Clinical Immunology
& Ser0|ogy FIFTH EDITION

A Laboratory Perspective

Linda E. Miller
Christine Dorresteyn Stevens




Clinical Inmunology
and Serology

A Laboratory Perspective

FIFTH EDITION




Clinical Immunology
and Serology

A Laboratory Perspective

FIFTH EDITION

-'r.; ? FA.DAVIS

Philadelphia

Linda E. Miller, PhD, |, MB““(ASCP)S|
Professor of Clinical Laboratory Science

SUNY Upstate Medical University

Syracuse, New York

Christine Dorresteyn Stevens, EdD, MT(ASCP)
Professor Emeritus of Clinical Laboratory Science

Western Carolina University

Cullowhee, North Carolina



F.A. Davis Company
1915 Arch Street

Philadelphia, PA 19103
www.fadavis.com

Copyright © 2021 by F.A. Davis Company

Copyright © 2021 by F.A. Davis Company. All rights reserved. This book is protected by copyright.
No part of it may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, recording, or otherwise, without written permission
from the publisher.

Printed in the United States of America.
Last digit indicates print number: 10987654321

Publisher: Christa Fratantoro

Director of Content Development: George W. Lang
Senior Developmental Editor: Dean W. DeChambeau
Content Project Manager: Julie Chase

Art and Design Manager: Carolyn O’Brien

As new scientific information becomes available through basic and clinical research, recommended
treatments and drug therapies undergo changes. The author(s) and publisher have done everything
possible to make this book accurate, up-to-date, and in accord with accepted standards at the time of
publication. The author(s), editors, and publisher are not responsible for errors or omissions or for
consequences from application of the book, and make no warranty, expressed or implied, in regard to
the contents of the book. Any practice described in this book should be applied by the reader in
accordance with professional standards of care used in regard to the unique circumstances that may
apply in each situation. The reader is advised always to check product information (package inserts)
for changes and new information regarding dose and contraindications before administering any
drug. Caution is especially urged when using new or infrequently ordered drugs.

Library of Congress Cataloging-in-Publication Data

Names: Stevens, Christine Dorresteyn, author. | Miller, Linda E., author.

Title: Clinical immunology and serology : a laboratory perspective / Linda E. Miller, Christine
Dorresteyn Stevens.

Description: Fifth edition. | Philadelphia : F.A. Davis Company, [2021] | Christine Dorresteyn
Stevens’ name appears first in previous editions. | Includes bibliographical references and index.

Identifiers: LCCN 2020046540 (print) | LCCN 2020046541 (ebook) | ISBN 9780803694408
(paperback) | ISBN 9780803694415 (ebook)

Subjects: MESH: Immunity--physiology | Immune System Diseases--diagnosis | Immunologic
Techniques | Immunologic Tests | Serologic Tests

Classification: LCC RB46.5 (print) | LCC RB46.5 (ebook) | NLM QW 540 | DDC 616.07/56--dc23

LC record available at https://Iccn.loc.gov/2020046540

LC ebook record available at https://lccn.loc.gov/202004654 1 MILLE


http://www.fadavis.com/
https://lccn.loc.gov/2020046540
https://lccn.loc.gov/2020046541MILLE

Authorization to photocopy items for internal or personal use, or the internal or personal use of
specific clients, is granted by F.A. Davis Company for users registered with the Copyright Clearance
Center (CCC) Transactional Reporting Service, provided that the fee of $0.25 per copy is paid
directly to CCC, 222 Rosewood Drive, Danvers, MA 01923. For those organizations that have been
granted a photocopy license by CCC, a separate system of payment has been arranged. The fee code
for users of the Transactional Reporting Service is: 9780803694408/21 + $0.25.



To my wonderful family, for their love and support; to the Clinical
Laboratory Science faculty at SUNY Upstate Medical University, in
appreciation of their expertise and collegiality; and especially to my

students, who have inspired me to share my passion for immunology
over the years.

— L.E.M.

To my wonderful family: Eric, Kathy, Hannah, and Matthew, and
Kevin, Melissa, Turner, and Avery for their love and encouragement
and to Bayard for his love and faith in me.

— C.D.S.



Preface

Clinical Immunology and Serology: A Laboratory Perspective is designed
to meet the needs of medical laboratory science students on both the 2- and
4-year levels. It uniquely combines practical information about laboratory
testing with a discussion of the theory behind the testing and the diseases
for which the tests are used. For practicing laboratorians and other health
professionals, the book may serve as a valuable reference about new
developments in the field of immunology.

The fifth edition of Clinical Immunology and Serology: A Laboratory
Perspective is built on the success of the first four editions. The
organization of the chapters is based on the experience of many years of
teaching immunology to medical laboratory science students. The book is
divided into four major sections: I. Nature of the Immune System; I1. Basic
Immunologic Procedures; III. Immune Disorders; and IV. Serological and
Molecular Diagnosis of Infectious Disease. The sections build upon one
another, and the chapters relate previous material to new material by means
of boxes titled Connections and Clinical Correlations. These features help
the students recall information from previous chapters and bridge theory
with actual clinical diagnosis and testing. Information in the chapters is
related to real-world events to make it more interesting for the student and
to show the important role that immunology plays in people’s daily lives.
The Study Guide Tables at the end of most of the chapters can be used as
study tools by the students.

Section I of this edition has been revised to provide a more in-depth
discussion on basic immune mechanisms, building a strong foundation for
understanding the pathogenesis of diseases related to abnormalities of the
immune system. All the chapters in Sections II, III, and IV have been
updated to include new information about laboratory testing and treatments
for immunologic diseases. For example, information on the Globally
Harmonized System and root cause analysis has been added to Chapter 8—
Safety and Quality Management. Chapter 9—Principles of Serological
Testing—has been revised to include additional examples to help students
perform the types of dilutions commonly used in serology. The chapters on



Labeled Immunoassays (Chapter 11) and Molecular Diagnostic Techniques
(Chapter 12) have been revised to include principles and illustrations for
newer technologies that have been incorporated into the clinical laboratory.
Additional autoimmune diseases have been added to the chapter on
Autoimmunity (Chapter 15). Chapter 18—Immunoproliferative Diseases—
has been revised to include updated information on the immunophenotype
and cytogenetic abnormalities associated with selected hematologic
malignancies. New information on testing for Lyme disease and
leptospirosis 1s presented in Chapter 21—Spirochete Diseases.

The book remains a practical introduction to the field of clinical
immunology that combines essential theoretical principles with serological
and molecular techniques commonly used in the clinical laboratory. The
theory is comprehensive but concise, and the emphasis is on direct
application to the clinical laboratory. The text is readable and user-friendly,
with learning outcomes, chapter outlines, and a glossary of all key terms.
Each chapter is a complete learning module that contains theoretical
principles, illustrations, definitions of relevant terminology, and review
questions and case studies that help to evaluate learning.

For the instructor, there are many online resources at FADavis.com to
assist in course development. Part of this edition was written in the early
phases of the COVID-19 pandemic, when many course instructors were
forced to convert teaching materials that would normally be presented in the
classroom to an online or remote-learning format. The resources provided
with this edition can serve as valuable tools to the instructor in developing
course materials that can be used not only in in-person teaching but also in
online or hybrid learning environments. They include updated PowerPoint
slides, suggested learning activities and laboratory exercises, additional
case studies, and an expanded bank of test questions that can be used for
review or test preparation.

Because the field of immunology continues to grow so rapidly, the
challenge in writing this book has been to ensure adequate coverage but to
keep it on an introductory level. Every chapter has been revised to include
current practices as of the time of writing. It is hoped that this book will
kindle an interest in both students and laboratory professionals in this
exciting and dynamic field.
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Introduction to Immunity and the
Immune System

Christine Dorresteyn Stevens, EdD, MT(ASCP)

LEARNING OUTCOMES

After finishing this chapter, you should be able to:
1. Discuss how immunology as a science began with the study of
immunity.
2. Describe what is meant by an attenuated vaccine.

3. Explain how the controversy over humoral versus cellular immunity
contributed to expanding knowledge in the field of immunology.

