
286
in antibody production, 2311
in B cell activation, 218
Bak,256b
Bare lymphocyte syndrome, 110, 473,
473t, 492
Barrier immunity, Tu2 cells in, 314
Basophils
defined,492
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B lymphocyte stimulator (BLyS), 174,
218
Bone marrow
anatomy and functions of, 57-58, 57f
defined, 492
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343-344
C3 deficiency, 344b
C3dg, 338
C3 nephritic factor (C3NeF), 344b
C3 tickover, 330
C4, 335t
in autoimmunity, 435, 436t
in classical pathway, 333, 334f
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in signal transduction,
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in cell-mediated immunity, 15-16,304,
304f
clonal expansion of, 194, 194f
cross-presentation
of antigen to, 192,
193f
cytotoxicity mediated by, 316-319,
316f
in diabetes mellitus, 429b
differentiation of, 193f, 194
effector, 55,315-319
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CD64, 326b
CD66, 405-406, 493
CD68, 26
CD80, 147, 194-198, 196b-197b
in tumor immunity, 409
CD81,338
in B cell activation, 220-221, 22 If
CD85, 39b
CD86, 147, 194-198, 196b-197b
in tumor immunity, 409
CD89, 326b, 327b
CD94, 39b
CD94/NKG2,41
CD95. See Fas.
CD95 ligand. See Fas ligand (FasL).
COlll-c, 33b
CD152, 147, 198
in T cell signal attenuation, 209-210,
210f
CDI54, 148
in B cell activation, 226-228, 227f
cDNA (complementary
DNA)
and monoclonal antibodies, 79b
in subtractive hybridization, 139b
C domains, 83b
CDHs. See Complementarity-determining
region(s) (CDHs).
CEA (carcinoembryonic
antigen).
405-406.

415t,

493

Cell(s). purification of, 530
Cell death, programmed (physiologic),
510. See also Apoptosis.
Cell-mediated cytotoxicity, antibodydependent, 328-329, 329f, 491
in HIV infection, 483
Cell-mediated immunity (CM!)
defined,493
effector mechanisms of, 303-320
to fungi, 362
to HIY, 486
induction and effector phases of, 304,
306f
to intracellular bacteria, 359
overview of, 7, 8, 8f, 14f, 15-16
to parasites, 367
types of, 303-304, 304f-306f
Cell surface proteins, on lymphocytes, 50,
51b,54t

INDEX

Cellular immunity. See Cell-mediated
immunity (CMl).
Cellular inhibitors of apoptosis (clAPs),
276b
Cellular proteins, abnormally expressed,
as tumor antigens, 402-403
Cellular theory, of immunity, 9
Central arteries, of spleen, 61
Central tolerance, 184-185,245-246,
245f
in B lymphocytes, 258, 259f, 260f
defined,493
in T lymphocytes, 246-248, 248f
CFSE (5,6-carboxyfluorescein
diacetate
succinimidyl ester), 536
CGO (chronic granulomatous
disease), 37,
465-466,465t, 493
Chaperones, 89, 126, 126f. 131
Chediak-Higashi syndrome, 465t, 466, 493
Chemokine(s), 274t, 279-281
biologic actions of, 270, 279-281
C, 279, 280t
CC, 279, 280t
CXC, 279, 280t
defined,493
in leukocyte recruitment, 31-35
in lymph nodes, 60
and lymphocyte recirculation, 65
production of, 279
receptors for, 279, 280t, 493
in HIV infection, 478
structure of, 279
in T cell homing, 68
in Till migration, 310
tumor necrosis factor and, 274
types of, 279, 280t
Chemokine inhibitory protein of
staphylococci (CHIPS), 346
Chemotaxis, 493
Chemotherapy, immunodeficiency
due to,
475t, 476
Chimeric mice, 533, 534f
Chondroitin sulfate, 452
Chromosomal translocations
defined,493
in lymphocyte tumors, 165, 166b-167b
Chronic granulomatous
disease (CGO),
37,465-466,465t,
493
Chronic myelogenous leukemia,
chromosomal translocations
in, 166b,
167b
Chronic rejection, 384f, 385f, 387, 493
Chymase, 452
clAPs (cellular inhibitors of apoptosis),
276b
CIITA (class II transcription activator), 110
CIIV (class II vesicle), 126,494
Circumsporozoite
(CS) protein, 369b
c-Iun N-terminal kinase (INK), 206
c-Kit ligand, 298-299, 298f, 299t, 493
CLA-l,69
Classical pathway, of complement
activation, 331-335, 331f, 334f, 336f
defined,494
overview of, 42, 43f, 330
proteins of, 335t
Class II-associated invariant chain
peptide (CLIP), 126-128, 127f, 494
Class II transcription activator (CIITA),
110
Class II vesicle (CIIV), 126,494
Cleavage, in V(O)J recombination,
164,
164f
Clonal anergy, 494
Clonal deletion, 157, 184,246,494

Clonal expansion
of C04+ T cells, 192
of C08+ T cells, 194, 194f
defined,494
overview of, 10-11, lOt, 14f, 15
Clonal ignorance, 494
Clonal selection hypothesis, 14, 15f, 494
Clostridium tetani, 353t
CLp, 155, 155f, 169
Cluster of differentiation (CD). See CD
(cluster of differentiation).
CM\. See Cell-mediated immunity (CMl).
CMV (cytomegalovirus), 365, 366b
in transplant patients, 389, 395
C-MYC, 494
in Burkitt's lymphoma, 166b
Coagulation, disseminated intravascular,
356b
due to transfusion reaction, 392-393
Coding end processing, in V(O)J
recombination,
164, 164f
Codominant expression, 378
of MHC genes, 101
Colitis, ulcerative, 428-431, 428t
Collectins
defined,494
in innate immune system, 21t, 44
Colony-stimulating
factor(s) (CSFs), 57,
298,494
multilineage, 299-300, 299t
Combinatorial diversity, 167,494
Common acute lymphoblastic leukemia
antigen (CALLA), 406
Common y chain defects, 467
Common variable immunodeficiency
(CVIO), 470t, 471f, 472
Complement activation
central event in, 330
features of, 329-330
late steps of, 335-336, 336f, 337f, 337t
pathways of, 42-43, 43f, 330-336,
331f
alternative, 330-331, 331f-333f
defined,490
overview of, 330-331, 331f-333f,
332t, 490
proteins of, 332t
classical, 331-335, 331f, 334f, 336f
defined,494
overview of. 42, 43f, 330
proteins of, 335t
lectin, 43, 43f, 330, 331f, 335, 505
regulation of, 339-341, 339t, 340f-342f
in serum sickness, 424-425, 425f
Complementarity-determining
region(s)
(CORs), 85, 85f, 139, 140,494-495
Complementarity-determining
region 1
(CORI), 85, 85f, 141
Complementarity-determining
region 2
(COR2), 85, 85f, 141
Complementarity-determining
region 3
(COR3), 85, 85f, 139, 141
junctional diversity at, 169
and 1;,proteins, 142-144, 142f, 143f
Complementary
DNA (cONA)
and monoclonal antibodies, 79b
in subtractive hybridization, 139b
Complement binding site, 80f
Complement deficiencies, 344b-345b,
465
in systemic lupus erythematosus,
427b
Complement proteins, receptors for,
336-339, 338t

Complement receptor(s), deficiencies in,
344b-345b
Complement receptor of the
immunoglobulin
family (CRIg),
339
Complement receptor type I (CHI),
336-338,338t, 340,494
Complement receptor type 2 (CR2), 338,
338t, 494
in B cell activation, 220-221, 221 f
Complement receptor type 3 (CH3), 338,
338t
Complement receptor type 4 (CR4), 338,
338t
Complement regulatory proteins,
339-341, 339t, 340f-342f
deficiencies in, 344b
mimics of, 345-346
Complement system, 329-346
in allograft rejection, 384
in B cell activation, 220-221, 221 f
cytolysis mediated by, 343
defined, 494
in disease, 344b-345b
evasion by microbes of, 345-346
Fc region and, 94
functions of, 341-345, 343f
in immune response
to extracellular bacteria, 354, 355f
innate, 42-43, 43f
early, 13
in inflammatory responses, 342-343
in opsonization and phagocytosis,
341-342
pathologic effects of normal, 345b
Concanavalin-A (Con-A), 535
Confocal microscopy, 530
Conformational
determinants,
90-91,
91f
Congenic strains, 98, 100b, 495
Congenital immunodeficiency(ies),
464-475
due to antibody deficiencies, 464,
470-472, 470t, 471f
due to defects in innate immunity, 464,
465-467,465t
due to defects in T lymphocyte
activation and function, 464-465,
464t, 471f, 472-474, 473t
defined,463
multisystem disorders with, 474-475
severe combined, 467-470, 467f, 468t
therapeutic approaches to, 475
Conjugate vaccines, 237, 371
Conjunctivitis, allergic, 458
Constant (C) regions
of antibody, 81, 81f, 85-88, 86f, 871, 88b,
89f
defined,492,495
of Ig and TCR genes, 159, I 59f, 160,
161f
ofT cell receptor, 139-140, 140f
Contact sensitivity, 193,428,495
Contraction, of immune responses, 10f,
lOt, II, 14f, 261
Coreceptors
defined,495
in HIV infection, 478
in T cells, 145-146, 145f. 146f
Corticosteroids
for asthma, 458
for hypersensitivity diseases, 438
for immunosuppression,
3871, 389
Corynebacterium diplltlzeriae, 3531
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Costimulator(s)
in antigen presentation,
116
in autoimmunity, 436-437, 437f
defined,495
on dendritic cells, 56
inducible, 147, 196b, 197b, 198
lIIutations in, 47lf, 472
in T cell activation, 193f, 194-198, 195f,
196b-197b, 198f, 209
in T cell surveillance, 132
in tumor immunity, 407, 408f, 409,
411-412,412f
Costimulatory receptors, on T cells, 145,
145f, 146-148, 147f
CpG sequences, 20, 24b, 25, 372, 495
Cn. See Complement receptor (CR).
CRAC (calcium release activated calcium)
channels, 206, 469
C-reactive protein (CRP)
as acute-phase reactant, 356b
defined,495
in innate immune system, 43
C regions. See Constant (C) regions.
Cre/loxP recombination
system, 52,
534-535
CRlg (complement receptor of the
immunoglobulin
family), 339
Crohn's disease, 428-431, 428t, 435
Cross-matching,
389-391, 390b, 39lf,
495
Cross-presentation,
122, 192, 193f, 364,
495
in T cell response to tumors, 407, 408f
Cross-priming,
122, 192, 193f, 364, 495
in T cell response to tumors, 407, 408f
Cross-reaction, 93
CRI~ See C-reactive protein (CRP).
Crypticidins, 28
CryptocoCCllS neoforlllallS, 362
CSF(s) (colony-stimulating
factors), 57,
298,494
multilineage, 299-300, 299t
c-SMAC, 202
CS (circumsporozoite)
protein, 369b
CTLA-4. See Cytotoxic T
lymphocyte-associated
antigen 4
(CTLA-4).
CTLs. See Cytotoxic T Iymphocyte(s)
(CTLs).
C-type lectins, in innate immune system,
2It, 26, 32b
Cutaneous immune system, 62-63, 63f,
495
CVID (common variable
immunodeficiency),
470t, 47lf, 472
CXCLl3, 61, 69, 70
in B cell activation, 218
CXCR, 279, 280t
CXCR4, 69
in HIV infection, 478, 479, 480f
CXCR5, 60, 61, 69
in B cell activation, 218
CXCRI3,60
Cyclooxygenase, 356b
Cyclophilin, 209
Cyclosporine, 3117-388, 387t, 388f, 389,
495
Cytochrome c, in apoptosis, 256b
Cytokine(s), 267-301
of adaptive immunity, 270t, 289-298,
290t
APHlL as, 297
BAFF as, 297
intcrferon-y as, 290t, 294-296, 295f

Cytokine(s), of adaptive immunity
(Continued)
interleukin-2 as, 289-292, 290t, 29lf,
292f
interleukin-4 as, 290t, 292-293, 293f
interleukin-5 as, 290t, 293
interleukin-13 as, 290t, 293-294
interleukin-16 as, 297
interleukin-17 as, 290t, 296-297
interleukin-21 as, 297
interleukin-25 as, 297
lymphotoxin as, 290t, 296
migration inhibition factor as, 297
transforming growth factor-~ as, 290t,
296
antagonism of, 269f
in antibody responses, 227-228, 227f
autocrine actions of, 269
cellular responses to, 270
regulation of, 269-270
and class 1 MHC expression, 109f, llO
defined,267,268,495
functional categories of, 270-271, 270t
functions of selected, 268f
general properties of, 268-273, 268f,
269f
hematopoietic, 298-300, 298f, 299t
erythropoietin as, 300
granulocyte CSF as, 299t, 300
granulocyte-monocyte CSF as, 299t,
300
interleukin-3 as, 299-300, 299t
interleukin-7 as, 299, 299t
interleukin-9 as, 300
interleukin-ll
as, 300
monocyte CSF as, 299t, 300
overview of, 57-58, 271
stem cell factor (c-Kit ligand) as,
298-299,298f,299t
in immediate hypersensitivity, 442, 449,
450t, 451 f, 452-453
in inflammation, 288-289, 289f
of innate immunity, 270t, 273-289, 274t,
289f
chemokines as, 270, 274t, 279-281,
280t
early, 13
to extracellular bacteria, 354, 356b
functions of selected, 268f
interleukin-l as, 274t, 278-279
interleukin-6 as, 274t, 287-288
interleukin-IO as, 274t, 287
interleukin-12 as, 274t, 281-285, 282f
interleukin-15 as, 274t, 288
interleukin-18 as, 274t, 288
interleukin-23 as, 274t, 288
interleukin-27 as, 274t, 288
to intracellular bacteria, 360-362, 360f
and Jak-STAT signal transduction
pathway, 271, 27It, 283b-285b
overview of, 44, 270
tumor necrosis factor as, 273-278,
273f, 274t, 275b-276b, 277f
type 1 interferons (interferon-a and
interferon-~) as, 274t, 285-287,
286f
and integrins, 35
in isotype switching, 227, 228-230, 230t
and naive lymphocytes, 55
and natural killer cells, 41-42
paracrine actions of, 269
pleotropism of, 268, 269f
redundancy of, 268, 269f
in rheumatoid arthritis, 431 b

Cytokine(s) (Continued)
synergy of, 269, 269f
synthesis of, 268
in tumor immunotherapy,
411-413,
412f,413t
type 1, 271
Cytokine receptors
classification of, 271-272, 272f
general properties of, 269-270, 271-273
regulation of expression of, 269
signal transduction mechanisms of,
271-273,271t
structure of, 271-272, 272f
type I, 271, 272f, 517
type ll, 271, 272f
Cytokine receptor signaling, defects in,
467-468, 468t
Cytokine secretion, 268
assays of, 536-537
Cytokine storm, 354
Cytolysis, complement-mediated,
343,
343f
Cytolytic T lymphocytes. See Cytotoxic T
Iymphocyte(s) (CTLs).
Cytomegalovirus (CMV), 365, 366b
in transplant patients, 389, 395
Cytopathic viruses, immune response to,
364,495
Cytosolic antigens
presentation of, 132, 133f
processing of, 123, 123f, 124t, 125f,
129-131, 129f, 13lf
proteolytic degradation of, 129-130,
129f
sources of, 129
transport to endoplasmic reticulum of,
129f, 130-131, 13lf
Cytotoxic T lymphocyte(s) (CTLs). See also
CD8+ T cells.
activation of, 316-317, 317f
defective, 474
in allograft rejection, 386
antigen markers of, 51b
antigen presentation to, 97
antigen recognition by, 316
in cell-mediated immunity, 15-16,304,
304f
cytotoxicity mediated by, 316-319,
316f
defined,495
diseases caused by, 426f, 431-432
in immune response
adaptive, 13
to viruses, 363-364, 365, 366b
killing of target cells by, 317-319,
318f
MHC restriction of, 114-ll5, ll5f
pre-, 510
tissue injury due to, 364
in tumor immunity, 407, 408f
Cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4), 147
in autoimmunity, 435, 436t
in contraction of immune response, 261
in T cell activation, 196b-197b, 198
in T cell signal attenuation, 209-210,
210f
in T cell tolerance, 250
in tumor immunotherapy,
413-414
Cytotoxic T lymphocyte-associated
antigen 4 immunoglobulin
(CTLA41g), 387t, 389
Cytotoxic T lymphocyte (CTL) clones,
tumor-specific, 400b, 401 b
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DAF (decay-accelerating

factor),

339t,

340-341
DAG (diacylglycerol)
defined, 496
in T cell activation,
206, 207
DAPIO,41b
DAPI2,41b
Dausset, Jean, 100
DCs. See Dendritic
cells (DCs).
Death domains, 257b
TNF receptor signaling by, 27lt, 276b
Death receptor pathway, of apoptosis,
254, 255b-257b
Decay-accelerating
factor (OAF), 339t,
340-341
Dectin I, 26
Defensins, 28, 28f, 495
Delayed-type hypersensitivity
(DTH)
diseases, 426-43 I. 428t, 429b-431 b
Delayed-type hypersensitivity
(DTH)

reactions,

312-314,

313f

defined,304,495

morphology of, 314f
in schistosomiasis,
368
in tuberculosis,
361b
Delayed xenograft rejection, 392, 496
Deletion, 162, 163f
in T cell tolerance, 246, 248f, 253-254,
254f
Dendritic
cells (DCs)
in adaptive immune system, 12, 14
in antigen capture, 120-121, 12lf
antigen presentation by, 56, 117-122,
117f, 118t, 119f, 12lf
in B cell activation, 218
defined,496
epithelial, 119b, 120-121, 12lf
follicular, 56, 60, 498
in affinity maturation, 233-234
in B cell activation, 218, 228
in HIV infection, 483-484
in HIV infection, 48lf, 482, 483-484
in innate immune system, 30
interstitial/dermal,
119b
Langerhans cell type, 117-120, 119b,
12lf
lymph and, 59
lymphoid, 119b
maturation of, 119b-120b, 120,
121
morphology of, 117, 118f
myeloid, 117, 119b
plasmacytoid,30,
119b
subsets of, 117, 119b-120b
in T cell activation, 191-192,
193f
in T cell tolerance, 251-252
Dendritic cell vaccines, 41 Ot, 411
Desensitization, 458, 496
Determinant(s),
9, 496
antigenic, 90-91. 9lf
immunodominant, 133-134, 134f
Determinant selection model, 496
Diabetes mellitus
insulin-resistant, 423t
type I (insulin-dependent), 428, 428t,
429b, 433,435t, 437, 503
Diacylglycerol (DAG)
defined,496
in T cell activation, 206, 207
DlC (disseminated intravascular
coagulation), 356b
due to transfusion reaction, 392-393

Differentiation, 14f
of CD4+ T cells, 192
of CD8+ T cells, 194
Differentiation antigens, tissue-specific,
406
DiGeorge's syndrome, 58, 176, 468t, 469,
496
Diphtheria toxin, in tumor
immunotherapy,
415
Diphtheria toxoid, 371
Diphtheria vaccine, 325t
Direct allorecognition, 378-380, 378f,
379f,496
Direct presentation, of alloantigens,
378-380, 378f, 379f, 496
Disseminated intravascular coagulation
(DlC), 356b
due to transfusion reaction, 392-393
Dissociation constant (Ki), 532
Diversity
antibody, 93
combinatorial. 167
defined,496
of immune response, 10, lOt, 11
junctional, 167-169, 168f, 504
Diversity (D) segments, of Ig and TCR
genes, 159, 159f, 160, 16lf, 496
DNA-dependent protein kinase (DNAPK), 165
DNA double-strand
break repair (DSBR),
164, 164f
DNA double-strand
break repair (DSBR)
enzymes, 16I. 165
DNA vaccines, 372, 41Ot, 41 I. 496
for HIV, 487
DNA viruses
immune response to, 364
and malignancy, 403-405
00,128
Doherty, Peter, 114
Donor, 375
Donor-recipient compatibility, 389-391,
390b,39lf
Donor-specific tolerance, 391
Double-negative thymocyte, 177, 180f,
496
Double-positive thymocyte, 176f,
178-180, 180f, 181,496
DPPlO, in immediate hypersensitivity,
456t
DSBR (DNA double-strand break repair),
164, 164f
DSBR (DNA double-strand break repair)
enzymes, 161, 165
o (diversity) segments, of Ig and TCR
genes, 159, 159f, 160, 16lf, 496
DTH. See Delayed-type hypersensitivity
(DTH).
Dyskeratosis, in graft - versus-host disease,
394f
E
EAE (experimental
autoimmune
encephalomyelitis),
428, 430b, 497
Early innate immune
response,
13
E2A transcription factor, 169, 170f
EBF transcription
factor, 169, 170f

EBNAs (Epstein-Barr nuclear antigens),
404b
EBV.See Epstein-Barr virus (EBV).
Ectoparasites, 496
Eczema, 455, 459
EDA-ID (anhidrotic ectodermal dysplasia
with immunodeficiency),
466-467

Edema, hereditary angioneurotic,
Effector B cells, 54t
Effector CD4+ cells, 55, 304-315

340

Effector CD8+ cells, 55, 315-319
Effector cells, 12-13, 15,55,496
Effector functions, 12f
of antibodies, 86, 87t, 94-95
of B lymphocytes, 54t
ofT lymphocytes, 54t
Effector lymphocytes, 47-48, 55, 55f
Effector memory cells, 56, 319
Effector phase, 496
Effector T cells, 48f, 53f
activation of, 190, 190f
antigen presentation to, 122
characteristics of, 54t
migration of, 67f, 68-69, 310-311, 31 Of
EGFR (epidermal growth factor receptor),
antibodies that block, 416
Ehrlich, Paul, 8, 9, 432
£LAM-I (endothelial leukocyte adhesion
molecule-I), 32b
Elastase, in phagolysosomes, 36
Electrophoresis, 80
Elicitation phase, 313, 313f
E3 ligases, in T cell signal attenuation,
210-213,21Ib-212b
ELISA (enzyme-linked immunosorbent
assay), 497, 526, 526f, 537
ELISPOT (enzyme-linked immunosorbent
spot),536-537
Elk, 205
Encephalomyelitis,
experimental
autoimmune, 428, 430b, 497
Encephalopathy, AIDS, 485
Endocytosed antigens
presentation of, 132, 133f
processing of, 123-129, 123f, 124t,
125f-128f
Endogenous pyrogens, 356b
Endoplasmic reticulum (ER), transport of
peptides from cytosol to, 130-131,
13lf
Endosomal pathway, 123-129, 123f, 124t,
125f-128f
Endosomal vesicles
antigen processing in, 124-125, 126f,
127f
antigen uptake into, 123-124
class II MHC-rich, 126, 1211f
Endosomes, 124,496-497
biosynthesis and transport of class II
MHC molecules to, 125-126, 127f,
128f
Endothelial cells, in allograft rejection,
384
Endothelialitis, in allograft rejection, :!II4
Endothelial leukocyte adhesion molecule1 (£lAM-I), 32b
Endotoxin(s), 354, 497
physiologic and pathologic responses
to, 356b
Endotoxin shock
defined,513
due to humoral immune response, 354,
356b
tumor necrosis factor in, 277-278, 277f
Enhancer, 497
Entamoeba Izistolytica, 367t
Enterotoxins, 357b
Envelope glycoprotein (Env), 477, 497
env gene, of HIV, 478f, 480, 485
Environmental antigens, reactions
against, 420

547

548

INDEX

Enzyme-linked immunosorbent
assay
(ELISA). 497, 526, 526f, 537
Enzyme-linked immunosorbent
spot
(ELISPOTJ, 536-537
Eosinophil(s)
in cell-mediated immunity, 15,323
defined,497
in immediate hypersensitivity
mediators derived from, 450t, 453
morpholob'Y of, 447f
properties of, 445t, 453
in immune response to parasites, 368
interleukin-5 and, 293
number of, 49t
Eosinophil cationic protein, 453
Eotaxin, 453
Epidermal growth factor receptor (EGFR),
antibodies that block, 416
Epinephrine, for anaphylaxis, 457
Epithelial barriers, in innate immune
system, 27-29, 28f
Epithelioid cells, 29, 313
Epitope(s), 9, 90-91, 91f, 497
immunodominant,
133-134, 134f, 501
Epitope spreading, 430b, 433
Epo (erythropoietin).
300
Epstein-Barr nuclear antigens (EBNAs),
404b
Epstein-Barr virus (EBV), 353t, 497
antibodies to, 408
clinical sequelae of, 404b
CR2 and, 338
immunodeficiency
and, 404b-405b
and interleukin-IO, 2117,365
and lymphoma, 227
and malignancy, 403, 404b-405b
pathogenesis of, 404b
in transplant patients, 389, 395
in X-linked Iymphoproliferative
syndrome, 474
Equilibrium dialysis, 530-532, 532f
ER (endoplasmic reticulum), transport of
peptides from cytosol to, 130-131.
131f
ERK (extracellular receptor-activated
kinase), 205, 449
Erythroblastosis fetalis, 393
Erythropoietin (Epo), 300
Escheric/lia coli, 352t
E-selectin, in leukocyte recruitment, 31,
32b
Exogenous pyrogens, 356b
Exotoxins, 354
Experimental autoimmune
encephalomyelitis
(EAE), 428, 430b,
4~}7
Extracellular receptor-activated
kinase
(ERK). 205, 449
Extravasation, 497
F
Fab fragment, 84, 84f, 86f, 323, 497
F(abh fragment, 323, 497
Fab region, 80f
FACS (fluorescence-activated
cell sorter).
498,530,531f
Factor B, 330, 332t
Factor 0, 330, 332f, 332t
defkiency in, 344b
Factor II, 339t, 340
deficiency in, 344b
recruitment by pathogens of, 345
Factor I, 3391. 341, 341 f
deficiency in, 344b

Familial hemophagocytic

lymphohistiocytoses, 473t, 474
Fas,497
in apoptosis, 254, 256b-257b
in autoimmunity, 435-436, 436t
Fas-associated death domain (FADD),
257b,276b
Fas ligand (FasL). 148,278,497
in apoptosis, 254, 256b
in autoimmunity, 435-436, 436t
in cell-mediated cytotoxicity, 318
in tumor immunity, 409-410
Fca. receptor (Fca.R). 326b, 327b
FCEreceptor I (FcERl), 326b, 327b, 498
in immediate hypersensitivity, 444-445,
445f, 448, 456t
FCEreceptor 11(FCERII). 326b, 327b
Fc fragment, 84, 84f, 497
Fey receptor(s) (FqR), 325-328,
326b-327b,498
Fey receptor 1 (FeyRI), 36, 325-328, 325f,
326b
Fq receptor 11(FeyRII), 326b-327b
Fq receptor IIA (FeyRIIA). 326b-327b
Fey receptor lIB (FeyRIIB). 326b, 327b,
328,328b
in antibody feedback, 238-239, 239f
in immediate hypersensitivity, 449
Fq receptor III (FeyRIII), 326b, 327b, 445
Fey receptor IIIA (FeyRIIIA). 41, 326b,
327b
Fey receptor IIIB (FeyRIIIB). 326b, 327b
Fc receptor(s) (FcRs), 36, 80f, 94, 497
in complement activation, 323
neonatal,347
phagocyte (leukocyte). 324-328,
326b-328b
regulation of humoral immune
responses by, 238-239, 239f
Fc regions, 36, 80f, 94
FDCs. See Follicular dendritic cells
(FDCs).
Fetus, immune responses to, 382, 383b
Fever
in systemic inflammatory response
syndrome, 356b
tumor necrosis factor and, 277
Fibrinogen, as acute-phase reactant, 356b
Fibroblastic reticular cell(s) (FRCs), 59, 60f
Fibroblastic reticular cell (PRC) conduits,
59,60f
Fibrosis
in delayed-type hypersensitivity
reaction, 313
interleukin-13 in, 294
Ficolins, 335
in innate immune system, 21 t, 44
Filaria, 367t, 370
Filariasis, lymphatic, 370
First-set rejection, 375, 376f, 4911
FITC, 536
FK-506,387,387t,
388,4911
FK-506-binding protein (FKBPJ. 209,388
Flow cytometry, 498, 528-530, 531f
Fluorescence-activated
cell sorter (FACS),
498,530,53lf
Fluorescent dyes, to study T cell
proliferation, 536
Follicular B cells, 154, 155f, 174, 174f, 218
Follicular dendritic cells (FDCs), 56, 60,
498
in affinity maturation, 233-234
in B cell activation, 218, 228
in HIV infection, 4113-484

Follicular lymphoma, chromosomal
translocations in, 166b, 167b
Food allergies, 443, 458-459
Foreign protein antigens, tolerance
induced by, 250f, 260
N-Formylmethionine,
20, 26, 498
Fos, 205
in B cell activation, 220
FOXNl gene, 469
FoxP3,498
in autoimmunity, 435, 436t
FOXP3 gene, 252-253
FPR, 26
FPRLl,26
FRC(s) (fibroblastic reticular cells), 59, 60f
FRC (fibroblastic reticular cell) conduits,
59, 60f
FrY720, 68, 389
Fucosyltransferase,
386
Fungi, immunity to, 353t, 362
Fyn, in T cell activation, 199
G
Gab2 (Grb-2-associated
binder-like
protein 2), 449
gag gene, of HI\', 478f, 480, 481,485
Gametocytes, 369b
yo T cell(s), 49, 50t, 63
development of, 185
origin of, 154, 155f
in tuberculosis, 361b
yo T cell receptor, 28, 144,498
generation of diversity in, 168t
y chain defects, 467
Gamma globulins, 80
Gangliosides, in melanoma, 406
GAS (IFN-y-activated sites), 285
Gastrointestinal
system, lymphoid tissue
in, 122
GATA-3, 169, 170f, 498
in T,,2 differentiation, 307, 308, 308f
gC (glycoprotein C-\), 346
G-CSF (granulocyte colony-stimulating
factor). 299t, 300, 499
GD2 ganglioside, 406
GO] ganglioside, 406, 415t
Gene conversion, 108
Generative lymphoid organ, 48f, 52f, 56,
498
Gene replacement, 475
Gene targeting, 532-535, 533f-534f
Gene therapy, 475
Genetically controlled immune
responsiveness,
134
Genetic polymorphism, 98
Genetic susceptibility
to autoimmune diseases, 432, 433-436,
433f, 434f, 435t, 436t
to immediate hypersensitivity, 442,
455-456,456t
Germinal center(s)
B cell selection in, 232-234, 234f, 235f
defined,498
of lymph node, 59--60, 60f
Germinal center reaction, 228, 229f
Germline organization
defined,498
of Ig and TCR genes, 158f, 159-160,
159f, 16lf
Germline transmission, 533
GITR (glucocorticoid-induced
TN 1'related) ligand, 278
gld mouse strain, 427b
Globulins, 80
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Glomerulonephritis
antibody-mediated,
422, 424f
defined,498
poststreptococcal,
354-355, 426t
Glucocorticoid-inducedTNF-related
(GITR) ligand, 278
GlyCAM-I,66
Glycocalyx molecules, in tumor
immunity, 410
Glycolipid antigens, altered, 406
Glycolipid-enriched
microdomains,
203
Glycoprotein antigens, altered, 406
Glycoprotein C-I (gC). 346
GM2 ganglioside, 406
GM-CSF (granulocyte-macrophage
colony-stimulating
factor). 299t, 300
in tumor immunotherapy,
412, 412f,
413t
GM-CSF (granulocyte-macrophage
colony-stimulating
factor) receptor
family, 272f
Goodpasture's syndrome, 423t, 424f
gp41, in HIV, 477, 477f, 479f, 480f, 481
gpl20, in HIV, 477, 477f, 479f, 480f, 481
GPI60, 346
G protein(s). 26, 498
G protein-coupled
receptors, 272, 272f,
498
G protein signaling, by cytokines, 27lt
Graft(s)
allogeneic (allo-)
defined,377,490
methods to induce donor-specific
tolerance or suppression of. 391
methods to reduce immunogenicity
of, 389-391, 390b, 39lf
autologous (auto-), 376, 492
defined,375,499
skin, 375
syngeneic, 377, 377f
xenogeneic (xeno-). 377
Graft arteriosclerosis, 499
accelerated, 384f, 387
Graft fibrosis, 387
Graft immunogenicity,
methods to
reduce,389-39I,390b,39If
Graft rejection, 98, 99f, 100b, 499
accelerated, 384, 392
activation of alloreactive 'I' cells in, 380,
381-382,382f
acute, 384-386, 384f, 385f, 489
chronic, 384f, 385f. 387, 493
effector mechanisms of, 382-387, 384f,
385f
experimental evidence of, 375-376,
376f
first -set, 375, 376f
genetics of, 377-378, 377f
hyperacute, 383-384, 384f, 385f, 500
prevention and treatment of, 387-391,
387t, 388f, 390b, 391 f
immunosuppression
in, 387-389,
387t, 388f
methods to induce donor-specific
tolerance or suppression in,
391
methods to reduce allograft
immunogenicity
in, 389-391,
390b, 39lf
second-set, 376, 376f
Graft vasculopathy, 387
Graft-verslls-host disease (GVHD), 394,
394f,499
Graft-verslls-leukemia
effect, 414-415