4. Contrast innate and adaptive immunity.

5. Describe the types of white blood cells (WBCs) capable of
phagocytosis.

6. Discuss the roles of macrophages, mast cells, and dendritic cells in
the immune system.

7. Identify the two primary lymphoid organs and discuss the main
functions of each.

8. List four secondary lymphoid organs and discuss their overall
importance to immunity.

9. Describe the function and architecture of a lymph node.
10. Compare a primary and a secondary follicle.
11. Define “cluster of differentiation” (CD).
12. Differentiate the roles of T cells and B cells in the immune response.
13. Discuss how natural killer (NK) cells differ from T lymphocytes.
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Although humans have been trying for centuries to unravel the secrets of
preventing disease, the field of immunology is a relatively new science.
Immunology can be defined as the study of a host’s reactions to foreign
substances that are introduced into the body. Such foreign substances that
induce a host response are called antigens. Antigens are all around us in
nature. They vary from substances, such as pollen, that may make us sneeze
to serious bacterial pathogens, such as Staphylococcus aureus or Group A
Streptococcus, that can cause life-threatening illnesses. The study of
immunology has given us the ability to prevent diseases such as smallpox,
polio, diphtheria, and measles through the development of vaccines. In
addition, understanding how the immune system works has made successful
organ transplantation possible and has given us new tools to treat diseases
such as cancer and autoimmune diseases. Immunological techniques have
affected testing in many areas of the clinical laboratory and allowed for
such testing to be more precise and automated. Thus, the study of
immunology is important to many areas of medicine. We begin this chapter
by providing a brief look at the history of immunology. An introduction to
the cells and tissues of the immune system follows to help the student form
a basis for understanding how the immune response works. In later
chapters, we will apply this knowledge to principles of testing for specific
diseases.

Immunity and Immunization



Immunology as a science has its roots in the study of immunity: the
condition of being resistant to infection. The first recorded attempts to
deliberately induce immunity date back to the 15th century when people
living in China and Turkey inhaled powder made from smallpox scabs in
order to produce protection against this dreaded disease. The hypothesis
was that if a healthy individual was exposed as a child or a young adult, the
effects of the disease would be minimized. However, rather than providing
protection, the early exposure had a fatality rate of 30%. Further
refinements did not occur until the late 1700s when an English country
doctor by the name of Edward Jenner was able to successfully prevent
infection with smallpox by injecting a less harmful substance—cowpox—
from a disease affecting cows. Details of the development of this first
vaccine can be found in Chapter 25.

The next major development in disease prevention did not occur until
almost a hundred years later when Louis Pasteur, often called the “father of
immunology,” observed by chance that older bacterial cultures accidentally
left out on a laboratory bench for the summer would not cause disease when
injected into chickens (Fig. 1-1). Subsequent injections of more virulent
organisms had no effect on the birds that had been previously exposed to
the older cultures. In contrast, chickens that were not exposed to the older
cultures died after being injected with the new fresh cultures. In this
manner, the first attenuated vaccine was discovered; this event can be
considered the birth of immunology. Attenuation, or change, means to
make a pathogen less virulent; it takes place through heat, aging, or
chemical means. Attenuation remains the basis for many of the
immunizations that are used today. Pasteur applied this same principle of
attenuation to the prevention of rabies in exposed individuals. He was thus
the first scientist to introduce the concept that vaccination could be applied
to any microbial disease.

Innate Versus Adaptive Immunity

In the late 1800s, scientists began to identify the actual mechanisms that
produce immunity in a host. Elie Metchnikoff, a Russian scientist, observed
under a microscope that foreign objects introduced into transparent starfish
larvae became surrounded by motile amoeboid-like cells that attempted to



destroy the penetrating objects. This process was later termed
phagocytosis, meaning “cells that eat cells.” He hypothesized that
immunity to disease was based on the action of these scavenger cells and
was a natural, or innate, host defense. He was eventually awarded a Nobel
Prize for his pioneering work.

FIGURE 1-1 Louis Pasteur. (Courtesy of the National Library of Medicine.)

Other researchers contended that noncellular elements in the blood were
responsible for protection from microorganisms. Emil von Behring
demonstrated that diphtheria and tetanus toxins, which are produced by
specific microorganisms as they grow, could be neutralized by the
noncellular portion of the blood, or serum, of animals previously exposed to
the microorganisms. Von Behring was awarded the first Nobel Prize in
Physiology for his work with serum therapy. The theory of humoral
immunity was thus born and sparked a long-lasting dispute over the
relative importance of cellular immunity versus humoral immunity.

In 1903, an English physician named Almroth Wright linked the two
theories by showing that the immune response involved both cellular and
humoral elements. He observed that certain humoral, or circulating, factors
called opsonins acted to coat bacteria so that they became more susceptible
to ingestion by phagocytic cells. These serum factors include specific



proteins known as antibodies, as well as other factors called acute-phase
reactants that increase nonspecifically in any infection. Antibodies are
serum proteins produced by certain lymphocytes when exposed to a foreign
substance, and they react specifically with that foreign substance (see
Chapter 5).

These discoveries showed that there were two major branches of
immunity, currently referred to as innate immunity and adaptive immunity.
Innate, or natural immunity, is the individual’s ability to resist infection
by means of normally present body functions. Innate defenses are
considered nonadaptive or nonspecific and are the same for all pathogens or
foreign substances to which one is exposed. No prior exposure is required
and the response lacks memory and specificity, but the effect is immediate.
Many of these mechanisms are subject to influence by such factors as
nutrition, age, fatigue, stress, and genetic determinants.

Adaptive immunity, in contrast, is a type of resistance that is
characterized by specificity for each individual pathogen, or microbial
agent, and the ability to remember a prior exposure. Memory and specificity
result in an increased response to that pathogen upon repeated exposure,
something that does not occur in innate immunity. Both systems are
necessary to maintain good health. In fact, they operate in combination and
depend on one another for maximal effectiveness. Certain key cells are
considered essential to both systems, and they will be discussed next.

Cells of the Innate Immune System

Leukocytes in Peripheral Blood

White blood cells (WBCs), or leukocytes, in the peripheral blood play a
key role in both innate and adaptive immunity. Leukocytes defend against
invasion by bacteria, viruses, fungi, and other foreign substances. There are
five principal types of leukocytes in peripheral blood: neutrophils,
eosinophils, basophils, monocytes, and lymphocytes. The first four types
are all part of innate immunity. Because lymphocytes are considered part of
adaptive immunity, they will be considered in a separate section. Several
cell lines that are found in the tissues, namely, mast cells, macrophages, and



dendritic cells, will also be discussed in this chapter because they all
contribute to the process of immunity.

All blood cells arise from a type of cell called a hematopoietic stem cell
(HSC). Approximately one and one-half billion WBCs are produced in the
bone marrow daily. To form WBCs, the HSC gives rise to two distinct types
of precursor cells: common myeloid precursors (CMPs) and common
lymphoid precursors (CLPs). CMPs give rise to the WBCs that participate
in phagocytosis, which are known as the myeloid line. Phagocytic cells are
key to innate immunity, but they are also important in processing antigens
for the adaptive response. Lymphocytes arise from CLPs and form the basis
of the adaptive immune response. Mature lymphocytes are found in the
tissues as well as in peripheral blood. Refer to Figure 1-2 for a simplified
scheme of blood cell development, known as hematopoiesis.

Neutrophils

The neutrophil, or polymorphonuclear neutrophilic (PMN) leukocyte,
represents approximately 50% to 70% of the total peripheral WBCs in
adults. These cells are around 10 to 15 pum in diameter with a nucleus that
has between two and five lobes, which are connected by thin, threadlike
filaments (Fig. 1-3). Hence, they are often called segmented neutrophils, or
“segs.” They contain a large number of neutral staining granules when
stained with Wright stain, two-thirds of which are specific granules; the
remaining one-third are called azurophilic granules. Azurophilic or primary
granules contain antimicrobial products such as myeloperoxidase,
lysozyme, elastase, proteinase-3, cathepsin G, and defensins, which are
small proteins that have antibacterial activity. Specific granules, also known
as secondary granules, contain lysozyme, lactoferrin, collagenase,
gelatinase, and components essential for the oxidative burst. See Chapter 2
for a discussion of the oxidative burst, which takes place during
phagocytosis. The main function of neutrophils is phagocytosis, resulting in
the destruction of foreign particles.
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FIGURE 1-2 Simplified scheme of hematopoiesis. In the marrow, HSCs give rise to two
different lines—a CLP and a CMP. CLPs give rise to T/NK progenitors, which differentiate
into T and NK cells, and to B-cell progenitors, which become B cells and dendritic cells. The
CMP differentiates into another type of dendritic cell, monocytes/macrophages, neutrophils,
eosinophils, basophils, erythrocytes, and platelets.

r"g

FIGURE 1-3 Neutrophils. (From Harmening D. Clinical Hematology and Fundamentals of
Hemostasis. 5th ed. Philadelphia, PA: FA. Davis; 2009: Fig. 1-4.)