Granule enzymes, in immediate
hypersensitivity, 45lf, 452
Granule fusion defects, 473t
Granulocyte colony-stimulating
factor (GCSF), 299t, 300, 499
Granulocyte-macrophage
colonystimulating factor (GM-CSF). 299t,
300
in tumor immunotherapy,
412, 412f,
413t
Granulocyte-macrophage
colonystimulating factor (GM-CSF) receptor
family, 272f
Granuloma(s)
defined,499
in delayed-type hypersensitivity,
313-314,314f
in response to intracellular bacteria,
360
in schistosomiasis, 368
in tuberculosis, 361b
Granulomatous
disease, chronic, 37,
465-466,465t, 493
Granulomatous
inflammation
in delayed-type hypersensitivity,
313-314,314f
in fungal infections, 362
in response to intracellular bacteria,
360
in tuberculosis, 361 b
Granulysin, 319
Granzymes, 42, 257b, 318, 318f, 499
Graves' disease, 422, 423t
Grb-2, 205, 206f
Grb-2-associated
binder-like protein 2
(Gab2),449
Group A streptococci, 352t
Guanosine triphosphate (GTP)-binding
(G) protein(s). See G protein(s).
Gut-associated lymphoid tissue, naive 'I'
cell migration into, 68
Gut-homing 'I' cells, 69
GVHD (graft-verslls-host disease). 394,
394f, 499
H
HMRT (highly active anti-retroviral
therapy). 486, 499
Haemophilus inflllenzae vaccine, 325t,
371
Hairpin opening, in V(D)) recombination,
164, 164f
HAMA (human anti-mouse antibody)
response, 88b
H antigen, 386b, 393
Haplotype, 499
Hapten(s), 90, 114,224,499
Hapten-carrier effect, 224-226, 226f
Hassall's corpuscles, 58
HAT medium, and hybridomas, 77b
Hay fever, 458
HCDM (Human Cell Differentiation
Markers). 519-524
Heavy chain(s), antibody, 80f, 81-83, 8lf,
84f,501
isotypes of, 85-86, 87t
recombinationand expressionof, 172f
synthesis of, 88-89
and tissue distribution of antibody, 95
Heavy chain isotype (class) switching,
228-232,230f
CD40 in, 228, 230-231
cytokinesin, 227,228-230, 230t
defined,I6,499

Heavy chain isotype (class) switching
(Continued)
during humoral immune responses,
94f, 95, 216--217, 217f
in immediate hypersensitivity, 444
interferon-y in, 295
interleukin-4 in, 292-293
interleukin-13 in, 294
molecular mechanisms of, 231-232,
232f
HEL (hen egg lysozyme). 133, 134
tolerance to, 258, 260f
Helminths, 365-370
adaptive immunity to, 367-368, 367t,
369b
'1'112in,3 04,307-3 09,314-3 15,315f
antibody mediated clearance of, 329
defined,499
IgE-mediated immune reaction to, 459
immune evasion by, 368-370, 368t, 370f
innate immunity to, 365-;i67
Helper 'I' lymphocytes, 8f, II, 12f, 49, 50t.
See also CD4+ 'I' cells; Till cells; '1'112
cells.
in antibody responses, 222-237
activation and migration toward
follicle in, 224, 225f
affinity maturation in, 232-234, 234f,
235f
antigen presentation in, 224, 226f
B cell migration toward T cell zone in,
224
CD40 ligand in, 226--228, 227f
differentiation into plasma cells in,
234-236, 236f
generation of memory B cells and
secondary humoral immune
responses in, 236--237
germinal center reaction in, 228,
229f
hapten-carrier
effect in, 224-226,
226f
heavy chain isotype (class) switching
in, 228-232, 230f, 230t, 232f.
233f
overview of, 223-224, 223f
properties of, 237t
antigen markers of. 51 b
antigen presentation to, 97
in autoimmunity, 432
in B cell activation, 216
in CD8+ activation, 192-194, 193f
defined,499
Hematopoiesis, 57-58, 57f, 499
Hematopoietic cytokines, 298-300, 298f,
299t
erythropoietin
as, 300
granulocyte CSF as, 299t, 300
granulocyte-monocyte CSF as, 299t,
300
interleukin-3 as, 299-300, 299t
interleukin-7 as, 299, 299t
interleukin-9 as, 300
interleukin-II
as, 300
monocyte CSF as, 299t, 300
overview of, 57-58, 271
stem cell factor (c-Kit ligand) as,
298-299,

298f, 299t

Hematopoietic microchimerism,
245
Hematopoietic stem cell(s) (HSCs), 57,
154, 155f, 499
Hematopoietic stem cell (HSC)
transplantation,
393-395, 394f
Hemocytes, 30
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Hemoglobinuria,
paroxysmal nocturnal,
340-341
Hemolytic anemia, autoimmune. 422,
423t
Hemophagocytic
Iymphohistiocytosis
(IlL/I), 471f, 473t. 474
Hemopoietin receptors, 271, 272f
Hen egg lysozyme (HEL), 133, 134
tolerance to, 258. 260f
Heparin, 452
Hepatitis, viral, 420
Hepatitis A vaccine, 325t
Hepatitis B vaccine, 325t, 411
Hepatitis B virus, 353t, 364
Hepatocytes, tumor necrosis factor and.
277
Heptamer, 161-162, 163f
Hereditary angioneurotic edema, 340
Herpes simplex viruses, 353t, 366b
Heterophilic interactions, in Ig
superfamily, 83b
Heterotopic transplantation,
375
HG!'!! (hypoxanthine-guanine
phosphoribosyltransferase),
and
hybridomas, 77b
HI histamine receptor antagonists, 451
High endothelial venules (1IEVs), 59, 60,
60f, 65f, 66, 66f, 499
Highly active anti-retroviral therapy
(HAA!!T),

4116, 499

Hinge region, of antibody

molecules,

86,

116f. 91. 499

Histamine
defined, 499
in immediate hypersensitivity, 451-452
Histocompatibility-2
(H-2) locus, 98
Histocompatibility
genes. 98
Histoplasma capslIlallIm. 353t. 362
HIV. See Human immunodeficiency
virus
(lIIV).
HLA (human leukocyte antigen), 99f, 100,
101. 500
HLA-A. 107
HLA-B, 107
HLA-C, 107
lILA-D. 101
IHA-DM, 107,499-500
class II-associated invariant chain
peptide and, 126-128, 127f
HIA-DMA, 107
H!A-DMB, 107
HIA-DO, 1211
IUA-DQ.
101
HLA-D!!. 101
IILA-E,41
IIIA-G, 1011.383b
IliA genes
in autoimmunity. 434-435, 434f, 435t
in diabetes mellitus, 429b
in rheumatoid arthritis. 431 b
H1A-11, lOll
IILA haplotypes, extended, 434
H1A matching, 390-391. 390b. 391 f
H LH (hemophagocytic
Iymphohistiocytosis),
47lf, 473t.
474
H-2 (histocompatibility-2)
locus, 98
II-2M, class II-associated invariant chain
peptide and, 126-128. 127f
H-2 molecule. 499
Hodgkin's disease, 476
Homeostasis, lOt, 11, 14f, 500
in immune system. 260-262, 262f
Homeostatic proliferation. 54

Horning, 64, 505
of B lymphocytes, 69-70
ofT lymphocytes. 65-68
HOIl1ing receptors, 65, 500
Homologous recombination, 532-533,
533f, 534f
Homophilic interactions, in Ig
superfamily. 83b
H!'V (human papillomavirus)
antibodies to, 408
and malignancy, 403. 405
vaccine for, 411
HSC(s) (hematopoietic stem cells), 57,
154, 155f, 499
HSC (hematopoietic stem cell)
transplantation,
393-395, 394f
HTLV-l (human T celllymphotropic
virus
1). 405
immunodeficiency
due to, 476
Human anti-mouse antibody (HAMA)
response, 88b
Human Cell Differentiation Markers
(HCDM),519-524
Human immunodeficiency
virus (HIV).
353t,476-487,500
acute phase of, 481-482, 484-485, 484t
chronic phase of, 482. 484t, 485
clinical features of. 484-485. 484t
clinical latency period of, 48lf, 482,
482f, 485
dual-tropic, 479
epidemiology of. 476. 484
immune evasion by. 365. 366b
immune responses to. 481 f, 482f,
485-486
life cycle of, 477-481. 479f, 480f
macrophage (M-)tropic, 478, 479
molecular and biologic features of,
476-481, 477f-480f
pathogenesis of. 481-484, 481f, 482f
progression of. 481-482, 481f. 482f
provirus of, 479
R5X4 variant of, 479
reservoirs and turnover of, 484
structure and genes of. 477, 477f, 478f
T cell-tropic. 478, 479
transmission of. 484
treatment and prevention of. 486-487
Western blot technique for, 528
X4 variant of, 479
Human immunodeficiency
virus (HIV)
nephropathy, 485
Human immunodeficiency
virus (HIV)
wasting syndrome, 485
Humanized antibodies, 79b, 118b,415. 500
Human leukocyte antigen. See HIA
(human leukocyte antigen).
I-Iuman papillomavirus (J-I!'V)
antibodies to. 408
and malignancy, 403. 405
vaccine for. 411
I-Iuman T celllymphotropic
virus 1
(HTLV-I). 405
immunodeficiency
due to. 476
Humoral immune responses
changes in antibody structure during.
94f
to extracellular bacteria, 354, 355f
general features of, 215-218. 216f. 217f
primary, 217-218, 217f
regulation by Fc receptors of, 2311-239.
239f
secondary. 217-218, 217f, 236-237
T cell-dependent,
222-237

Humoral immune responses (Colllilllled)
affinity maturation in, 232-234, 234f.
235f
antigen presentation in, 224, 226f
B cell migration toward T cell zone in,
224
CD40 ligand in, 226-228, 227f
differentiation into plasma cells in,
234-236. 236f
generation of memory B cells and
secondary humoral immune
responses in, 236-237
germinal center reaction in. 228,
229f
hapten-carrier
effect in, 224-226,
226f
heavy chain isotype (class) switching
in. 228-232, 230f, 230t, 232f,
233f
helper T cell activation and migration
toward follicle in, 224, 225f
overview of, 223-224, 223f
properties of, 237t
T cell-independent.
237-239, 237t,
239f
to viruses, 363
Humoral immunity. 6-7. 8. 8f. 14f. 16
defined,500
effector mechanisms of, 321-348
historical background of. 8-9
overview

of. 321-323,

322f, 323t

vaccine-induced,
325t
Hybridization, subtractive, 139b
Hybridomas. 77, 77b-79b. 234f, 500
Hygiene hypothesis, of asthma. 457
Hyperacute rejection, 383-384, 384f. 385f,
500
J-Iyper-lgM syndrome. X-linked, 312,
518
Hyper-lgM syndromes. 470t, 47lf, 472
Hypermutation,
somatic. 232-234. 234f,
235f,513
Hypersensitivity
antibody-mediated
(type II), 420, 420t,
421-423
effector mechanisms of, 422, 422f
examples of, 422-423, 423t
pathologic features of. 423, 424f
types of, 421, 421f
delayed-type, 312-314, 313f
defined,304,495
diseases caused by, 425-431. 426f,
428t, 429b-431 b
morphology of, 314f
in schistosomiasis. 368
in tuberculosis, 361b
immediate (type I) (See Immediate
hypersensitivity)
immune complex-mediated
(type III).
420, 420t, 42 If. 423-425
Arthus reaction due to, 425
polyarteritis nodosa due to. 426t
poststreptococcal
glomenIlonephritis
due to, 426t
serum sickness due to. 424-425, 425f,
426t
systemic lupus erythematosus
due to.
421 f. 425. 426t, 427b
T cell-mediated
(type IV), 420-421,
420t. 425-432
due to cytotoxic T lymphocytes, 426f.
431-432
delayed-type, 425-431, 426f, 428t.
429b-431b
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Hypersensitivity diseases, 419-439
antibody-mediated.
420, 420t,
421-423
effector mechanisms of. 422. 422f
examples of. 422-423. 423t
pathologic features of. 423, 424f
types of, 421. 421f
autoimmune. 432-438. 433f. 434f. 435t.
436t, 437f
causes and types of, 419-421. 420t
classification of. 420-421, 420t
defined. 419,500
delayed-type, 425-431. 426f, 428t,
429b-431b
due to immediate hypersensitivity, 420.
420t, 441-461
immune complex-mediated.
420, 420t.
421f
Arthus reaction as. 425
polyarteritis nodosa as, 426t
poststreptococcal
glomerulonephritis
as. 426t
serum sickness as. 424-425, 425f, 426t
systemic lupus erythematosus
as.
421f. 425, 426t, 427b
T cell-mediated,
420-421. 420t.
425-432
due to cytotoxic T lymphocytes. 426f,
431-432
delayed-type, 425-431, 426f, 428t,
429b-431b
therapeutic approaches for, 438
Hyperthyroidism,
422. 423t
Hypervariable segments, 84-85. 85f, 139.
500
Hypogammaglobulinemias,
470t
Hypoxanthine-guanine
phosphoribosyltransferase
(HGPR).
and hybridomas. 77b
I
la (I region-associated)
molecules. 100b
lAPs (inhibitors of apoptosis). 256b
IBD (inflammatory bowel disease).
428-431. 428t. 435. 502
iC3b (inactivated C3b) fragment. 33b
lCAD (inhibitor of caspase-activated
DNase). 256b
ICAM-I (intracellular adhesion moleculeI). 33b. 35
lCAM-2 (intracellular adhesion molecule2). 33b
lCAM-3 (intracellular adhesion molecule3).33b
ICF syndrome, 470t. 472
Icas (inducible costimulator).
147. 196b.
197b. 198
mutations in. 471f. 472
100M (insulin-dependent
diabetes
mellitus). 428, 428t. 429b. 433, 435t,
503
Idiotopes, 88b
Idiotype(s). 88b. 262, 500
ldiotype network. 500
I exon. 231
IFNs. See Interferon(s) (IFNs).
Ig(s). See Immunoglobulin(s)
(lgs).
Ig-Iike transcript(s) (ILTs). 39b
Ig-Iike transcript-2 (lLT-2). 39b
Ii (invariant chain). 125-128, 127f. 504
IKB(s). 24
IKB kinase (lKK), 24. 220
IKKy (inhibitor of KB kinase y). 466
IL(s). See Interleukin(s) (lLs).

Immature B lymphocyte. 171f, 173. 174f.
500
Immediate hypersensitivity. 420. 420t.
441-461
basophils in
binding of IgE to. 444-445, 445f
mediators derived from, 450t. 451f.
452-453
morphology of, 447f
properties of, 445t. 447
B cells in, 444
biogenic amines in. 451-452, 451f
clinical and pathologic manifestations
of. 442-443
cytokines in, 442. 449. 450t. 451f.
452-453
defined. 441. 500
diseases caused by. 456-459
allergic rhinitis as, 443. 458
bronchial asthma as. 443, 455. 456t.
457-458. 457f, 458f
eczema as, 455, 459
food allergies as, 458-459
immunotherapy
for. 459
systemic anaphylaxis as, 456-457
urticaria as. 459
eosinophils in
mediators derived from. 450t, 453
morphology of, 447f
properties of. 445t, 453
general features of, 442-443. 442f
genetic susceptibility to, 442. 455-456,
456t
granule enzymes in. 451f, 452
IgE in
binding to mast cells and basophils
of. 442. 444-445,445f
production of, 442. 442f. 443-444
protective roles of. 459
lipid mediators in. 449. 450t. 451f. 452.
453
mast cells in
activation of, 442. 442f. 446f. 447-450,
448f
binding of IgE to. 442, 442f. 444-445.
445f
mediators derived from, 450-453,
450t, 451f
properties of. 445-447. 445t
protective roles of. 459-460
subsets of, 446-447. 447t
protective roles of. 459-460
proteoglycans in, 452
reactions of, 453-455
immediate. 442f. 453-454, 454f. 455f
late-phase, 442f. 454-455, 454f
T,,2 cells in, 442, 442f, 443-444
Immediate reaction. of immediate
hypersensitivity. 442f, 453-454, 454f,
455f
Immortalized cell lines. 77b-79b
Immune complex(es). 92. 93f. 50G-501
solubilization of, 343
due to viruses. 364
Immune complex-mediated
disease.
345b. 420. 420t. 423-425,501
Arthus reaction as, 425
glomerulonephritis
as, 424f
poststreptococcal.
426t
polyarteritis nodosa as, 426t
serum sickness as, 424-425. 425f. 426t
systemic lupus erythematosus as, 421f.
425, 426t, 427b
Immune deviation. 486. 501

Immune evasion, 352
by bacteria
extracellular. 355, 358t
intracellular, 358t. 362
by parasites, 368-370. 368t, 370f
by tumors. 408-410, 408f
by viruses. 364-365, 364t, 366b
HIY, 486
Immune inflammation. 310. 501
Immune-mediated
inflammatory
diseases. 312, 420-421. 420t, 425-432,
426f
Immune recognition. 2G-26
pattern recognition molecules in,
21-22.21t
pattern recognition receptors in. 20,
21t,22-26
cellular locations of. 22, 22f
toll-like. 22-26, 23b-24b,25f
specificity and. 20-22, 20t. 21 t
Immune repertoire, 153
Immune response(s)
adaptive
cardinal features of. 9-11, 1Of. lOt
to HIV infection, 485
overview of, 48f
phases of, 13-16, 14f, 15f
stimulation by innate immunity of.
19. 44-45,45f
to tumors. 407-408. 408f
types of, 6-9. 8f. 9f
cell-mediated (See Cell-mediated
immunity (CM!))
contraction of. I Of. lOt, II. 261
defined,3.501
diseases cause by. 419-439
antibody-mediated.
420. 4201.
421-423, 421f. 422f. 423t, 424f
autoimmune, 432-438. 433f. 434f.
435t. 436t. 437f
causes and types of. 419-421, 420t
due to delayed-type hypersensitivity,
426-431. 428t, 429b-431b
due to immediate hypersensitivity.
420. 420t, 441-461
immune complex-mediated,
420,
420t. 421f. 423-425, 425f. 426t.
427b
T cell-mediated.
420-421. 4201. 422f.
425-432, 428t. 429b-431 b
therapeutic approaches for. 438
diversity of. 10, lOt
to HIV infection, 481 f. 482f. 485-486
humoral (See Humoral immune
response(s))
innate (See Innate immune response(s))
to microbes, overview of. 13-16, 14f.
15f
primary, 10. IOf.510
secondary. 10, IOf, 512
vs. self-tolerance. 244f
specificity of, 9-10, IOf, lOt. II
termination of normal. 260-262. 262f
to tumors. 406-408
adaptive. 407-408. 408f
evasion of. 408-410. 408f
innate. 406-407
stimulation of. 410-414. 41 Ot. 411 f.
412f.413t
Immune response (lr) genes. 99-100. 134.
455.501
Immune responsiveness,
genetically
controlled. 134
Immune surveillance. 397. 407. 501
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Immune system
adaptive (See Adaptive immune
system)
cell-mediated (cellular) (See Cellmediated immune system)
cutaneous, 62-63, 63f, 495
defined,3.501
evolution of. 6b-7b
homeostasis in, 26G-262, 262f
innate (See Innate immune system)
mucosal. 63-64, 64f, 346. 347f. 507
Immunity
active. 7, 9f. 489
adaptive (specific, acquired) (See
Adaptive immunity)
cell-mediated (cellular) (See Cellmediated immune system)
cellular theory of, 9
defined. 3, 501
humoral (See Humoral immunity)
innate (natural. native) (See Innate
immune system)
neonatal, 508
antibodies in, 346-347
passive, 7-11, 9f. 5011-509
specific, 6
Immunization,
passive. II, 372. 475
Immunoassays. quantification of antigen
by. 525-527, 526f
Immunobinding
assays, 526-527
Immunoblot, 501
Immunodeficiency(ies).
463-4811
acquired (secondary). 475-476. 475t
AIDS as (See Acquired
immunodeficiency
syndrome
(AIDS))
defined, 463. 489
anhidrotic ectodermal dysplasia with.
466-467
and autoimmunity. 464
after bone marrow transplantation,
394-395
and cancer. 464
common variable, 470t, 47 If, 472
congenital (primary). 464-475, 510
due to antibody deficiencies, 464,
470-472. 470t. 47lf
due to defects in innate immunity,
464,465-467,465t
due to defects in T lymphocyte
activation and function. 464-465,
464t,471~472-474.
473t
defined. 463
multisystem disorders with,
474-475
severe combined. 467-470, 467f. 4611t.
513
therapeutic approaches to, 475
and Epstein-Barr virus, 4041>-405b
general features of. 454t, 463-454
and infection, 463-464
multisystem disorders with. 474-475
severe combined, 467-470. 467f. 468t,
513
Immunodominant
epitopes, 133-134,
134f.501
Immunoelectron
microscopy, 530
Immunofluorescence.
501, 530
Immunogens, 90. 501
Immunoglobulin(s)
(lgs). 80. 501
during B cell maturation, 89. 90f
effector functions of. 116.117t,94-95
properties of. 141t
synthesis. assembly, and expression of,
111I-1I9,90f

Immunoglobulin
Immunoglobulin

a (lga). 89. 219, 500
A (lgA)
effectorfunctions of. 323t
in humoral immunity. 16
maternal. 347
in mucosal immune system, 346, 347f
production of, 77
secreted, 346, 347f
structure of, 115-116,87t, 88
Immunoglobulin
A (lgA) deficiency,
selective, 470t, 47lf, 472
Immunoglobulin
P (lgP). 89, 219, 500
Immunoglobulin
0 (lgO)
coexpression of IgM and, 174, 174f
effector functions of, 323t
membrane. 215, 218, 218f
structure of, 116,87t, 1111
Immunoglobulin
(lg) deficiency, selective,
470t, 47lf, 472, 513
Immunoglobulin
(lg) domains, 81-114, 81f.
83b, 501
Immunoglobulin
E (lgE)
in cell-mediated immunity, 15
effector functions of, 94, 322, 323t
in immediate hypersensitivity
binding to mast cells and basophils
of, 442, 444-445. 445f
production of, 442, 442f, 443-444
protective roles of, 459
in immune response to parasites, 368
structure of, 117t,88
Tn2 cells and, 314
Immunoglobulin
(lg) fold. 83b
Immunoglobulin
G (lgG)
in antibody feedback, 2311
effector functions of, 94, 322, 323t
in humoral immunity, 16
intravenous, for hypersensitivity
diseases, 438
maternal. 347
selective subclass deficiencies of,
470t
structure of, 80f, 83, 84f, 115-86, 87t
Immunoglobulin
(lg) genes
expression of, 170. 17If, 172f
generation of diversity in, 167-169,
1611f,168t
germline organization of, 158f, 159-160,
159f
somatic mutations in, 232-234, 234f,
235f
transcriptional
regulation of, 165,
165f
V(O)) recombination of, 158, 160-165,
162f-165f
Immunoglobulin
(lg) homology units, 83b
Immunoglobulin
M (lgM)
coexpression of IgO and, 174, 174f
effector functions of, 322, 323t
in humoral immunity, 16
membrane, 215, 218, 2111f,236, 236f
secreted, 236, 236f
structure of, 80f, 87-118, 87t
Immunoglobulin
M (lgM) memory, 238
Immunoglobulin
(lg) proteins, domains
of, 159f
Immunoglobulin
(lg) secretion,
cumulative. 537
Immunoglobulin
(lg) superfamily, 81,
82b-83b,160,502
Immunohistochemistry,
502, 530
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effector mechanisms of, 422, 422f
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423-425
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allograft, 391
antigen recognition and, 244-245
in autoimmunity, 432, 433f, 437f
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regulatory T cells in, 252-253, 253f
therapeutic uses of, 244
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factors that determine. 257-258.
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transgenic and knockout mouse models
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historical background of, 3-4
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tyrosine-based
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437f
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immunodeficiency
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immunodeficiency
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chemokines in. 279-281
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"Inside-out signaling," 33b
Insulin-dependent
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activation of, 33b
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signaling by, 33b-34b
structure of, 33b, 138f
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type I, 274t, 285-287, 286f. 517
in immune response to viruses. 363.
363f
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Interferon-a (lFN-a), 274t. 285-287. 517
biologic actions of, 285-287. 286f
in innate immunity, 289
natural killer cells and, 41
production of, 285
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structure of, 285
in tumor immunotherapy.
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biologic actions of, 285-287, 286f
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natural killer cells and, 41
production of. 285
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structure of, 285
Interferon-y (lFN-y). 290t, 294-296
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in cell-mediated immunity. 15
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and FcyR 1. 328
in immediate hypersensitivity. 456t
in immune response
to extracellular bacteria, 354. 355f
to intracellular bacteria, 359, 359f
to parasites, 367, 369b
in innate immunity, 288
interleukin-12 and. 282
in isotype switching, 228, 230t. 231
in lipopolysaccharide-induced
injury,
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in macrophage activation. 3 I If. 312
natural killer cells and. 41, 42
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receptors for, 294
structure of, 294
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in tumor immunotherapy.
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Interferon-stimulated
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receptor for, 290-291. 291 f
structure of. 290. 291f
in l' cell activation.
192
in l' cell tolerance. 252-253
in tumor immunity,
407. 412-413, 412f.
4131. 414. 414f
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injury,
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407. 413t
Interleukin-12
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hypersensitivity.
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(11.-18), 274t, 288, 503-504
in l' H I differentiation,
307
Interleukin-19
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Intracellular adhesion molecule-2 (lCAM2), 33b
Intracellular adhesion molecule-3 (lCAM3), 33b
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504
Intraepitheliallymphocytes,
144.504
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121f,504

INDEX

Large

granular lymphocytes. See Natural

killer (NK) cells.
LAT (linker for activation ofT cells), 205,
206f, 449
Latent membrane protein(s) (LMPs), 404b
Latent membrane protein I (LMPI), 227
Latent membrane protein 2 (LMP-2), 130,
505
Latent membrane protein 7 (LMP-7), 130,
505
Late-phase reaction, of immediate
hypersensitivity, 442f, 454--455, 454f,
504
LBP (LPS-binding protein), 356b
Lck, in T cell activation, 199, 203f, 504
LCMV (lymphocytic choriomeningitis
virus), 194,364,365
Lectin(s)
man nose-binding, 43, 44, 335, 506
mutation of gene encoding, 344b
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Lectin pathway, of complement
activation, 43, 43f, 330, 331f, 335,
505
Legionella pneu/llophila, 353t
Leishmania donovani, 367t
Leishmania major. 360f, 362, 367
Leishmania spp, 505
immune evasion by, 370
Lentiviruses, 476-477
Lepromatous leprosy, 360-362
Lepros~360-362,360f
Lethal hit, 505
Leukemia
acute lymphoblastic,
166b, 167b
acute myelogenous, 167b
acute myeloid, 167b
acute pre- T cell, 167b
adult T cell, 405, 476
chromosomal translocations
in,
166b-167b
chronic myelogenous, 166b, 167b
defined,505
Leukocyte(s)
Fc receptors on, 326b-328b
number of, 49t
polymorphonuclear
(See Neutrophil(s))
recruitment of, 30-35, 31 f, 32b-34b
rolling of, 31, 31f
transmigration
through endothelium
of,35
Leukocyte adhesion deficiency, type I
(LAD-I), 33b, 465t, 466
Leukocyte adhesion deficiency (LAD),
505
Leukocyte adhesion deficiency type 2
(LAD-2), 465t, 466
Leukocyte Fc receptors, 324-328,
326b-328b
Leukocyte function-associated
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(LFA-I), 33b, 316
Leukocyte function-associated
antigen-3
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Leukocyte Ig-like receptors (UR), 39b, 41
Leukotriene(s), 452, 504
in asthma, 457
Leukotriene inhibitors, for asthma, 458
Lewis antigens, 386
"Licensing," 198, 198f
Light chain(s), antibody, 80f, 81-83, 81f,
84f,501-502
isotypes of, 86-87
recombination and expression of, 172f
surrogate, 170,514