Normally, half of the total neutrophil population in peripheral blood is
found in a marginating pool adhering to blood vessel walls, whereas the rest
of the neutrophils circulate freely for approximately 6 to 8 hours. There is a
continuous interchange, however, between the marginating and the
circulating pools. Margination occurs to allow neutrophils to move from the
circulating blood to the tissues through a process known as diapedesis, or
movement through blood vessel walls. They are attracted to a specific area
by chemotactic factors. Chemotaxins are chemical messengers that cause
cells to migrate in a particular direction. Once in the tissues, neutrophils
have a life span of up to several days. Normally, the influx of neutrophils
from the bone marrow equals the output from the blood to the tissues to
maintain a steady state. However, in the case of acute infection, an increase
of neutrophils in the circulating blood can occur almost immediately. These
cells are then driven rapidly to the site of an infection.

Eosinophils

Eosinophils are approximately 10 to 15 um in diameter and normally make
up between 1% and 4% of the circulating WBCs in a nonallergic person.
Their number increases in an allergic reaction or in response to certain
parasitic infections. The nucleus is usually bilobed or ellipsoidal and is
often eccentrically located (Fig. 1-4). Eosinophils take up the acid eosin
dye, and the cytoplasm is filled with large orange to reddish-orange
granules. Granules in eosinophils, which are spherical and evenly
distributed throughout the cell, contain a large number of previously
synthesized proteins, including eosinophil-derived neurotoxin, peroxidase,
histamine, proteases, cytokines (chemical messengers), growth factors, and
cationic proteins.



FIGURE 1-4 Eosinophil. (From Harmening D. Clinical Hematology and Fundamentals of
Hemostasis. 5th ed. Philadelphia, PA: F.A. Davis; 2009: Fig. 1-6.)

Eosinophils are capable of phagocytosis but are much less efficient than
neutrophils because they are present in smaller numbers and they lack
digestive enzymes. Eosinophils are able to neutralize basophil and mast cell
products. In addition, they can use cationic proteins released during
degranulation to damage cell membranes and kill larger parasites, such as
helminth worms, that cannot be phagocytized. (See Chapter 22 for details.)
However, the most important role of eosinophils is regulation of the
adaptive immune response through cytokine release.

Basophils

Basophils are the least numerous of the WBCs found in peripheral blood,
representing less than 1% of all circulating WBCs. The smallest of the
granulocytes, basophils are slightly larger than red blood cells (RBCs)
(between 10 to 15 pm in diameter) and contain coarse, densely staining
deep-bluish-purple granules that often obscure the bilobed nucleus (Fig. 1-
5). Constituents of these granules include histamine, cytokines, growth
factors, and a small amount of heparin, all of which have an important
function in inducing and maintaining allergic reactions. Histamine contracts
smooth muscle, and heparin is an anticoagulant. In addition, basophils
regulate some T-helper (Th) cell responses and stimulate B cells to produce
the antibody immunoglobulin E (IgE). Basophils have a short life span of
only a few hours in the bloodstream; they are then removed and destroyed
by macrophages in the spleen.

Monocytes

Monocytes are the largest cells in the peripheral blood, with a diameter that
can vary from 12 to 20 pm (the average is 18 pm). One distinguishing



feature of monocytes is an irregularly folded or horseshoe-shaped nucleus
that occupies almost one-half of the entire cell’s volume (Fig. 1-6). The
abundant cytoplasm stains a dull grayish blue and has a ground-glass
appearance because of the presence of fine, dustlike granules. These
granules are actually of two types. The first type contains peroxidase, acid
phosphatase, and arylsulfatase, indicating that these granules are similar to
the lysosomes of neutrophils. The second type of granule may contain f3-
glucuronidase, lysozyme, and lipase, but no alkaline phosphatase. Digestive
vacuoles may also be observed in the cytoplasm. Monocytes make up
between 2% and 10% of total circulating WBCs; however, they do not
remain in the circulation for long. They stay in peripheral blood for up to 30
hours; then, they migrate to the tissues and become known as
macrophages.

FIGURE 1-5 Basophil. (From Harmening D. Clinical Hematology and Fundamentals of
Hemostasis. 5th ed. Philadelphia, PA: F.A. Davis; 2009: Fig. 1-7.)

FIGURE 1-6 Two monocytes. (From Harmening D. Clinical Hematology and Fundamentals
of Hemostasis. 5th ed. Philadelphia, PA: FA. Davis; 2009: Fig. 1-13.)

Tissue Cells

Macrophages



All macrophages arise from monocytes, which can be thought of as
macrophage precursors, because additional differentiation and cell division
take place in the tissues. The transition from monocyte to macrophage in
the tissues is characterized by progressive cellular enlargement to between
25 and 80 pum. Unlike monocytes, macrophages contain no peroxidase.
Tissue distribution appears to be a random phenomenon.

Macrophages have specific names according to their particular tissue
location. Macrophages in the lungs are called alveolar macrophages; in the
liver, Kupffer cells; in the brain, microglial cells; in the bone, osteoclasts;
and in connective tissue, histiocytes. Macrophages may not be as efficient
as neutrophils in phagocytosis because their motility 1s slow compared with
that of the neutrophils. Some macrophages progress through the tissues by
means of amoeboid action, whereas others are immobile. However, their
life span appears to be in the range of months rather than days.

Macrophages play an important role in initiating and regulating both
innate and adaptive immune responses. Their innate immune functions
include phagocytosis, microbial killing, anti-tumor activity, intracellular
parasite eradication, and secretion of cell mediators. Killing activity is
enhanced when macrophages become ‘“activated” by contact with
microorganisms or cytokines that are released by certain lymphocytes
during the immune response. (See Chapter 6 for a complete discussion of
cytokines.) Macrophages play a major role in the adaptive immune response
by presenting phagocytosed antigens to T lymphocytes.

Mast Cells

Tissue mast cells resemble basophils, but they come from a different
lineage. Mast cells are distributed throughout the body in a wide variety of
tissues, such as skin, connective tissue, and the mucosal epithelial tissue of
the respiratory, genitourinary, and digestive tracts. Mast cells are larger than
basophils, with a diameter of up to 20 pm, and have a small ovoid nucleus
with many granules (Fig. 1-7). Unlike basophils, they have a long life span
of between 9 and 18 months. The enzyme content of the granules in mast
cells helps to distinguish them from basophils because they contain serine
proteases, heparin, and neutrophil chemotactic factor, as well as histamine.
Mast cells act to increase vascular permeability and increase blood flow to
the affected area. Mast cells also play a role in allergic reactions, as well as
functioning as antigen-presenting cells (APCs). Because of their versatility,



mast cells function as a major conduit between the innate and adaptive
immune systems.

Dendritic Cells

Dendritic cells are so named because they are covered with long,
membranous extensions that resemble nerve cell dendrites. They were
discovered by Steinman and Cohn in 1973. Progenitors in the bone marrow
give rise to dendritic cell precursors that travel to lymphoid as well as
nonlymphoid tissue. They are classified according to their tissue location in
a similar manner to macrophages. After capturing an antigen in the tissue
by phagocytosis or endocytosis, dendritic cells travel to the nearest lymph
node and present the antigen to T lymphocytes to initiate the adaptive
immune response in a similar way as macrophages. Dendritic cells,
however, are considered the most effective APC in the body, as well as the
most potent phagocytic cell.

Cells of the Adaptive Immune System

The key cell involved in the adaptive immune response is the lymphocyte.
Lymphocytes represent between 20% and 40% of the circulating WBCs.
The typical small lymphocyte is similar in size to RBCs (7 to 10 um in
diameter) and has a large rounded nucleus that may be somewhat indented.
The nuclear chromatin is dense and tends to stain a deep blue (Fig. 1-8).
Cytoplasm 1is sparse, containing few organelles and no specific granules,
and consists of a narrow ring surrounding the nucleus. The cytoplasm stains
a lighter blue. These cells are unique because they arise from an HSC and
then are further differentiated in the primary lymphoid organs, namely, the
bone marrow and the thymus. Lymphocytes can be divided into three major
populations—T cells, B cells, and innate lymphoid cells (of which natural
killer [NK] cells are the most prominent type)—based on specific functions
and the proteins on their cell surfaces. In the peripheral blood of adults,
approximately 10% to 20% of lymphocytes are B cells, 61% to 80% are T
cells, and 10% to 15% are NK cells.



FIGURE 1-7 Mast cell. (From Harmening D. Clinical Hematology and Fundamentals of
Hemostasis. 5th ed. Philadelphia, PA: F.A. Davis; 2009: Fig. 1-13.)
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FIGURE 1-8 Typical lymphocyte found in perlpheral blood. (From Harr R. Clinical
Laboratory Science Review. 4th ed. Philadelphia, PA: F.A. Davis; 2013: Color Plate 31.)

The three types of cells are difficult to distinguish visually. In the
laboratory, proteins, or antigens, on cell surfaces can be used to identify
each lymphocyte subpopulation. In order to standardize the nomenclature,
scientists set up the Human Leukocyte Differentiation Antigens Workshops
to relate research findings. Panels of antibodies from different laboratories
were used for analysis, and antibodies reacting similarly with standard cell
lines were said to define clusters of differentiation (CD). As each antigen,
or CD, was found, it was assigned a number. The list of CD designations
currently numbers more than 400. Table 1-1 lists some of the most
important CD numbers used to identify lymphocytes.

B Cells and Plasma Cells

B cells are derived from a lymphoid precursor that differentiates to become
either a T cell, B cell, or NK cell depending on exposure to different



cytokines. B cells remain in the environment provided by bone marrow
stromal cells. B-cell precursors go through a developmental process that
prepares them for their role in antibody production and, at the same time,
restricts the types of antigens to which any one cell can respond. They are
able to generate highly specific cell surface receptors through genetic
recombination of their immunoglobulin genes (see Chapter 5 for details).
The end result is a B lymphocyte programmed to produce a unique
antibody molecule. B cells can be recognized by the presence of membrane-
bound antibodies of two types, namely, immunoglobulin M (IgM) and
immunoglobulin D (IgD). Other surface proteins that appear on the B cell
include CD19, CD20, CD21, and class II major histocompatibility complex
(MHC) molecules (see Chapter 3).

Surface Markers on T, B, and NK Cells

ANTIGEN CELLTYPE FUNCTION

CD3 Thymocytes, T cells Found on all T cells; associated
with T-cell antigen receptor

CD4 Th cells, monocytes, macrophages Identifies Th cells; also found on
most Treg cells

CD8 Thymocyte subsets, Tc cells Identifies Tc cells

CD16 NK cells, macrophages, neutrophils Low affinity Fc receptor for
antibody; mediates phagocytosis

CD19 B cells, follicular dendritic cells Part of B-cell coreceptor; regulates
B-cell development and
activation

CD20 B cells B-cell activation and proliferation

CD21 B cells, follicular dendritic cells Receptor for complement

component C3d; part of B-cell
coreceptor with CD19

CD56 NK cells, subsets of T cells Cell adhesion

Plasma cells represent the most fully differentiated B lymphocyte, and
their main function is antibody production. They are not normally found in
the blood; rather, they are located in germinal centers in the peripheral
lymphoid organs or they reside in the bone marrow. Plasma cells are
spherical or ellipsoidal cells between 10 and 20 pum in size that are
characterized by the presence of abundant cytoplasmic immunoglobulin and



little to no surface immunoglobulin (Fig. 1-9). The nucleus is eccentric or
oval with heavily clumped chromatin that stains darkly. An abundant
endoplasmic reticulum and a clear, well-defined Golgi zone are present in
the cytoplasm. Plasma cells can be long-lived in lymphoid organs and
continually produce antibodies. Antibodies are the major contributor to
humoral immunity.

T Cells

T lymphocytes are so named because they differentiate in the thymus.
Lymphocyte precursors called thymocytes enter the thymus from the bone
marrow through the bloodstream. As they mature, the T cells express
unique surface markers that allow them to recognize foreign antigens bound
to cell membrane proteins called MHC molecules. T cells have multiple
roles in the immune system. They produce cytokines that stimulate B cells
to make antibodies, they kill tumor cells and virus-infected cells, and they
regulate innate and adaptive immune responses. The processes in which T
cells have a primary role are collectively known as cell-mediated
immunity.

Three main subtypes of T cells can be distinguished according to their
unique functions: helper T cells (Th), cytotoxic T cells (Tc), and regulatory
T cells (Treg). All T cells possess the CD3 marker on their cell surface, and
the T-cell subtypes can be identified by the presence of either CD4 or CDS§
as well. T cells bearing the CD4 receptor are mainly either Th or Treg cells,
whereas the CD8-positive (CD8+) population consists of Tc cells. The ratio
of CD4+ to CD8&+ cells is approximately 2:1 in peripheral blood. Th cells
help B cells to make antibody, Tc cells kill virally infected cells and tumor
cells, and Treg cells help to control the actions of other T cells.
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FIGURE 1-9 A typical plasma cell. (From Harmening D. Clinical Hematology and
Fundamentals of Hemostasis. 5th ed. Philadelphia, PA: F.A. Davis; 2009: Fig. 1-47.)

Innate Lymphoid Cells and Natural Killer Cells

The innate lymphoid cells are a family of related cells that have important
roles in innate immunity and tissue remodeling. These cells share three
main properties: (1) They have a lymphoid morphology, (2) they do not
possess antigen-specific receptors, and (3) they do not have myeloid and
dendritic cell markers. A principal type of innate lymphoid cell is the
natural killer (NK) cell. NK cells are so named because they have the
ability to kill target cells without prior exposure to them. NK cells do not
require the thymus for development but appear to mature in the bone
marrow itself. NK cells are generally larger than T cells and B cells, at
approximately 15 um in diameter, and contain kidney-shaped nuclei with
condensed chromatin and prominent nucleoli. Described as large granular
lymphocytes, NK cells make up 10% to 15% of the circulating lymphoid
pool and are found mainly in the liver, spleen, and peripheral blood.

There are no surface markers that are unique to NK cells, but they
express a specific combination of antigens that can be used for
identification. Two such antigens are CD16 and CD56. CD16 is a receptor
for the antigen-nonspecific part of antibody molecules. (See Chapter 5 for
more details.) Because of the presence of CD16, NK cells are able to make
contact with and then lyse any cell coated with antibodies (see Chapter 2).
NK cells continuously scan for protein irregularities on host cells, and they
represent the first line of defense against virally infected cells and tumor
cells. NK cells are also capable of recognizing foreign cells and destroying



them. Granules found in NK cells contain serine proteases called
granzymes, and release of these enzymes causes target cell death.

Although NK cells have traditionally been considered part of the innate
immune system because they can respond to a variety of antigens, they are
thought to play an important role as a transitional cell that bridges the innate
and the adaptive immune responses against pathogens.

Organs of the Immune System

Just as the cells of the immune system have diverse functions, so, too, do
key organs that are involved in the development of the immune response.
The bone marrow and thymus are considered the primary lymphoid
organs where maturation of B lymphocytes and T lymphocytes takes place,
respectively. The secondary lymphoid organs provide a location where
contact with foreign antigens can occur (Fig. 1-10). Secondary lymphoid
organs include the spleen, lymph nodes, and various types of mucosal-
associated lymphoid tissues (MALT). The primary and secondary organs
are differentiated according to their function in both adaptive and innate
immunity.

Primary Lymphoid Organs

Bone Marrow

Bone marrow is considered one of the largest tissues in the body, and it
fills the core of all long flat bones. It is the main source of HSCs, which
develop into erythrocytes, granulocytes, monocytes, platelets, and
lymphocytes. Each of these lines has specific precursors that originate from
the pluripotent stem cells.