Light chain isotype exclusion, 173
Linear determinants, 90, 91f
Linker for activation ofT cells (LAT), 205,
206f, 449
Lipid antigens, presentation by CDI
molecules of, 116, 134-135
Lipid mediators, in immediate
hypersensitivity, 449, 450t, 451f, 452,
453
Lipid rafts, 203, 219, 220
Lipopolysaccharide
(LPS), 354, 497,
505
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to,356b
and toll-like receptor 4, 24
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(LPS)-binding protein
(LBP), 356b
UR (leukocyte 19-1ike receptors), 41
Listeria monocytogenes, 353t
cell-mediated immunity to, 304, 305f,
359-360
Listeriolysin, 129
Live viral vectors, in vaccines, 371, 505
LL-37,28
LMP(s). See Latent membrane protein(s)
(LMPs).
Long terminal repeat (LTR), of HIV,
479--480
loxP, 534-535
LPS. See Lipopolysaccharide
(LPS).
Lps mice, 466
L-selectin
in leukocyte recruitment, 31, 32b
in T cell homing, 68
L-selectin ligand, on endothelial cells, 66,
66f
LT.See Lymphotoxin (LT).
LTR (long terminal repeat), of HIV,
479--480
Ly-l,175
Lymph, 58, 59
soluble antigens in, 121-122
Lymphatic filariasis, 370
Lymphatic system
anatomy and functions of, 58-61,
59f-61f
defined,505
Lymphatic vessels, 58, 59f
Lymph nodes
anatomy and functions of, 58-61,
59f-61f
B cell migration into, 69-70
defined,505
naive T cell migration into, 66-68
Lymphoblast, 55f
Lymphocyte(s), 6, 11
activation of, 52, 53f
two-signal hypothesis for, 44--45,
45f
in adaptive immune system, 49-56
antigen recognition by, 14-15, 14f, 15f
apoptosis in, 255b-257b
B (See B lymphocyte(s))
bare, 110,473, 473t, 492
classes of, 11, 12f
effector, 47--48, 48f, 53f, 54t, 55, 55f
after encounter with antigens, 244f
by history of antigen exposure, 52-56,
53f, 54t, 55f
homing of, 64, 69-70, 505
intraepidermal,
62-63, 63f, 504
intraepithelial,
144,504
large, 55f
granular (See Natural killer (NK) cells)

Lymphocyte(s) (Continued)
memory, 47--48, 48f, 53f, 54t, 55-56,
506
morphology of, 55f
in mucosal immune system, 63, 64f
naive, 14-15, 14f, 47, 48f, 52-55, 53f,
54t, 507
number of, 49t
recirculation of, 64-68, 65f-67f, 505
resting, 52
small, 52, 55f
subsets of, 49-50, 50t, 51 I>
generation of, 154, 154f, 157-15/1,
157f
surface proteins on, 50, 51 b
T (SeeT lymphocyte(s))
tumor-infiltrating,
407
Lymphocyte development, 51-52, 52f,
154-158
antigen receptor gene rearrangement
and expression in, 154, I 54f,
155
checkpoints in, 156, 156f
commitment to Band T lineages in,
154-155, 154f, 155f
defined, 153, 505
general features of, 154-15/1, 154f
generation of lymphocyte subsets in,
154, 154f, 157-158, 157f
selection processes that shape Band T
lymphocyte repertoires in, 154,
154f, 155-157, I 56f, 157f
transcriptional
regulation of, 169,
170f
Lymphocyte markers, 50, 51 b
Lymphocyte maturation. See Lymphocyte
development.
Lymphocyte migration
B cell, toward T cell zone, 224
defined,505
T cell
effector, 67f, 68-69, 310-311, 31Of
helper, 224, 225f
memory, 69, 311
naive, 66, 67f
into gut-associated lymphoid
tissue, 68
to sites of antigen, 310-311, 31Of
to sites of inflammation, 6/1-69
Lymphocyte recirculation, 64-6/1, 65f-67f,
505
Lymphocyte repertoire, 10,505
selection processes that shape, 154,
154f, 155-157, I 56f, 157f
Lymphocyte tumors, chromosomal
translocations in, 165, 166b-1671>
Lymphocytic choriomeningitis
virus
(LCMV), 194,364,365
Lymphohistiocytosis,
hemophagocytic,
471f, 473t,
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Lymphoid follicles, 505
primary and secondary, 59, 60f
Lymphoid organs, 13
peripheral (secondary), 47, 48f, 52f,
56-57,509
primary (generative), 411f,52f, 56, 49/1
Lymphoid tissue
anatomy and functions of, 56-64
in gastrointestinal
and respiratory
systems, 122
Lymphokine(s), 267, 505
Lymphokine-activated
killer (LAK) cells,
506
in tumor immunity, 407, 414, 414f
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Lymphoma
B cell
diffuse large. chromosomal
translocations in. 166b. 167b
Epstein-Barr virus and, 405b
in transplant patients, 389. 395
Burkitt's
chromosomal translocations
in.
166b
defined. 492
Epstein-Barr virus and, 404b
chromosomal translocations
in.
166b-167b
defined. 506
follicular. chromosomal translocations
in, 166b. 167b
mantle cell, chromosomal
translocations in, 166b
T cell, 166b
adult. 405. 476
tissue-specific differentiation antigens
in, 406
Lymphoproliferative
syndrome, X-linked.
473t.474
Lymphotoxin (LT). 273. 290t. 296, 506
and cytokine production, 60
in immune response to extracellular
bacteria, 354
overexpression of. 61
Lysosomal vesicles, antigen processing in.
124-125, 126f. 127f
Lysosomes
azurophilic granules as. 29
defined. 506
interferon-y and. 295
phagosomes and, 124
LYS'C466
M
MAC. See Membrane attack complex
(MAC).
Mac-I, 338. 338t
Mackaness, George, 9,304,359
Macrophage(s)
activation of. 37-38. 37f
alternative, 314
classical. 314
interferon-y in, 294-295
T cell-mediated,
311-312, 311f, 314
alveolar. 29
antigen presentation by, 56. 117. 117f.
118t. 122
defined. 506
effector functions of, 37-38, 37f
Fe receptors on, 326b
in HIV infection. 483
in immune response
early innate, 13
to fungi. 362
to intracellular bacteria, 358. 358f.
360
in innate immune system. 29-30. 29f.
30f
killing of phagocytosed microbes by.
35f. 36-37
maturation of, 30f
morphology of. 29. 30f
phagocytosis by. 35-36. 35f
recruitment of. 30-35. 31f
in tumor immunity. 407
types of. 29-30

Macrophage inflammatory protein-I a
(MIP-Ia).
449
in HIV infection.
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Macrophage inflammatory protein-I~
(MIP-I~). in HIV infection. 478
MadCAM-I, 66, 68
MAGE proteins. 402
Major basic protein, 329. 453
Major histocompatibility
complex (MHC).
97-110,506
discovery of. 98-101
genomic organization of. 107-109, 108f
human, 99f, 100-101
mouse, 98-100, 99f. 100b. 108
Major histocompatibility
complex (MHC)associated antigen presentation.
physiologic significance of, 132-134,
132f-134f
Major histocompatibility
complex (MHC)
class II compartment
(MIIC). 126,
128f, 506
Major histocompatibility
complex (MHC)
genes. 98-100
in autoimmunity. 434-435. 434f. 435t
class I. 101. 108f
class I-like. 108f

class II. 101. 108f
class 111. 108. 108f
properties
of, 10 1
Major histocompatibility
complex (MHC)
haplotype,
101
Major histocompatibility
complex (MHC)
matching,
390-391, 390b. 391f
Major histocompatibility
complex
(MHC)
molecules
in allograft rejection.
378-382. 378f,
379f
binding of pep tides to. 104-107. 105f.
107f
class I, 97, 493
antigen processing
for presentation
by. 123. 123f, 124t. 125f. 129-131.
129f. 131f. 132f
deficiency
of, 366b. 473. 473t
expression
of, 109
defective, 473. 473t
and natural killer cells, 38. 39b. 41
polymorphic
residues of. 103, 103f
properties
of. 102-104, 102t. 103f
structure
of. 102-104. 102t, 103f
class IB, 108
class II, 97, 494
antigen processing
for presentation
by, 123-129. 123f. 124t.
125f-128f
biosynthesis
and transport
to
endosomes
of, 125-126. 127f.
128f
expression
of. 109. 109f
defective,
473. 473t
with invariant
chains, 126-128, 127f
polymorphic
residues of. 103. 103f
properties
of. 102t, 104, 104f
structure
of, 102t. 104. 104f
defined,506
expression
of, 109-110. 109f
defects in, 473. 473t
interferon-y
in, 295
polymorphic
residues of. 103, 103f
structure
of. 102-104. 102t. 103f, 104f
and T cell antigen recognition.
114-115.
115f
Major histocompatibility
complex (MHC)
restriction.
100. 506
self, 114-115. 115f. 513
Major histocompatibility
complex
(MHC)tetramer,
507

Mal,24
Malaria. 365. 368, 369b. 370. 476
Malaria vaccine, 369b
Malnutrition, protein-calorie. 475-476.
475t
MALTI. 207
Mammalian target of rapamycin (mTOR).
388
Mannose-binding
lectin (MBL). 43. 44.
335,506
mutation of gene encoding. 344b
Mannose-binding
lectin (MBL)associated serine proteases (MASPs),
335
Mannose receptor. 26. 506
Mantle cell lymphoma, chromosomal
translocations in. 166b
MAP (mitogen-activated
protein) kinase
pathways, 507
in B cell activation, 220
in T cell activation, 199. 200f, 205-206.
206f
Marek's disease, 411
Marginal sinus. of spleen. 61. 62f
Marginal zone. of spleen. 61. 62f. 506
Marginal zone B cells. 61, 174. 174f, 175.
238,506
MASPs (MBL-associated serine
proteases). 335
Mast cell(s)
connective tissue. 446-447447t
defined. 506
in immediate hypersensitivity
activation of. 442, 442f. 446f, 447-450,
448f
binding of IgE to. 442. 442f, 444-445,
445f
mediators derived from. 450-453.
450t, 451f
properties of, 445-447, 445t
protective roles of, 459-460
subsets of, 446-447, 447t
intraepithelial. 29
mucosal, 446, 447, 447t
Mast cell degranulation, in allergic
diseases. 456
Mature B cell. 171f. 174, 175. 506
MBL (man nose-binding lectin), 43. 44.
335,506
mutation of gene encoding. 344b
MBP (myelin basic protein). 430b
MCA (methy1cholanthrene)-induced
sarcoma. 398,398f,401
McDevitt, Hugh. 99
M (membranous) cells, 63. 64f. 506
MCP (membrane cofactor protein). 339t,
340
M-CSF (monocyte colony-stimulating
factor), 299t, 300, 507
MD2. lipopolysaccharide
and. 24
Measles virus. immunodeficiency
due to,
476
Medawar. Peter, 244, 375
Melanoma
CTL clones for, 400b, 401 b, 402
gangliosides in. 406
tissue-specific differentiation antigens
in, 406
Melanoma differentiation-associated
gene
5 (MDA5). 26, 363
Membrane attack complex (MAC)
defined, 506
formation of. 335. 336f
inhibition of. 341, 342f
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Membrane attack complex (MAC)
(Continued)
function of, 343
pathologic effects of, 345b
structure of. 336, 337f
Membrane cofactor protein (MCP), 339t,
340
Membranous (M) cells, 63, 64f, 506
Memory. immunological.
10, I Of. lOt. I\,
14f, 16,506
Memory B cells, 10. 54t. 55
generation of, 236-237
Memory cells. 10, 16.55-56
central, 56. 69. 319
differentiation into, 216. 216f
effector. 56. 69. 319
Memory lymphocytes. 47--48. 48f, 53f. 54t.
55-56.506
MemoryT cells. 10, 54t. 55-56. 319
central. 319
derivation of, 319
effector, 319
migration of, 69, 311
Meningococcal vaccines, 371
Meningococci. 353t
Merozoites, 369b
Merozoite surface protein I (MSP- I). 369b
Metazoa. 367t
Metchnikoff, Elie. 9
Methylcholanthrene
(MCA)-induced
sarcoma. 398. 398f, 401
MHC. See Major histocompatibility
complex (MHC).
Microbes, 351-373, 352t-353t
bacteria as
extracellular, 352-355
adaptive immunity to. 354, 355f
examples of. 352t-353t
immune evasion by, 355, 358t
injurious effects of immune
responses to. 354-355. 356b.
357b
innate immunity to. 354
intracellular. 355-362. 358f-360f.
361b
adaptive immunity to, 358-362,
358f
examples of, 353t
immune evasion by, 358t, 362
innate immunity to, 358. 358f
complement evasion by, 345-346
elimination of extracellular. 16
fungi as. 353t. 362
immune response to
general features of. 352
overview of, 13-16, 14f. 15f
neutralization by antibodies of.
323-324. 324f, 325t
parasites as. 365-370
adaptive immunity to. 367-368, 367t,
369b
immune evasion by. 368-370. 368t.
370f
innate immunity to. 365-367
phagocytosis of, 35-36. 35f
reactions against. 419--420
vaccines for, 370-372. 37It
viruses as. 362-365
adaptive immunity to. 363-364.
363f
examples of. 353t
immune evasion by, 364-365. 364t.
366b
innate immunity to, 363. 363f

Microbial toxins, neutralization by
antibodies of. 323-324. 324f. 325t
Microglial cells, 29
Migration inhibition factor (MIF). 297
MIIC (MHC class II compartment),
126.
128f. 506
Milstein, Cesar. 77. 77b
Minor histocompatibility
antigens. 381
Minor lymphocyte-stimulating
(MIs) loci.
357b
MIP-lex (macrophage inflammatory
protein-lex),449
in HIV infection. 478
MIP-I ~ (macrophage inflammatory
protein-I~), in HlV infection. 478
Mitochondrial pathway, of apoptosis,
255b, 256b
Mitogen-activated
protein (MAP) kinase
pathways. 507
in B cell activation. 220
in T cell activation. 199. 200f. 205-206,
206f
Mixed leukocyte reaction (MLR). IO\, 507
Mixed lymphocyte reaction (MLR). 380.
38\, 382f
Mis (minor lymphocyte-stimulating)
loci.
357b
MMF (mycophenolate
mofetil). 387t. 388,
389
MOG (myelin oligodendrocyte
glycoprotein). 430b
Molecular mimicry, in autoimmunity. 437,
437f. 507
Monoclonal antibody(ies). 77. 77b-79b.
507
anti-CD3, 387t, 388
tumor-specific. 415--416. 415f
Monoclonal T cell populations, antigeninduced activation of, 535-536
Monocyte(s)
antigen presentation by, 56
defined. 507
in innate immune system. 29
morphology of, 29, 30f
number of. 49t
recruitment of. 30-35. 3If
Monocyte colony-stimulating
factor (MCSF). 299t, 300, 507
Monokines, 267, 507
Mononuclear phagocytes
antigen presentation by, 56
defined,507
in innate immune system. 29-30. 29f,
30f
Mononucleosis, infectious, 404b
Mono-ubiquitination.212b
Monovalency, 92f
Motheaten mouse strain, 239. 427b
Mouse mammary tumor virus. 409
M protein, 354
MRLlpr mice, 431b
MS (multiple sclerosis), 428, 428t. 430b,
435t
MSP-I (merozoite surface protein I). 369b
mTOR (mammalian target of rapamycin).
388
MUC-I.406
Mucins. in cancer. 406
Mucosa-associated
lymphoid tissue. 507
Mucosal immune system, 63-64. 64f, 346.
347f. 507
Mucus production, interleukin-13 in, 294
Multilineage colony-stimulating
factor,
299-300,299t