Some lymphocyte precursors remain in the marrow to mature and
become NK cells or B cells. B cells received their name because they were
originally found to mature in birds in an organ called the bursa of
Fabricius, which is similar to the appendix in humans. After searching for
such an organ in humans, it was discovered that B-cell maturation takes
place within the bone marrow itself. Thus, the naming of these cells was
appropriate. Other lymphocyte precursors go to the thymus and develop
into T cells, so named because of where they mature. Immature T cells



appear in the fetus as early as 8 weeks in the gestational period. Thus,
differentiation of lymphocytes appears to take place very early in fetal
development and is essential to acquisition of immunocompetence by the
time the infant is born.
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FIGURE 1-10 Sites of lymphoreticular tissue. Primary organs include the bone marrow and
the thymus. Secondary organs are distributed throughout the body and include the spleen,
lymph nodes, and MALT. The spleen filters antigens in the blood, whereas the lymphatic
system filters fluid from the tissues.

Thymus

T cells develop their identifying characteristics in the thymus, which is a
small, flat, bilobed organ found in the thorax, or chest cavity, right below
the thyroid gland and overlying the heart. In humans, the thymus reaches a
weight of 30 to 40 g by puberty and then gradually shrinks in size. It was
first thought that the thymus produces enough virgin T lymphocytes early in
life to seed the entire immune system, making the organ unnecessary later



on. However, it now appears that although the thymus diminishes in size as
humans age, it is still capable of producing T lymphocytes, although at a
reduced rate.

Each lobe of the thymus is divided into smaller lobules filled with
epithelial cells that play a central role in the differentiation process.
Maturation of T cells takes place during a 3-week period as cells filter
through the thymic cortex to the medulla. Different surface antigens are
expressed as T cells mature. In this manner, a repertoire of T cells is created
to protect the body from foreign invaders. Mature T lymphocytes are then
released from the medulla.

Secondary Lymphoid Organs

Once lymphocytes mature in the primary organs, they are released and
make their way to secondary lymphoid organs, which include the spleen,
lymph nodes, cutaneous-associated lymphoid tissue (CALT), and MALT in
the respiratory, gastrointestinal, and urogenital tracts. It is within these
secondary organs that the main contact with foreign antigens takes place.
Lymphocyte circulation between the secondary organs is complex and is
regulated by different cell surface adhesion molecules and by cytokines.

Each lymphocyte spends most of its life span in solid tissue, entering the
circulation only periodically to go from one secondary lymphoid organ to
another. Lymphocytes in these organs travel through the tissue and then
return to the bloodstream by way of the thoracic duct. The thoracic duct is
the largest lymphatic vessel in the body. It collects most of the body’s
lymph fluid and empties it into the left subclavian vein. The majority of
circulating lymphocytes are T cells. Continuous recirculation increases the
likelihood of a T lymphocyte coming into contact with the specific antigen
with which it can react.

Lymphocytes are segregated within the secondary lymphoid organs
according to their particular functions. T lymphocytes are effector cells that
serve a regulatory role, whereas B lymphocytes produce antibodies. It is in
the secondary lymphoid organs that contact of the B and T lymphocytes
with foreign antigens is most likely to take place.

Lymphopoiesis, or multiplication of Ilymphocytes, occurs in the
secondary lymphoid tissues and is strictly dependent on antigenic
stimulation. Formation of lymphocytes in the bone marrow, however, is



antigen-independent, meaning that lymphocytes are constantly being
produced without the presence of specific antigens. Most naive or resting
lymphocytes die within a few days after leaving the primary lymphoid
organs unless activated by the presence of a specific foreign antigen.
Antigen activation gives rise to long-lived memory cells and shorter-lived
effector cells that are responsible for the generation of the immune
response.

Spleen

The spleen, the largest secondary lymphoid organ, has a length of
approximately 12 cm and weighs 150 g in the adult. It is located in the
upper-left quadrant of the abdomen just below the diaphragm and is
surrounded by a thin capsule of connective tissue. The organ can be
characterized as a large discriminating filter, as it removes old and damaged
cells and foreign antigens from the blood.

Splenic tissue can be divided into two main types: red pulp and white
pulp. The red pulp makes up more than one-half of the total volume, and it
is rich in macrophages. The major function of the red pulp is to destroy old
RBCs, platelets, and some pathogens. Blood flows from the arterioles into
the red pulp and then exits by way of the splenic vein. The white pulp
comprises approximately 20% of the total weight of the spleen and contains
the lymphoid tissue, which is arranged around arterioles in a periarteriolar
lymphoid sheath (PALS) (Fig. 1-11). This sheath contains mainly T cells.
Attached to the sheath are primary follicles, which contain B cells that are
not yet stimulated by antigens. Surrounding the PALS is a marginal zone
containing dendritic cells that trap antigens. Lymphocytes enter and leave
this area by means of the many capillary branches that connect to the
arterioles. The spleen receives a blood volume of approximately 350
mL/minute, which allows lymphocytes and macrophages to constantly
survey for infectious agents or other foreign matter.

Lymph Nodes

Lymph nodes serve as central collecting points for lymph fluid from
adjacent tissues. Lymph fluid is a filtrate of the blood and arises from the
passage of water and low-molecular-weight solutes out of blood vessel
walls and into the interstitial spaces between cells. Some of this interstitial
fluid returns to the bloodstream through venules, but a portion flows



through the tissues and is eventually collected in thin-walled vessels known
as lymphatic vessels. Lymph nodes are located along lymphatic ducts and
are especially numerous near the joints and where the arms and legs join the
body (see Fig. 1-10).
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FIGURE 1-11 Cross-section of the spleen showing organization of the lymphoid tissue. T
cells surround arterioles in the PALS. B cells are just beyond in follicles. When stimulated by
antigens, the B cells form germinal centers. All the lymphoid tissue is referred to as the
white pulp.

Filtration of interstitial fluid from around cells in the tissues is an
important function of these organs because it allows contact between
lymphocytes and foreign antigens from the tissues to take place. Whereas
the spleen helps to protect us from foreign antigens in the blood, the lymph
nodes provide the ideal environment for contact with foreign antigens that
have penetrated into the tissues. The lymph fluid flows slowly through
spaces called sinuses, which are lined with macrophages, creating an ideal
location where phagocytosis can take place. The node tissue is organized
into an outer cortex, a paracortex, and an inner medulla (Fig. 1-12).

Lymphocytes and any foreign antigens present enter nodes via afferent
lymphatic vessels. Numerous lymphocytes also enter the nodes from the



bloodstream by means of specialized venules called high endothelial
venules, which are located in the paracortical areas of the node tissues. The
outermost layer, the cortex, contains macrophages and aggregations of B
cells in primary follicles similar to those found in the spleen. These are the
mature, resting B cells that have not yet been exposed to antigens.
Specialized cells called follicular dendritic cells are also located here.
These cells exhibit a large number of receptors for antibodies and help to
capture antigens to present to T cells and B cells.

Secondary follicles consist of antigen-stimulated proliferating B cells.
The interior of a secondary follicle is known as the germinal center
because it i1s here that transformation of the B cells takes place. When
exposed to an antigen, plasma cells (see Fig. 1-9), which actively secrete
antibodies, and memory cells, which can quickly develop into plasma cells,
are formed. Thus, the lymph nodes provide an ideal environment for the
generation of B-cell memory, or the ability of the immune system to react
more quickly to a foreign substance it has already encountered in the past.

T lymphocytes are mainly localized in the paracortex, the region between
the follicles and the medulla. T lymphocytes are in close proximity to APCs
called interdigitating cells. The medulla is less densely populated than the
cortex but contains some T cells (in addition to B cells), macrophages, and
numerous plasma cells.
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FIGURE 1-12 Structure of a lymph node. A lymph node is surrounded by a fibrous outer
capsule. Right underneath is the subcapsular sinus, where lymph fluid drains from afferent
lymphatic vessels. The outer cortex contains collections of B cells in primary follicles. When
stimulated by antigens, secondary follicles are formed. T cells are found in the paracortical
area. Fluid drains slowly through sinusoids to the medullary region and out the efferent
lymphatic vessel to the thoracic duct.

Particulate antigens are removed from the fluid as it travels across the
node from cortex to medulla. Fluid and lymphocytes exit by way of the
efferent lymphatic vessels. Such vessels form a larger duct that eventually
connects with the thoracic duct and the venous system. Therefore,
lymphocytes are able to recirculate continuously between lymph nodes and
the peripheral blood.

If contact with an antigen takes place, lymphocyte traffic shuts down.
Lymphocytes able to respond to a particular antigen proliferate in the node.
Accumulation of lymphocytes and other cells causes the lymph nodes to
become enlarged, a condition known as lymphadenopathy. As lymphocyte
traffic resumes, recirculation of expanded numbers of lymphocytes occurs.

Other Secondary Organs



Additional areas of lymphoid tissue include the mucosal-associated tissue
known as MALT. MALT is found in the gastrointestinal, respiratory, and
urogenital tracts. Some examples include the tonsils; appendix; and Peyer’s
patches, a specialized type of MALT located at the lower ileum of the
intestinal tract. These mucosal surfaces represent some of the main ports of
entry for foreign antigens, and thus, numerous macrophages and
lymphocytes are localized here.

The skin is considered the largest organ in the body, and the epidermis
contains several intraepidermal lymphocytes. Most of these are T cells,
which are uniquely positioned to combat any antigens that enter through the
skin. In addition, monocytes, macrophages, and dendritic cells are found
here. The collective term for these cells is the CALT (cutaneous-associated
lymphoid tissue).

All these secondary organs function as potential sites for contact with
foreign antigens, and they increase the probability of an immune response.
Within each of these secondary organs, T and B cells are segregated and
perform specialized functions. B cells differentiate into memory cells and
plasma cells and are responsible for humoral immunity or antibody
formation. T cells play a role in cell-mediated immunity; as such, they
produce sensitized lymphocytes that secrete cytokines. As we discussed,
both cell-mediated immunity and humoral immunity are key components of
the adaptive immune response.

SUMMARY

* Immunology has its roots in the study of immunity—the condition of
being resistant to disease.

* Edward Jenner performed the first vaccination against smallpox by
using material from cowpox lesions.

* Louis Pasteur is considered the father of immunology for his use of
attenuated vaccines.

« Elie Metchnikoff was the first to observe phagocytosis, the process by
which cells eat other cells.

* Immunity has two branches: innate and adaptive. Innate immunity is the
ability of the body to resist infection through means of preexisting
barriers or nonspecific mechanisms that can be activated quickly.



Adaptive immunity is characterized by specificity for antigen, memory,
and dependence upon lymphocytes.

* There are two main types of adaptive immune responses: (1) humoral
immunity, which involves production of antibodies by B lymphocytes
and plasma cells, and (2) cell-mediated immunity, which is carried out
by T lymphocytes to destroy internal pathogens.

* All blood cells arise from multipotent HSCs in the bone marrow during
a process called hematopoiesis.

* The five principal types of leukocytes are neutrophils, eosinophils,
basophils, monocytes, and lymphocytes.

* Tissue cells involved in immunity include mast cells, dendritic cells,
and macrophages that arise from monocytes.

* Cells that are involved in the innate immune response and are actively
phagocytic include neutrophils, monocytes, macrophages, and dendritic
cells.

* Lymphocytes are the key cells involved in the adaptive immune
response because they have antigen-specific receptors.

* CD stands for “clusters of differentiation,” which are proteins found on
cell surfaces that can be used for identification of specific cell types and
stages of differentiation.

* B cells are a type of lymphocyte that develop in the bone marrow and
are capable of secreting antibody when they mature into plasma cells.
They can be identified by the presence of CD19, CD20, and surface
antibody.

* T cells acquire their specificity in the thymus and consist of two
subtypes: CD4+, which are mainly Th or Treg cells, and CD8+, which
are Tc cells. The CD3 marker 1s present on all T-cell subtypes.

* NK cells are lymphocytes that arise from a lymphocyte precursor but do
not develop in the thymus. NK cells can kill virally infected or
cancerous target cells without previous exposure to them.

* In humans, the bone marrow and the thymus are considered the primary
lymphoid organs where lymphocytes mature. B cells remain in the bone
marrow to mature, whereas T cells develop their specific characteristics
in the thymus.

* The secondary lymphoid organs are the sites in which lymphocytes
come into contact with foreign antigens and become activated in the



adaptive immune response. Secondary lymphoid organs include the
spleen, lymph nodes, MALT, and CALT.



Study Guide: Cells of the Immune System

WHERE
CELL TYPE FOUND

Neutrophils 50%-70% of
circulating WBCs,
also in tissue

Eosinophils 1%—4% of circulating
WBCs

Basophils Less than 1% of
circulating WBCs

Mast cells Skin, connective
tissue, mucosal
epithelium

Monocytes 2%—-10% of
circulating WBCs

Macrophages Lungs, liver, brain,

bone, connective

tissue, other
tissues

Dendritic cells Skin, mucous

membranes, heart,
lungs, liver, kidney,

other tissues

Lymphocytes 20%—40% of

circulating WBCs;

FUNCTION

First responders to
infection,
phagocytosis

Kill parasites,
neutralize basophil
and mast cell
products, regulate
mast cells

Produce
inflammatory
mediators that
induce and
maintain allergic
reactions

Produce
inflammatory
mediators that
induce and
maintain allergic
reactions

Phagocytosis;
migrate to tissues
to become
macrophages

Phagocytosis; Kill
intracellular
parasites;
tumoricidal activity;
antigen
presentationto T
cells

Most potent type of
phagocytic cell;
most effective at

antigen m&

presentation

Key cells in adaptive
immune responses.



B lymphocytes

Plasma cell

T lymphocytes

NK cells

also found in lymph  Major types are T
nodes, spleen, cells, B cells, and
other secondary NK cells.
lymphoid organs

Develop in bone Key role in humoral
marrow and immune response.
migrate to Possess antibody
secondary receptors that bind
lymphoid organs. to specific antigen.

Found in peripheral  Mature into plasma
blood and follicles cells.
in lymph nodes and

spleen

Bone marrow; Secrete antibodies
germinal centers in  into blood and
secondary other body fluids

lymphoid organs

Mature in thymus. Key role in cell- »—
Also found in mediated immunity. @
peripheral blood Different subtypes

and secondary produce cytokines
lymphoid organs. that help or
Located in suppress adaptive

paracortex in lymph  and innate immune
nodes and PALS in  responses.
spleen.

Develop in bone Kill target cells such
marrow. Found in as tumors or virus-
peripheral blood, infected host cells
liver, and spleen. without prior

exposure



Comparison of T Cells, B Cells, and NK Cells

T CELLS B CELLS NK CELLS
Develop in the thymus Develop in the bone marrow Develop in the bone marrow
Found in lymph nodes, Found in bone marrow, Found in spleen, liver; 10%—
thoracic duct fluid spleen, lymph nodes; 15% of circulating lymphoid
60%—80% of circulating 10%—20% of circulating cells in blood
lymphocytes in blood lymphocytes in blood
Adaptive immunity: end Adaptive immunity: end Bridge innate and adaptive
products of activation are product of activation is immunity: lysis of virally
cytokines antibody infected cells and tumor
cells
Antigens include CD2, CD3, Antigens include CD19, Antigens include CD16,
CD4, and CD8 CD20, CD21, surface CD56
antibody

Primary and Secondary Lymphoid Organs
LYMPHOID ORGAN

CATEGORY ORGANS INVOLVED FUNCTION
Primary Bone marrow Produces HSCs; maturation
of B cells and NK cells
Thymus Maturation of T cells
Secondary Places where contact

between T cells, B cells,
and antigens occur

Spleen Filters blood

Lymph nodes Filter lymphatic fluid
MALT Protects mucosal surfaces
CALT Prevents antigens from

penetrating the skin

CASE STUDIES

1. A 13-year-old girl had her ears pierced at a small jewelry store in a
mall. Although she was instructed to clean the area around the
earrings with alcohol, she forgot to do so for the first 2 days. On the




third day, she noticed that the area around one earlobe was red and
slightly swollen.

Questions

a. Are the girl’s symptoms most likely caused by innate immunity or
adaptive immunity?

b. What types of cells would you expect to see in the affected earlobe
tissue?

2. You and a friend are discussing the relative merits of immunizations.
Your friend says that he doesn’t want to get a tetanus booster shot
because he has a good immune system and his natural defenses will
take care of any possible infection. You have just been studying this
subject in your immunology class.