Multinucleated giant cells, in HIV
infection, 482
Multiple myeloma
defined. 507
monoclonal antibodies in, 77. 77b-79b
Multiple sclerosis (MS). 428, 428t. 430b.
435t
Multivalency. 90
MUNC13-4.474
Mutated genes products. as tumor
antigens. 399--40 I
Myasthenia gravis. 422, 423t
Mycobacteria. 353t. 361b
Mycobacterium. 507
Mycobacterium avium-intracellulnre.
361b
Mycobacterium bovis. 361 b
Mycobacterium leprae. 360-362. 360f,
361b
Mycobacterium tIlberculosis. 361 b, 428,
476
Mycophenolate
mofetil (MMF). 387t. 388.
389
Mycoses, immunity to, 353t. 362
MYC translocation, and Epstein-Barr
virus. 405b
MyD88. 24. 278
Myelin basic protein (MBP). 430b
Myelin oligodendrocyte
glycoprotein
(MOG). 430b
Myeloma, multiple
defined,507
monoclonal antibodies in. 77,
77b-79b
Myocarditis. autoimmune. 428t, 432
N
NACHT- LRRs. 26
Naive lymphocytes. 14-15, 14f, 47, 48f,
52-55. 53f. 54t. 507
NALPs, 26
Nasopharyngeal
carcinoma, Epstein-Barr
virus and. 404b
Native immunity. See Innate immunity.
Natural antibodies, 175
defined. 175.507
in innate immunity. 28-29
TI antigens and. 238
in transplantation,
384, 392
Natural cytotoxicity receptors, 39b
Natural immunity. See Innate immunity.
Natural killer (NKJ cells. II. 12f. 49. 50t
activating receptors of. 38--41, 38f,
39b--4lb
in cell-mediated cytotoxicity. 42
antibody-dependent,
328-329
cytokines and, 41--42
defect(s) in, 466
defective activation of. 474
defined,38.507
effector functions of, 42. 42f
Fc receptors on. 326b
in immune response
early innate. 13
to intracellular bacteria, 358. 358f
to viruses, 363, 363f
inhibitory receptors of, 38f. 39b. 40b. 41
in innate immune system, 38--42. 38f.
39b--4lb.42f
interleukin-2 and. 292
recognition of infected and stressed
cells by. 38--42, 39b--41 b
in tumor immunity. 407
uterine, 383b
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Natural killer 'I' cells (NK-'1') cells, 49. 50t
antigen receptors of. 144-145
defined,507-5011
development of, 1115
invariant, 144
lipid antigen recognition by. 116,
134-135
in tuberculosis. 361 b
Natural resistance-associated
macrophage protein I (NHAMPI),
361b
Negative selection
in central tolerance, 246. 2411,2411f
defined,5011
in lymphocyte maturation. 157, 157f
in maturation of MHC-restricted a~ 'I'
cells. 1110-1111.IlIlf
in selection of mature B cell repertoire,
175
of thymocytes. 1114-1115
Neisseria gOllorrJlOeae, and complement
deficiency. 344b
Neisseria mellillgitidis. 353t
and complement deficiency, 344b
NEMO (nuclear factor KB essential
modulator). 466
NEMO (nuclear factor KB essential
modulator) mutations. 47lf. 472
Neoantigenic determinants.
91, 9lf
Neonatal Fc receptor (FcHn). 347, 5011
Neonatal immunity. 5011
antibodies in. 346-347
Nephropathy, HIV, 4115
Network hypothesis, 262
Neuritis. peripheral. 4211t
Neutralizing antibodies, 323-324. 324f,
325t
Neutrophil(s)
defined. 5011
Fc receptors on, 326b
in immune response
to fungi. 362
to intracellular bacteria. 3511,3511f
in innate immune system. 29
killing of phagocytosed microbes by.
35f. 36-37
morphology of, 29. 29f
number of, 49t
phagocytosis by. 35-36. 35f
production of. 29
recruitment of. 30-35. 31 f
Neutrophilia. in systemic inflammatory
response syndrome, 356b
NFAT. See Nuclear factor of activated 'I'
cells (NI~T).
NF-KB. See Nuclear factor KB (NF-KB).
N-formyl Met-Leu-Phe receptors, in
innate immune system. 21t. 26
NHE (nonhomologous
end joining). 155
Nitric oxide (NO)
defined. 5011
in phagocytosis. 37
Nitric oxide synthase (NOS). 507
inducible, 35f. 37, 295
Nitrogen intermediates.
in phagocytosis,
37
NK cells. See Natural killer (NK) cells.
NKG2A. 39b
NKG2D, 311-41, 41b, 316-317
NKp30. 39b
NKp44. 39b
NKp46,39b
NK-T cells. See Natural killer 'I' cells
(NK-T) cells.

N nucleotides, 168. I 68f, 170,507
NO (nitric oxide)
defined. 508
in phagocytosis, 37
NOD2, 428, 435
Nod-like receptors (NLRs). in innate
immune system, 21t, 26
Nonamer, 162. 163f
Nonhomologous
end joining (NHE). 155
Nonhomologous
recombination.
533f
Nonobese diabetic (NOD) mouse model,
429b,433,436
Nonpolymorphic
genes, 98
Nonreactivity, to self. lOt, II
Nonresponder strains. 100
Northern blotting, 528
NOS (nitric oxide synthase). 507
inducible. 35f, 37, 295
Notch proteins. 169, 170f
NHAMPI (natural resistance-associated
macrophage protein I), 361b
N region(s). 139
N region diversification, 168-169. 168t
Nuclear factor KB (NF-KB)
in B cell activation, 220
defined. 508
in immediate hypersensitivity. 449
in macrophage activation, 312
in 'I' cell activation. 208f. 209
and toll-like receptor, 24, 26
Nuclear factor KB essential modulator
(NEMO). 466
Nuclear factor KB essential modulator
(NEMO) mutations, 47 If. 472
Nuclear factor KB (NF-KB) signaling.
inherited defects in. 466-467
Nuclear factor of activated 'I' cells (NFAT)
cyclosporine and, 388
defined. 508
in immediate hypersensitivity, 449
in T cell activation, 208-209, 208f
Nucleated cells. antigen presentation by,
122
Nude mouse. 469. 508
NZB mouse strain. 427b

o
o antigen. 3116b
Off- rate constant
OKT3,3118

(K"rr), 5:i2

Omenn's syndrome, 469
OmilHtrA2,256b
Oncofetal antigens. 405-406. 508
Oncogenes. 398
Oncogenic viruses, antigens of. 403-405,
404b-405b
One gene-one polypeptide hypothesis,
158
On-rate constant (K"n). 532
Opportunistic infections, in AIDS. 484t,
485
Opsonins
defined,508
in phagocytosis, 36. 42
Opsonization. 9, 508
antibody-mediated,
36, 324, 325f
in antibody-mediated
disease, 422, 422f
complement in, 341. 343f
Orai, 206
Orai I mutation, 469
Oral antigens, immune responses to,
63-64
Oral tolerance. 260, 508
Orthotopic transplantation.
375

Osteoclasts. 30
Overexpression. in transgenic
OX40 ligand, 278

mice. 532

I'
pl50,95, 338, 338t
PAF (platelet-activating
factor). 452. 509
PALls) (periarteriolar lymphoid sheaths),
61, 62f. 228, 509
PAL (periarteriolar lymphoid sheath) foci,
228
PAMPs (pathogen-associated
molecular
patterns). 20, 21t, 25f. 28
Paneth cells. 28
Papovaviruses, and malignancy, 403
Paracortex, of lymph node. 59, 60f
Paracrine factors
cytokines as. 269
defined,5011
Parafollicular cortex, of lymph node, 59,
60f
Parasites. 365-370
adaptive immunity to. 367-368, 3671.
369b
immune evasion by. 368-370. 368t, 370f
innate immunity to. 365-367
Paroxysmal nocturnal hemoglobinuria,
340-341
Partial agonist. 508
Passive immunity, 7-8, 9f. 508-509
Passive immunization. II, 372, 475
Passive immunotherapy,
for tumors,
414-416. 414f, 415t
Pasteur. Louis, 371
Pathogen-associated
molecular patterns
(PAMPs). 20, 21t, 25f, 28
Pathogenicity, 509
Pattern recognition molecules, 21-22.
21t
cell-associated. 21-26, 21t
soluble (circulating). 21t, 22. 42-44
Pattern recognition receptors, 20, 21t.
22-26, 509
cellular locations of. 22, 22f
encoding in germline DNA of. 22
in phagocytosis. 36
toll-like. 22-26, 23b-24b. 25f
Pax-5, 170f
pCR (polymerase chain reaction). 510
PO-I. See Programmed death-I (pO-I).
pDKI,200
Pemphigus vulgaris, 423t. 435t
Penicillin allergy, 444
Pentraxins
defined,509
in innate immune system, 21. 43-44
Peptide-binding
clefts, 106, 107f, 509
Peptide-MHC complex. 104-107, 105f,
107f
binding ofT cell receptor to, 140-142.
14lf
class I. 131
class II, 128-129
T cell recognition of, 97, 911f
Peptide-MHC interactions. 104-107, 105f.
107f
Peptide-MHC tetramers. 536
Percent reactive antibody (pRA). 390b
Perforin, 42, 257b, 318, 318f. 509
Perforin deficiencies, 473t
Periarteriolar lymphoid sheath(s) (PALs).
61. 62f, 228, 509
Periarteriolar lymphoid sheath (PAL) foci.
228
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Peripheral lymphoid organs, 47, 48f, 52[,
56-57,509
Peripheral neuritis, 428t
Peripheral node addressin (PNAd), 66
Peripheral tolerance, 245, 245f, 246, 509
in B lymphocytes, 259-260, 259f
in T lymphocytes, 248-258
Pernicious anemia, 423t
Peroxynitrite radicals, in phagocytosis, 37
Peyer's patches, 63, 64f, 122,509
pfs25, 369b
pG02 (prostaglandin
O2). 452
pHA (phytohemagglutinin).
509535
Phage display, 79b
Phagocyte(s)
defective microbicidal activities of,
465--466
disorders of, 465--467, 465t
in immune response
adaptive, 13, 303-304
to extracellular bacteria, 354
to intracellular bacteria, 358, 358f
in innate immune system, 29--42
mononuclear, 29-30, 29f, 30f
mononuclear
antigen presentation by, 56
defined,507
in innate immune system, 29-30, 29f,
30f
Phagocyte Fe receptors, 324-328,
326b-328b
Phagocyte oxidase (phox). 36-37, 328
in chronic granulomatous
disease, 455,
465
Phagocyte oxidase 91 (phox-91). 465
Phagocytosed microbes, killing of, 35f,
36-37
Phagocytosis, 7, 8f
antibody-mediated,
324-329, 325f,
326b-328b,329f
in antibody-mediated
disease, 422, 422f
complement in, 341-342, 343f
defined,509
in immune response to parasites, 365
of microbes, 35-36, 35f
Phagolysosomes, 35f, 36
Phagosomes, 35f, 36, 124,509
Pharyngeal tonsils, 122
PH (pleckstrin homology) domain, 202b
PHFll, in immediate hypersensitivity,
456t
Philadelphia chromosome,
167b
Phosphatase, 509
Phosphatidylinositol-3
(1'1-3) kinase, 200
Phosphatidylinositol
triphosphate
(1'11'3).
200
Phospholipase C (PLC). in B cell
activation, 220
Phospholipase Cy (pLCy), 449, 509
Phospholipase Cyl (pLCyl), 206, 207f
phox (phagocyte oxidase). 36-37,328
in chronic granulomatous
disease, 455,
465
phox-91 (phagocyte oxidase 91), 465
Physiologic cell death, 510. See also
Apoptosis.
Phytohemagglutinin
(PHA). 509, 535
kinase, 200
1'1-3 (phosphatidylinositol-3)
triphosphate),
1'11'3(phosphatidylinositol
200
pKC (protein kinase C). 511
PKC-~, in B cell activation, 220
pKC (protein kinase C) pathway, in T cell
activation, 199, 200f, 208-209, 209f

PKC-8, 204f, 207
PKR, in immune response to viruses, 363
Plasma cells
in bone marrow, 58
defined,509
differentiation into, 216, 234-236, 236f
in humoral immunity, 16
long-lived, 235, 322
morphology of, 55, 55f
short-lived, 234-235, 322
Plasmacytoid dendritic cells, 30
Plasmapheresis, for hypersensitivity
diseases, 438
Plasmodium berghei, 369b
Plasmodium falciparum, 369b
Plasmodium spp, 367t, 368, 369b
Platelet(s). in allograft rejection, 384
Platelet-activating
factor (PAF), 452, 509
pLC (phospholipase C). in B cell
activation, 220
pLCy (phospholipase Cy), 449, 509
pLCyl (phospholipase Cy1), 206, 207f
Pleckstrin homology (PH) domain, 202b
I'Ll' (proteolipid protein). 430b
Pluripotent stem cells, 154, 155f
pMNs (polymorphonuclear
leukocytes).
See Neutrophils.
pNAd (peripheral node addressin). 66
Pneumococcal pneumonia vaccine, 325t,
371
Pneumococci, 352t
Pneumocystis jiroveci pneumonia, 362,
472
pNp (purine nucleoside phosphorylase)
deficiency, 468t, 469
I' nucleotides, 139, 168, 168f, 508
pol gene, of HIY, 478f, 480, 481, 485
Polio vaccine, 325t
Polio virus, 353t
Polyarteritis nodosa, 426t
Polyclonal activation
of B cells, 537
ofT cells, 535
Polyclonal activators, 357b, 509, 535
Polyclonal B cell populations, antigeninduced activation of, 537
Polyclonal T cell populations, antigeninduced activation of, 535
Poly-Ig receptor, 346, 347f, 509-510
Polymerase chain reaction (pCR), 510
Polymorphic genes, 98
HLA, 101
Polymorphic residues, of MHC molecules,
103, 103f, 108
Polymorphism, 378, 510
Polymorphonuclear
leukocytes (pMNs).
See Neutrophils.
Polysaccharide vaccines, 238
Polyubiquitination,
211 b
Polyvalency, 90, 91-92, 92f, 510
Polyvalent antigens, 238
Porter, Rodney, 83
Positive-negative selection, 533
Positive selection
defined, 156,510
lack of, 180, 181f
in lymphocyte development, 156-157,
157f
in maturation of MHC-restricted a~ T
cells, 180, 181f
peptides in, 183-184, 183f
of thymocytes, 181-184, 182f
Poststreptococcal
glomerulonephritis,
354-355,426t

poxviruses, 365
PPO (purified protein derivative), 361 b
pRA (percent reactive antibody). 390b
Pre-B cell(s). 89, 90f, 170, I 7 If, 174f, 510
Pre-B cell receptor, 156, I 56f, 170-173,
173f,510
Pre-B cell receptor checkpoint defects,
471
Pre-cytolytic T lymphocyte (pre-CTL),
510
Pre-Ta, 177,510
Pre-T cell(s), I 76f, 177,510
Pre-T cell leukemia, acute, chromosomal
translocations in, 167b
Pre-T cell receptor, 137-138, 156, 156f,
173[,177-178,510
Pre-TCR checkpoint signaling, defective,
468t, 469
Primary immune response, 10, 10f, 5] ()
Primary immunodeficiency(ies).
See
Congenital immunodeficiency(ies).
Primary lymphoid follicles, 59, 60f
Pro-B cell, 169, 17lf, 174f, 510
Programmed cell death, 510. See also
Apoptosis.
Programmed death-I (PO-I), 196b, 197b,
210
in contraction of immune response,
261
in T cell inhibition, 147
in T cell tolerance, 250-251
Proliferation assays, for T lymphocytes,
536-537
Promoter, 510-511
Properdin, 330-331, 332t
deficiency in, 344b
Prostaglandin(s).
511
Prostaglandin O2 (pG02). 452
pro-T cells, I 76f, 177,511
Protease(s)
in antigen processing, 124, 125
defined, 511
Protease inhibitors, for HIV infection,
486
Proteasome, 129-130, 129f, 511
Protective immunity, antibody-mediated,
321-329,322f
Protein(s), purification and identification
of, 527-528, 527f, 529f
Protein antigens
antibody responses to, 222-237
affinity maturation in, 232-234, 234f,
235f
antigen presentation in, 224, 226f
B cell migration toward T cell zone in,
224
C040 ligand in, 226-228, 227f
differentiation into plasma cells in,
234-236, 236f
generation of memory B cells and
secondary humoral immune
responses in, 236-237
germinal center reaction in, 228,
229f
hapten-carrier
effect in, 224-226,
226f
heavy chain isotype (class) switching
in, 228-232, 230f, 230t, 232f,
233f
helper T cell activation and migration
toward follicle in, 224, 225f
overview of, 223-224, 223f
properties of, 237t
immunogenicityof,
133-134, 134f
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Protein-calorie malnutrition, 475-476,
475t
Protein kinase C (PKC). 511
Protein kinase C (PKC) pathway, in T cell
activation, 199, 200f, 208-209, 209f
Protein phosphatase, 509
Protein tyrosine kinases (PTKs)
activation of, 199-202, 20 I b-202b, 203f
defined, 511
Protein tyrosine phosphatases
(PTPs),
202b
Proteoglycans, in immediate
hypersensitivity, 452
Proteolipid protein (Pl.P), 430b
Proto-oncogenes,
166b
as tumor antigens, 398
Protozoa, 365-370
adaptive immunity to, 367-368, 367t,
369b
defined,511
immune evasion by, 368-370, 368t, 370f
innate immunity to, 365-367
Provirus, of l-IIV,479, 511
P-selectin, in leukocyte recruitment, 31.
32b
P-selectin glycoprotein ligand-I (PSGl.-I).
32b
Pseudogenes, 108
p-SMAC, 203
PTKs (protein tyrosine kinases)
activation of, 199-202,201 b-202b, 203f
defined, 511
PTP(s) (protein tyrosine phosphatases).
202b
PTPN22, in autoimmunity, 435, 436t
PTX3, in innate immune system, 43-44
Purification
of cells, 530
of proteins, 527-528, 527f, 529f
Purified antigen vaccines, 371, 511
Purified protein derivative (1'1'0), 361b
Purified protein vaccines, 371
Purified tumor antigens, 4 lOt, 411
Purine nucleoside phosphorylase
(PNP)
deficiency, 468t, 469
Purine salvage pathways, defects in,
468-469, 468t
Purpura, autoimmune
thrombocytopenic,
422, 423t
Pyogenic bacteria, 352, 511
Pyrogens, 356b
R
Rab3,449
RAB27A,474