Questions
a. What argument could you make to convince him that a tetanus
booster is a good idea?

b. What would you tell him about the types of cells involved in the
response to a vaccine?

REVIEW QUESTIONS

1. Pasteur’s discovery of attenuated vaccines is based on which of the
following principles?

a. Attenuated vaccines mainly stimulate the innate immune system.
b. Attenuated vaccines usually cause severe disease.

c. Attenuated pathogens are changed to become less virulent.

d. Attenuated pathogens are stronger than unchanged ones.

2. Which WBC is capable of further differentiation in tissues?

a. Neutrophil
b. Eosinophil
c. Basophil

d. Monocyte




. The cells that Metchnikoff first observed are associated with which
phenomenon?

a. Innate immunity

b. Adaptive immunity

¢. Humoral immunity

d. Specific immunity

. Where are all undifferentiated lymphocytes made?

a. Bone marrow
b. Spleen

c. Thymus

d. Lymph nodes

. How do NK cells differ from T cells?

a. NK cells are better at phagocytosis than T cells.
b. NK cells require the thymus for development, and T cells do not.
¢. Only NK cells are found in lymph nodes.

d. Only NK cells are able to kill target cells without prior exposure to
them.

. Which cell is the most potent phagocytic cell in the tissue?

a. Neutrophil

b. Dendritic cell
c. Eosinophil

d. Basophil

. The ability of an individual to resist infection by means of normally
present body functions is called

a. innate immunity.

b. humoral immunity.

c. adaptive immunity.

d. cross-immunity.




10.

11.

12.

. A cell characterized by a nucleus with two to five lobes, a diameter

of 10 to 15 pm, and a large number of neutral-staining granules is
identified as a(n)

a. eosinophil.

b. monocyte.

c. basophil.

d. neutrophil.

. Which of the following is a primary lymphoid organ?

a. Lymph node
b. Spleen

¢. Thymus

d. MALT

What type of cells would be found in a primary follicle?

a. Unstimulated B cells
b. Germinal centers

¢. Plasma cells

d. Memory cells

Which of the following is a distinguishing feature of B cells?

a. Act as helper cells

b. Presence of surface antibody

c. Able to kill target cells without prior exposure
d. Active in phagocytosis

Where do lymphocytes mainly come in contact with antigens?

a. Secondary lymphoid organs
b. Bloodstream

¢. Bone marrow

d. Thymus




13.

14.

15.

16.

17.

Which of the following is found on the T-cell subset known as
helpers?

a. CD19

b. CD4

c. CD8

d. CD56

Which of the following statements best characterizes adaptive
immunity?

a. Relies on normally present body functions

b. Response is similar for each exposure

c. Specificity for each individual pathogen

d. Involves only cellular immunity

The main function of T cells in the immune response is to

a. produce cytokines that regulate both innate and adaptive immunity.

b. produce antibodies.
c. participate actively in phagocytosis.
d. respond to target cells without prior exposure.

Which of the following is a function of antibodies?

a. Phagocytosis

b. Neutralization of bacterial toxins
c. Recruitment of macrophages

d. Activation of T cells

Immunity can be defined as

a. the study of medicines used to treat diseases.

b. a specific population at risk for a disease.

c. the condition of being resistant to disease.

d. the study of the noncellular portion of the blood.




18. A blood cell that has reddish-staining granules and is able to kill
large parasites describes
a. basophils.
b. monocytes.
c. neutrophils.
d. eosinophils.

19. Which of the following statements best describes a lymph node?

a. It is considered a primary lymphoid organ.
b. It removes old RBCs.

c. It collects fluid from the tissues.

d. It is where B cells mature.

20. Antigenic groups identified by different sets of antibodies reacting in
a similar manner to certain standard cell lines best describes
a. cytokines.
b. clusters of differentiation (CD).
c. neutrophilic granules.
d. opsonins.
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Innate Immunity
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LEARNING OUTCOMES

After finishing this chapter, you should be able to:

1. Differentiate between the external and internal defense systems.
2. Give examples of several external defense mechanisms.

3. Describe how normal flora act as a defense against pathogens.
4

. Define “pathogen-associated molecular pattern” (PAMP) and provide
some examples.

5. Discuss the role of pattern recognition receptors (PRRs) in both the
innate and adaptive immune responses.

6. Describe the function of Toll-like receptors (TLRs) in the immune
system.

7. Discuss the role of acute-phase reactants in the innate immune response.
8. Explain how each of the following acute-phase reactants contributes to
innate immunity: C-reactive protein (CRP), serum amyloid A (SAA),
complement, alpha;-antitrypsin (AAT), haptoglobin, fibrinogen, and

ceruloplasmin.
9. Determine the significance of abnormal levels of acute-phase reactants.
10. Describe the process of inflammation.
11. List the steps in the process of phagocytosis.

12. Discuss the intracellular mechanism for destruction of foreign particles
during the process of phagocytosis.

13. Explain the importance of phagocytosis in both innate and adaptive
immunity.



14. Explain how natural killer (NK) cells recognize target cells.
15. Describe two methods that NK cells use to kill target cells.

16. Discuss the defining characteristics and functions of innate lymphoid
cells (ILCs).
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Acute-phase reactants
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Antibody-dependent cellular cytotoxicity (ADCC)
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Diapedesis

External defense system
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Inflammation
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Oxidative burst

Pathogen-associated molecular patterns (PAMPs)
Pattern recognition receptors (PRRs)
Phagocytosis

Phagolysosome

Phagosome

Serum amyloid A (SAA)

Toll-like receptor (TLR)

Humans are protected by two systems of immunity—innate and adaptive—as
we discussed in Chapter 1. Innate immunity consists of the defenses against
infection that are ready for immediate action when a host is attacked by a
pathogen. If a pathogen manages to evade these defenses, there is a coordinated
series of interactions between various cells and molecules to destroy any



invading pathogens before disease can occur. These defenses are considered
nonadaptive or nonspecific; regardless of the infectious agent to which the
body is exposed, innate immunity produces the same response. Components of
innate immunity can be thought of as the first responders because they react
immediately to infectious agents. Adaptive immunity, in contrast, is a more
tailored response. It takes a longer time to be activated, but it is more specific
and longer lasting. The two systems, however, are highly interactive and
interdependent; innate immunity actually sets the stage for the more specific
and longer-lasting adaptive immune response.

The innate immune system is composed of two parts: the external defense
system and the internal defense system. The external defense system consists of
anatomical barriers designed to keep microorganisms from entering the body. If
these defenses are overcome, then the internal defense system is triggered
within minutes and clears invaders as quickly as possible. Internal defenses
include cellular responses that recognize specific molecular components of
pathogens. Both of these systems work together to promote phagocytosis. The
process of phagocytosis, as defined in Chapter 1, is the engulfment and
destruction of foreign cells or particles by leukocytes, macrophages, and other
cells. Importantly, phagocytosis and resulting inflammation bring cells and
humoral factors to the injured area, orchestrating the healing process. If healing
begins and inflammation is resolved as quickly as possible, the tissues are less
likely to be damaged. The innate immune system is so efficient that most
pathogens are destroyed before they ever encounter cells of the adaptive
immune response.

External Defense System

The external defense system is composed of physical, chemical, and
biological barriers that function together to prevent most infectious agents from
entering the body (Fig. 2—1). First and foremost are the unbroken skin and the
mucosal membrane surfaces. The outer layer of the skin, the epidermis,
contains several layers of tightly packed epithelial cells. These cells are coated
with a protein called keratin, making the skin impermeable to most infectious
agents. The outer skin layer is renewed every few days to keep it intact. The
dermis is a thicker layer just underneath the epidermis that is composed of
connective tissue with blood vessels, hair follicles, sebaceous glands, sweat
glands, and white blood cells (WBCs), including macrophages, dendritic cells,



and mast cells. To understand how important a role the skin plays, one has only
to consider how vulnerable victims of severe burns are to infection.

Not only does the skin serve as a major structural barrier, but the presence of
several secretions on the skin discourages the growth of microorganisms.
Lactic acid in sweat, for instance, and fatty acids from sebaceous glands
maintain the skin at a pH of approximately 5.6. This acidic pH keeps most
microorganisms from growing. In addition, human skin cells produce psoriasin,
a small protein that has antibacterial effects, especially against gram-negative
organisms such as Escherichia coli.