Rabies virus, 353t
Rac, 205, 511
Radiation therapy, immunodeficiency
due
to, 475t
Radioimmunoassay
(RIA). 511. 525-526,
526f
RAG. See Recombination-activating
gene
(RAG).
RANK (receptor activator of NF-KB). 278,
431b
RANK (receptor activator of NF-KB)
ligand,278
RANTES, in HIV infection, 478
Rapamycin, 387t, 388, 389
Ras, 51 I
Ras-MAP kinase pathways
in B cell activation, 220
in T cell activation, 199, 200f, 205-206,
206f

Reactive oxygen intermediates (ROIs).
295,511
complement and, 342
Reactive oxygen species (ROS)
in chronic granulomatous disease, 465,
465t
fungicidal, 362
in macrophage activation, 31 If, 3 I 2,
361b
in phagocytosis, 36-37, 295, 328
Reagin, 454, 511
Reaginic antibodies, 454
Receptor activator of NF-KB (RANK), 278,
431b
Receptor activator of NF-KB (RANK)
ligand,278
Receptor-associated
kinases, in cytokine
signaling,271t
Receptor editing
in B cells, 173, 175, 258
defined,511-512
in immunologic tolerance, 246
in negative selection, 157
Recipient, 375
Recirculating B cells, 174,218
Recombination
homologous, 532-533, 533f, 534f
nonhomologous,
533f
somatic,513-514
V(O)J, 158, 160-165, 162f-165f, 177-180,
179f
defects in, 468t, 469
Recombination activating gene I (RAG!),
deficiency of, 468t, 469
Recombination-activating
gene I (RAG!),
164-165,175,512
Recombination activating gene 2 (RAG2),
deficiency of, 468t, 469
Recombination-activating
gene 2 (RAG2).
164-165,175,512
Recombination activating gene (RAG)
proteins, expression of, 169-170, 17 If,
176f, 177
Recombination signal sequences (RSSs).
161-162, 163f, 512
Red pulp, 62, 62f, 512
Regulatory T cells, II. 12f, 49, 50t
defined,512
development
of, 245f, 246, 248, 248f
generation
of, 197
interleukin-2
and, 292
natural,
197
suppression
of self-reactive
lymphocytes
by, 252-253, 253f
in tumor immunity,
409
Rejection,
allograft
accelerated,
384
activation
of alloreactive
T cells in, 380,
381-382,382f
acute, 384-386, 384f, 385f, 489
chronic, 384f, 385f, 387, 493
effector mechanisms
of, 382-387, 384f,
385f
experimental
evidence
of, 375-376, 376f
first-set, 375, 376f
genetics of, 377-378, 377f
hyperacute, 383-384, 384f, 385f, 500

prevention and treatment of, 387-391,
387t, 388f, 390b, 391 f
immunosuppression
in, 387-389,
387t, 388f
methods to induce donor-specific
tolerance or suppression in,
391

Rejection, allograft, prevention and
treatment of (Continued]
methods to reduce allograft
immunogenicity
in, 389-391,
390b,39If
second-set, 376, 376f
Renal transplantation
graft rejection in, 384f
l-ILA matching in, 390-391
induction of donor-specific tolerance
in,391
Repair tissue, macrophages and, 312
Respiratory burst
defined,512
in phagocytosis, 36
Respiratory distress syndrome, adult, 356b
Respiratory system, lymphoid tissue in, 122
Responder strains, 100
Resting lymphocytes, 52
Reticular dysgenesis, 468t, 470
Retinoic acid-inducible
gene-I (RIG-I), 26
in immune response to viruses, 363
Retroviruses, 405
Reverse transcriptase, 477, 480, 485, 512
Reverse transcriptase inhibitors, 486, 512
Reverse-transcriptase
polymerase chain
reaction (RT-PCR), 512
Rev protein, in l-IIV gene expression, 480
RF-3, 24
Rh (rhesus) antigens, 386b, 393, 512
RhO-immune antibodies, 393
Rheumatic fever, 354, 437
acute, 423t
Rheumatoid arthritis, 428, 428t, 431b,
435t, 512
Rheumatoid factors, 88b, 431 b
Rhinitis, allergic, 443, 458
RIA (radioimmunoassay).
511. 525-526,
526f
Ricin, in tumor immunotherapy,
415
RIG-I (retinoic acid-inducible
gene-I), 26
in immune response to viruses, 363
RNA helicases, in immune response to
viruses, 363
RNase protection assay, 512
RNA tumor viruses, 405
RNA viruses, immune response to, 364
ROis (reactive oxygen intermediates). 295,
5Il
complement and, 342
ROS. See Reactive oxygen species (ROS).
RSSs (recombination
signal sequences),
161-162, 163f, 512
RT-PCR (reverse-transcriptase
polymerase
chain reaction), 512
S
SIPI. 68
SAA (serum amyloid A) protein
as acute-phase reactant, 356b
defined,513
Sandwich assay, 526, 526f
SAP (SLAM-associated protein).
mutations in, 47If, 474
SAP (serum amyloid 1'), in innate immune
system, 43
SAP (stress-activated protein) kinase, 206
Sarcoma
Kaposi's, 504
MCA-induced, 398, 398f, 401
Sca-I (stem cell antigen-I), 57
Scavenger receptors
defined,512
in innate immune system, 21t, 26
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Schistosoma mansoni. 367t
Schistosoma spp. 367t
Schistosomes. immune evasion by.
368-370
Schistosomiasis. 365. 368
SCID mouse. 469. 512
SClOs. See Severe combined
immunodeficiency(ies)
(SCIDs).
SCIN (staphylococcal complement
inhibitor). 345-346
SOS-PAGE (sodium dodecyl
sulfate-polyacrylamide
gel
electrophoresis).
528. 529f
Secondary immune responses. 10.512
Secondary lymphoid follicles. 59, 60f
Second-set rejection, 376. 376f. 5152
Secretory component, 346. 512
Selectin(s)
defined. 512-513
in leukocyte recruitment, 31. 3If. 32b
Selectin-selectin
ligand interactions. 31
Selective IgA deficiency. 470t. 471f. 472
Selective IgG subclass deficiencies. 470t
Selective immunoglobulin
deficiency.
470t. 47If. 472. 513
Self. nonreactivity to, lOt. 11
Self antigens
anergy induced by recognition of.
249-252. 250f-252f
in autoimmunity, 432
in B cell tolerance. 259
in T cell tolerance. 245. 246, 257-258.
258t
SelfMHC restriction. 114-115. 115f. 513
Self-peptide-MHC
complexes. 128-129
Self recognition. in innate immune
system. 21
Self-tolerance. 11
in autoimmunity. 432. 433f. 437f
B lymphocyte. 258-260. 259f. 260f. 26It
central. 184-185.245-246.
245f
in B lymphocytes. 258. 259f. 260f
defined. 493
in T lymphocytes. 246-248, 248f
defined. 243.513
general features and mechanisms of.
244-246. 245f
importance of. 243-244. 244f
normal immune response vs.. 244f
peripheral.
245. 245f. 246. 509
in B lymphocytes.
259-260, 259f
in T lymphocytes.
248-258
regulatory
T cells in. 252-253. 253f
T lymphocyte.
246-258. 26It

anergy induced by recognition of self
antigen in. 249-252. 250f-252f
apoptotic cell death in. 253-254. 254f.
255b-257b
C08+, 254-257
central. 246-248. 248f
factors that determine. 257-258. 258t
peripheral, 248-258
suppression of self-reactive
lymphocytes by regulatory T cells
in. 252-253. 253f
to tumor antigens, 409
Sensitization. 9. 312-313. 313f
Sepsis. 356b
Septic shock
defined. 513
due to humoral immune response, 354.
356b
tumor necrosis factor in, 277-278. 277f.
354

Serglycin. 318. 318f
Seroconversion.513
Serology, 76, 513
Serotype. 513
Serum. 76. 513
Serum amyloid A (SM) protein
as acute-phase reactant, 356b
defined. 513
Serum amyloid P (SAP). in innate
immune system. 43
Serum sickness, 424-425. 425f. 426t.
513
Seven transmembrane
a-helical
receptors. 272, 272f
Severe combined immunodeficiency(ies)
(SClOs). 467-470. 467f, 468t. 513
due to defective pre- TCR checkpoint
signaling, 468t. 469
due to defective thymus development.
468t, 469
due to defects in cytokine receptor
signaling. 467-468, 468t

due to defects in purine salvage
pathways. 468-469. 468t
due to defects in V(O)) recombination.
468t. 469
reticular dysgenesis and. 468t. 470
X-linked. 155.467-468
SHl (Src homology I) domains. 202b
SH2 domain-containing
inositol
phosphatase (SHIP). 202. 202b. 238.
449
SH2 (Src homology 2) domains. 200. 201b.
202b.514
SH3 (Src homology 3) domains. 201b,
202b.514
Shizonts. 369b
Shock
anaphylactic, 456-457, 490
septic (endotoxin)
defined. 513
due to humoral immune response.
354. 3536b
tumor necrosis factor in. 277-278.
277f. 354
SHP-l. 39b. 202. 202b
in autoimmunity.436t
SHP-2. 39b, 202, 202b
Shwartzman reaction. 513
Sialic acids. in evasion of complement.
345
Sialomucins. 66
Sialyl Lewis X. 466
Signaling lymphocyte activation molecule
(SLAM). 148,474
Signal transducers and activators of
transcription. See STAT(s) (signal
transducers and activators of
transcription).
SIGN-Rl. 333. 339. 342
Simian immunodeficiency
virus (SIV).
486-487,513
Single-positive thymocyte, 176f. 180. 180f.
513
SIRS (systemic inflammatory response
syndrome). 356b. 514
Skin grafting, 375-376, 391
Skin-homing T cells. 69
SLAM (signaling lymphocyte activation
molecule). 148.474
SLAM-associated protein (SAP).
mutations in. 47If, 474
SLE. See Systemic lupus erythematosus
(SLE).

Slow-reacting substance of anaphylaxis
(SRS-A). 452
SMAC (supramolecular
activation
cluster). 142.202-205. 204f
SmaclDiablo. 256b
Smads. 296
Smallpox. 3-4. 513
Smallpox vaccination. 4. 370
SNARE proteins. 449
Snell, George. 98. 378
sacs (suppressors of cytokine signaling).
284b-285b
Sodium cromolyn. for asthma. 458
Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis
(SOS-PAGE). 528.
529f
Soluble antigens. 121-122
Somatic hypermutation.
232-234. 234f.
235f.513
Somatic mutations. 93, 232
Somatic recombination.
513-514
Sos. 205. 206f. 220
Southern blot. 514. 528
SIP (sphingosine I-phosphate).
68
SP-A (surfactant protein-A). 44
SP-O (surfactant protein-D). 44
Specialization. lOt. 11
Specific granules. in neutrophils, 29
Specific immunity. See Adaptive
immunity.
Specificity
of antibodies. 93
defined. 514
in immune recognition. 20-22, 20t.
2It
of immune response. 9-10, 10f. lOt. 11
and immunologic tolerance. 244-245
Sphingosine I-phosphate
(SIP). 68
Spleen
anatomy and functions of. 61-62, 62f
in antigen capture, 122
B cell migration to, 69
defined. 514
naive T cell migration into. 68
Splenectomy. immunodeficiency
due to,
475t. 476
Splenic artery. 61. 62
Spondylitis. ankylosing, 434, 435t
Sporozoites, 369b
S protein. 341. 342f
Squamous cell carcinoma, in transplant
patients. 389
SRBl.26
Src family. 201b
Src homology 1 (SHI) domains. 202b
Src homology 2 (SH2) domains. 200. 20 I b.
202b.514
Src homology 3 (SH3) domains, 20 I b.
202b.514
SRS-A (slow-reacting substance of
anaphylaxis). 452
Staphylococcal complement inhibitor
(SCIN).345-346
Staphylococcal enterotoxins. 357b
Staphylococcus aureus. 352t
STAT(s) (signal transducers and activators
of transcription). 281. 283h-285b.
513
STATI. 307. 308f
in macrophage activation. 312
STAT4.307.308f
STAT6
in immediate hypersensitivity. 456t
in TH2 differentiation. 307. 308. 308f
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Stem cell(s). 57, 514
pluripotent (hematopoietic).
154, 155f,
499
Stem cell antigen-I (Sca-l), 57
Stem cell factor, 298-299, 298f, 299t
in immediate hypersensitivity, 456t
Stem cell transplantation,
393-395, 394f
Streptococcus pyogelles, 352t
Stress-activated protein (SAP) kinase, 206
Stressed cells, innate immune recognition
of,22
Strominger, Jack, 102
Subcapsular sinus, of lymph node, 59, 60f
Subtractive hybridization, 139b
Subunit vaccines, 371, 511
Superantigens, 354, 357b, 514, 535
Superoxide, in phagocytosis, 36
Suppressors of cytokine signaling (SOCS),
284b-285b
SuppressorT cell, 514
Supramolecular
activation cluster
(SMAC). 142,202-205, 204f
Surface proteins, on lymphocytes, 50, 51b,
54t
Surfactant protein-A (SP-A). 44
Surfactant protein-O (SP-O). 44
Surrogate light chains, 170, 514
Susceptibility loci, for autoimmune
diseases, 433-436, 434f, 435t, 436t
SV40 virus, and malignancy, 405, 409
Switch recombination,
231. 514
Switch regions, 231. 233f
Syk, 200,2011>-202b, 219
Synapsis, in V(O)J recombination,
164,
164f
Syncytia formation, in HIV infection, 482
Syngeneic grafts, 377, 377f, 514
Syngeneic strains, 98, 514
Synthetic antigen vaccines, 371, 514
Systemic anaphylaxis, 456-457
Systemic inflammatory response
syndrome (SIRS), 356b, 514
Systemic lupus erythematosus
(SLE). 421f,
426t, 427b
animal models of, 427b
clinical features of, 427b
defined,514
I-lLAallele in, 435t
immune complexes in, 425
pathogenesis of, 427b
pathologic features of, 424f
T
TACI
in B cell activation, 218
in isotype switching, 231
TACI (transmembrane
activator and
CAML interactor). 297
TACI gene, mutations in, 228-230, 471f,
472
Tacrolimus, 387, 3871, 388
T activation (Tac) antigen, 291
Tail pieces, 88
TAKI (transforming growth factor ~activated kinase l), 24
TALl, 167b
Talin, 204f
TAP (transporter associated with antigen
processing). 107, 129f, 130-131. 131f,
516
mutations in, 473
Tapasin, 129f, 131, 131f
Target cells, killing by cytotoxic T
lymphocytes of, 317-319, 318f

Targeted gene knockouts, 532-535,
533f-534f
Targeting vector, 532, 533, 533f, 534f
Target of antiproliferative antibody-I
(TAPA-l},338
in B cell activation, 220-221, 221f
Tat protein, in HIV infection, 480, 483
T-bet, 307, 308f, 514
TBK1. 24
T box-I (TBXl), 469
T cell(s)
accessory molecules of, 138, 138f,
145-148, 145f-147f
in adaptive immunity, 7, 8f, 11
in allograft rejection, 384-386
a~
development of, 180-185, 181f-183f
origin of, 154, 155f
antigen competition for, 105, 105f
antigen receptors of, 49,137-145
antigen recognition by, 14-15, 114-116,
114t, 1I5f, 1I6f
calcium- and PKC-mediated signaling
pathways in, 206-207, 207f
classes of, 12f. 49-50, 50t, 51 b
coreceptors in, 145-146, 145f, 146f
costimulatory receptors in, 145, 145f,
146-148, 147f
cytotoxic (cytolytic), 8f, II, 12f, 49, 50t,
315-319 (See also C08+ T cells)
activation of, 316-317, 317f
defective, 474
in adaptive immune response, 13
in allograft rejection, 386
antigen markers of, 51b
antigen presentation to, 97
antigen recognition by, 316
in cell-mediated immunity, 15-16
defined,495
diseases caused by, 426f, 431-432
in immune response to viruses,
363-364,365,366b
killing of target cells by, 317-319,
318f
MHC restriction of, 114-115,
1I5f
pre-, 510
tissue injury due to, 364
in tumor immunity, 407, 408f
defined,515
deletion of, 246, 248f, 253-254, 254f
double-negative, 177, 180f
double-positive, 176f, 178-180, 180f,
181
effector, 48f, 53
activation of, 190, 190f
antigen presentation to, 122
characteristics of, 54t
migration of, 67f, 68-69, 310-311,
310f
yo, 49, 50t, 63
development of, 185
origin of, 154, 155f
in tuberculosis, 361b
generation of diversity in, 167-169,
168f, 168t
helper, 8f, 11, 12f, 49, 50t (See also C04+
T cells; Till cells; TII2 cells)
in antibody responses, 222-237
activation and migration toward
follicle in, 224, 225f
affinity maturation in, 232-234,
234f,235f
antigen presentation in, 224, 226f

T cell(s) (Comillued)
B cell migration toward T cell zone
in, 224
C040 ligand in, 226-228, 227f
differentiation into plasma cells in,
234-236, 236f
generation of memory B cells and
secondary humoral immune
responses in, 236-237
germinal center reaction in, 228,
229f
hapten-carrier
effect in, 224-226,
226f
heavy chain isotype (class)
switching in, 228-232, 230f,
230t, 232f, 233f
overview of, 223-224, 223f
properties of, 237t
antigen markers of, 51 b
antigen presentation to, 97
in autoimmunity, 432
in B cell activation, 216
in C08+ activation, 192-194, 193f
defined,499
homing of, 65-68
immature, 176f
in immune response to intracellular
bacteria, 358-362, 358f-360f
inhibitory receptors in, 147
inhibitory signaling in, 209-213, 210f,
211b-212b,212f
in lymph nodes
migration of, 66-68, 67f
sequestration of, 59-60, 60f, 61. 61f
MAP kinase signaling pathways in,
205-206, 206f
mature, 176f
memory, 10, 54t, 55-56, 319
naive, 14-15, 14f, 54t
antigen presentation to, 117-122,
1I7f
migration of. 66, 67f
natural killer, 49, 50t
antigen receptors of, 144-145
defined, 507-508
development of, 185
invariant, 144
lipid antigen recognition by, 116,
134-135
in tuberculosis, 361b
polyclonal activation of, 535
pre-, 176f, 177,510
pro-, 176f,I77,511
proliferation assays for, 536-537
properties of antigens recognized by,
114-116, 114t, 115f
recirculation of, 65-68, 65f-67f
regulatory, 11, 12f, 49, 50t
defined,512
development of, 245f, 246, 248, 248f
generation of, 197
interleukin-2 and, 292
natural, 197
suppression of self-reactive
lymphocytes by, 252-253, 253f
in tumor immunity, 409
response to antigen by, 132-133, 133f
single-positive, 176f, 180, 180f
specificity for cell-bound antigens of,
132-133
in spleen, 61, 62f
suppressor, 514
surveillance for foreign antigens by,
132,132£
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T cell(s) (Continued)
transcription factor activation in,
207-209, 208f
in tumor immunity, 407-408, 408f
T cell activation, 14f, 15-16, 189-213
adapter proteins in, 205
alloreactive, 380, 381-382, 382f, 383b
antigen-induced,
191-192, 193f
polyclonal. 535
with single antigen-specificity,
535-536
antigen presentation in, 191-192,
193f
antigen-presenting
cells in, 116-117,
116f, 117f
attenuation of, 209-213, 210f,
211b-212b,212f
ca\cium- and PKC-mediated signaling
pathways in, 206-207, 207f
coreceptors in, 145-146, 146f
costimulators in, 193f, 194-198, 195f,
196b-197b, 198f, 209
defects in, 464-465, 464t, 47lf, 472-474,
473t
dendritic cells in, 191-192, 193f
and gene expression, 198, 199f
immunological synapse in, 200-205,
204f
intracellular signaling during, 199-200,
200f
MAP kinase signaling pathways in,
205-206, 206f
overview of, 189-191, 190f, 19lf
by peptide-MHC complexes, 128
signal transduction by TCR complex in,
198-209, 199f, 200f
transcription factors in, 207-209, 208f
tyrosine kinases in, 199-202,
201b-202b,203f
T cell anergy, 249-252, 250f-252f
T cell deficiencies, 464-465, 464t, 47lf,
472-474,473t
T cell-dependent
antibody responses,
222-237
affinity maturation in, 232-234, 234f,
235f
antigen presentation in, 224, 226f
B cell migration toward T cell zone in,
224
C040 ligand in, 226-228, 227f
differentiation into plasma cells in,
234-236, 236f
generation of memory B cells and
secondary humoral immune
responses in, 236-237
germinal center reaction in, 228, 229f
hapten-carrier
effect in, 224-226, 226f
heavy chain isotype (class) switching in,
228-232, 230f, 230t, 232f, 233f
helper T cell activation and migration
toward follicle in, 224, 225f
overview of, 223-224, 223f
properties of, 237t
T cell development, 51-52, 52b, 58,
175-185
stages of, 176f, 177-180, 178f-180f
thymus in, 176-185, 178f
transcriptional
regulation of, 169, l70f
T cell gene expression, activation of
transcription factors that regulate,
207-209, 208f
T cell growth factor, 289
T cell-independent
antibody responses,
237-239, 237t, 239f

T cellieukemiallymphoma,
adult, 405,
476
T cell lineage, commitment to, 154-155,
154f, 155f
T cell lymphoma, chromosomal
translocations in, 166b
T cell-mediated hypersensitivity, 420-421,
420t, 425-432
due to cytotoxic T lymphocytes, 426f,
431-432
delayed-type, 425-431, 426f, 428t,
429b-431b
T cell migration
effector, 67f, 68-69, 310-311, 310f
helper, 224, 225f
memory, 69, 311
naive, 66, 67f
into gut-associated lymphoid tissue,
68
to sites of antigen, 310-311, 310f
to sites of inflammation, 68-69
T cell receptor(s) (TCRs), 137-138, 138f
in alloantigen recognition, 378-379,
379f
a~,28, 138-142,489
generation of diversity in, 168t
in MHC-associated peptide antigen
recognition, 140-142, 14lf
structure of, 139-140, 140f, 1411
antigen-binding
site of, 140-142, 14lf
antigen recognition and signaling
functions of, 138f
binding to peptide-MHC complex of,
140-142, 14lf
defined,514-515
development of self MHC-restricted,
181-184, 18lf-183f
yo, 28,144,498
generation of diversity in, 168t
identification of, 138, 139b
intraepithelial, 28
molecular cloning of, 139b
of NK-T cells, 144-145
pre-, 137-138, 156, 156f, 173f, 177-178,
510
properties of, 1411
recombination
and expression of, 176f,
177-180, 179f
structure of, 139-140, 140f
T cell receptor (TCR) complex, 137, 138f
assembly and surface expression of,
143, 143f
COR3 and

~ proteins

of, 142-144,

142f,

143f
components of, 141t, 142f
defined,515
signal transduction by, 198-209, 199f,
200f
defects in, 47lf
T cell receptor (TCR) genes, 139b
generation of diversity in, 167-169,
168f, 168t
germline organization of, 159f, 160,
16lf
V(O)J recombination
of, 158, 160-165,
162f-165f, 177-180, 179f
T cell receptor (TCR) proteins, domains
of, 159f
T cell receptor (TCR) signal transduction,
defects in, 473t, 474
T cell receptor (TCR) transgenic mice,
536
T cell recognition, of peptide-MHC
complex, 97, 98f

T cell repertoire, selection of, 154, 154f,
155-157, 156f, 157f, 181-185
T cell responses
after antigen elimination, 190-191
attenuation of, 196b, 209-213, 210f
methods for studying, 535-537
phases of, 19lf
T cell signal attenuation, 209-213, 210f,
211b-212b,212f
T cell signaling, defective, 473t, 474
T cell tolerance, 246-258, 2611
anergy induced by recognition of self
antigen in, 249-252, 250f-252f
apoptotic cell death in, 253-254, 254f,
255b-257b
C08+, 254-257
central. 246-248, 248f
factors that determine, 257-258, 258t
peripheral,248-258
suppression of self-reactive
lymphocytes by regulatory T cells
in, 252-253,253f
T cell tumors, chromosomal
translocations in, 165, 166b-167b
TCRs. SeeT cell receptor(s) (TCRs).
TlO (type 1 diabetes mellitus), 428, 428t,
429b, 433,435t, 437
T (thymus)-dependent
antigens, 216,
237t, 515
Tee, 171, 201b,202b
Tee homology (TH) domain, 202b
TELl, 167b
Terminal deoxynucleotidyl transferase
(TdT). 165, 169, 170, 171f
Tetanus toxoid, 371
Tetanus vaccine, 325t
Tetrahydrofolate, and hybridomas, 77b
TGF-~ (transforming growth factor ~).
290t, 296, 516
in isotype switching, 230t, 231
Till cells, 305
activation of macro phages by, 311-312,
31lf
defined,515
in delayed-type hypersensitivity
reactions, 312-314, 313f, 314f
development of, 305-307, 308f
effector functions of, 309-314, 309f
in HlV infection, 483
immune responses mediated by, 303,
304f, 309-314, 309f
in immune response to parasites, 367
interferon-y and, 295
migration to sites of antigcn by,
310-311, 310f
properties of, 305, 307f
toll-like receptors and, 44-45
TII2 cells, 305
defined,515
development of, 305, 307-309, 308f
effector functions of, 314-315, 315f
in HlV infection, 483
homing of, 315
in immediate hypersensitivity, 442,
442f, 443-444
immune responses mediatcd by, 304,
314-315,315f
in immune response to parasites, 368
interferon-yand,
295
interleukin-4 and, 293
properties of, 305, 307f
TII17 cells, 315, 515
TH (Tee homology) domain, 202b
Theophylline, for asthma, 458
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Thrombocytopenic
purpura,
autoimmune, 422, 423t
Thrombosis
in allograft rejection, 383-384, 384f
tumor necrosis factor and, 277
Thymic epithelial cells, 58,177,515
Thymidine kinase (TK), and hybridomas,
77b
Thymidylate, and hybridomas, 77b
Thymocyte(s). 58, 176-177
CD4 and CD8 expression on, 180, 180f
defined,515
double-negative,
177, 180f, 496
double-positive,
I 76f, 178-180, 180f,
18\, 496
negative selection of, 180-18\, 18If,
184-185
positive selection of, 180, 181-184,
18If-183f
single-positive, I 76f, 180, 180f, 513
Thymus
anatomy and functions of, 58, 58f
congenital absence of, 176
defective development of, 468t, 469
defined,515
in T-cell maturation, 176-185, 178f
Thymus (T)-dependent
antigens, 216,
237t, 515
Thymus (THndependent
('1'1)antigens,
216, 237-238,237t, 515
TlLs (tumor-infiltrating
lymphocytes),
407,414,516
Tim-I. in immediate hypersensitivity, 455
'I' (thymus)-independent
('1'1)antigens,
216,237-238,237t,515
TlH (toll-like/IL-I receptor). 271. 271t, 278
Tirap, 24
TlH (toll-like/lL-1 receptor) homology
domain, 22, 23b-24b, 26
Tissue injury, in antibody-mediated
disease,422,422f
Tissue repair, macrophages in, 312
Tissue-specific antibodies, diseases
caused by, 422-423, 422f, 423t, 424f
Tissue-specific differentiation antigens,
406
Tissue typing, 390, 390b, 515
TK (thymidine kinase), and hybridomas,
77b
TLHs. See Toll-like receptor(s) (TLHs).
'I' Iymphocyte(s). See 'I' cell(s).
TNE See Tumor necrosis factor (TNF).
Tolerance. See Immunologic tolerance.
Tolerogen(s), 243, 515
Tolerogenicity, factors that determine,
257-258,258t
Toll-like/lL-1 receptor (TlH), 271, 271t,
278
Toll-like/lL-1 receptor (TlH) homology
domain, 22, 23b-24b, 26
Toll-like receptor(s) (TLHs)
in autoimmunity, 437
defined,515-516
dimerization of, 24, 25f, 26
downstream effects of, 24
in immune response to viruses, 363
in innate immune system, 22-26,
23b-24b, 25f
ligands for, 24, 25-26, 25f
location of, 25
signaling by, 23b, 24
structure of, 23b
and '1'111cells, 44-45
types of, 22, 23b, 25f

Toll-like receptor 3 (TLH-3), 24, 25-26
Toll-like receptor 4 (TLH-4), 24
Toll-like receptor 7 (TLH-7). 25-26
Toll-like receptor 8 (TLH-8). 25-26
Toll-like receptor 9 (TLH-9), 24, 25-26
Toll-like receptor (TLH) pathways,
inherited defects in, 465t, 466-467
Tonegawa, Susumu, 158
Tonsils, pharyngeal, 122
Toxic shock syndrome (TSS), 357b, 516
Toxins
bacterial, 354
neutralization by antibodies of,
323-324, 324f, 325t
in tumor immunotherapy,
415-416
Toxoids, 371
THADD, 276b
THAFs. See Tumor necrosis factor
receptor-associated
factor(s)
(THAFs).
THAM, 24
Transcytosis, 346-347, 347f
Transforming growth factor ~ (TGF-~).
290t, 296, 516
in isotype switching, 230t, 231
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