Additionally, each of the various organ systems in the body has its own
unique defense mechanisms. In the respiratory tract, mucous secretions block
the adherence of bacteria to epithelial cells. These secretions contain small
proteins called surfactants that are produced by the epithelial cells and bind to
microorganisms to help move pathogens out. The motion of the cilia that line
the nasopharyngeal passages clears away almost 90% of the deposited material.
The simple acts of coughing and sneezing also help to move pathogens out of
the respiratory tract. The flushing action of urine, plus its slight acidity, helps to
remove many potential pathogens from the genitourinary tract. Lactic acid
production in the female genital tract keeps the vagina at a pH of about 5,
which is another means of preventing the invasion of pathogens. In the
digestive tract, the stomach’s hydrochloric acid keeps the pH as low as 1. We
take in many microorganisms with food and drink, and the low pH serves to
halt microbial growth. Lysozyme—an enzyme found in many bodily secretions,
such as tears and saliva—attacks the cell walls of microorganisms, especially
those that are gram-positive.
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FIGURE 2-1 The external defense system.

In many locations of the human body, the presence of microbiota (formerly
known as normal flora) helps to keep pathogens from establishing themselves
in these areas. Microbiota consist of a mix of bacteria that are normally found
at specific body sites and do not typically cause disease. The significance of
microbiota 1s readily demonstrated by looking at the side effects of
antimicrobial therapy. For example, women who take an antibiotic for a urinary
tract infection (UTI) frequently develop a yeast infection because of the
presence of Candida albicans. In this case, antimicrobial therapy depletes not
only the pathogenic bacteria but also the microorganisms that ordinarily
compete with such opportunists that are normally present in very small
numbers. Interestingly, the dynamic and bilateral interaction between resident
microbes of the digestive tract (the gut microbiome) and the innate immune
system is now a focus of investigation with regard to therapies for systemic
diseases such as inflammatory bowel disease and metabolic syndrome.

Internal Defense System

If microorganisms do penetrate the barriers of the external defense system, the
innate immune system has additional mechanisms to destroy foreign invaders.
The internal defense system is composed of both cells and soluble factors that
have specific and essential functions. Cells that are capable of phagocytosis
play a major role in the internal defenses (see Chapter 1). Phagocytic cells
engulf and destroy most of the foreign cells or particles that enter the body; this



is the most important function of the internal defense system. Phagocytosis is
enhanced by specific receptors on cells that capture invaders through
identification of unique microbial substances. In addition, soluble factors called
acute-phase reactants act by several different mechanisms to facilitate contact
between microbes and phagocytic cells and to bind to and recycle important
proteins after the process of phagocytosis has taken place. Both cellular
receptors and soluble factors are described in more detail here.

Pattern Recognition Receptors

The internal defense system is designed to recognize molecules that are unique
to infectious organisms. Macrophages and dendritic cells constituting between
10% and 15% of the total cellular population in the tissues are the most
important cells involved in pathogen recognition. They are able to distinguish
pathogens from normally present molecules in the body by means of receptors
known as pattern recognition receptors (PRRs), which are also found on
neutrophils, eosinophils, monocytes, mast cells, and epithelial cells. These
receptors are encoded by the host’s genomic DNA and act as sensors for
extracellular infection. PRRs thus play a pivotal role as a second line of defense
if microorganisms penetrate the external barriers. Once these receptors bind to
a pathogen, phagocytic cells become activated and are better able to engulf and
eliminate microorganisms. Activated cells then secrete proinflammatory
cytokines and chemokines, chemical messengers that make capillaries more
permeable and recruit additional phagocytic cell types to the area of infection.
Cytokines and chemokines also trigger the adaptive immune response.

PRRs are able to distinguish self from nonself by recognizing substances,
known as pathogen-associated molecular patterns (PAMPs), which are only
found in microorganisms. Some examples of PAMPs include peptidoglycan in
gram-positive bacteria, lipopolysaccharide in gram-negative bacteria, zymosan
in yeast, and flagellin in bacteria with flagellae.

Charles Janeway’s discovery of the first receptor in humans, the Toll-like
receptor (TLR), had a major impact on the understanding of innate immunity.
Toll is a protein originally discovered in the fruit fly Drosophila, where it plays
an important role in innate immunity in the adult fly. Very similar molecules
were found on human leukocytes and some other cell types. The highest
concentration of TLRs occurs on monocytes, macrophages, and dendritic cells
(Fig. 2-2).

TLRs make up a large family of receptors strategically located in various
cellular compartments; some are found in the cytoplasm, whereas others are



found on cell surfaces (Table 2—1). TLR1, TLR2, TLR4, TLRS5, and TLR6 are
found on cell surfaces, whereas TLR3, TLR7, TLRS8, and TLR9 are found in
the endosomal compartment of a cell. Each of these receptors recognizes a
different microbial product. For example, TLR2 recognizes teichoic acid and
peptidoglycan found in gram-positive bacteria; TLR4 recognizes
lipopolysaccharide, which is found in gram-negative bacteria; and TLRS
recognizes bacterial flagellin (Fig. 2-3). The function of TLR10 is thought to
be anti-inflammatory.

TLRs are membrane-spanning glycoproteins that share a common structural
element called leucine-rich repeats (LRRs). Once TLRs bind to their particular
substances, host immune responses are rapidly activated by the production of
cytokines and chemokines. Neutrophils are recruited to the area because of
increased capillary permeability; in addition, macrophages and dendritic cells
become more efficient because of increased expression of adhesion molecules
on their cell surfaces. These processes enhance phagocytosis and, importantly,
provide a vital link between the innate and adaptive immune systems, which
work together to destroy most pathogens that humans are exposed to before
disease sets in. In addition to TLRs, there are several other families of receptors
that activate innate immune responses. One such family is the C-type lectin
receptor (CLR). CLRs are plasma membrane receptors found on monocytes,
macrophages, dendritic cells, neutrophils, B cells, and T-cell subsets. These
receptors bind to mannan and B-glucans found in fungal cell walls (see Chapter
22). Although the initial signaling pathway differs from TLRs, the end result is
the same—the production of cytokines and chemokines to eliminate microbes.

Other families of receptors that recognize pathogens include retinoic acid—
inducible gene-I-like receptors (RLRs) and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs). The RLR family recognizes RNA from
RNA viruses in the cytoplasm of infected cells and induces inflammatory
cytokines and type I interferons. Type I interferons inhibit viral replication and
induce apoptosis (cell death) in infected cells. NLRs provide immune
surveillance in the cytoplasm, where they bind ligands from microbial
pathogens, such as peptidoglycan, flagellin, viral RNA, and fungal hyphae.
NLRs also have the ability to form an inflammasome, a multiprotein unit that
can activate apoptotic (controlled-cell-death) proteins and proinflammatory
cytokines.
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FIGURE 2-2 Toll-like receptors on a WBC membrane. Each of the 10 different TLRs recognizes
a different pathogenic product. TLRs found on the cell surface tend to form dimers to increase
chances of binding to a foreign substance.



11-1:1:%744 8 The 10 Human Toll-Like Receptors

SUBSTANCE TARGET
RECEPTOR RECOGNIZED MICROORGANISM
TLR Receptors Found on Cell Surfaces
TLR1 Lipopeptides Mycobacteria
TLR2 Peptidoglycan, lipoproteins, zymosan Gram-positive bacteria,
mycobacteria, yeasts
TLR4 Lipopolysaccharide, fusion proteins, Gram-negative bacteria, respiratory
mannan syncytial virus, fungi
TLR5 Flagellin Bacteria with flagellae
TLR6 Lipopeptides, lipoteichoic acid, Mycobacteria, gram-positive
zymosan bacteria, yeasts

TLR Receptors Found in Endosomal Compartments

TLR3 Double-stranded RNA RNA viruses

TLR7 Single-stranded RNA RNA viruses

TLR8 Single-stranded RNA RNA viruses

TLR9 Double-stranded DNA DNA viruses, bacterial DNA
TLR10 Unknown Unknown
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FIGURE 2-3 (A) Digitally colored and negative stained transmission electron micrograph of the
influenza A virus, an RNA virus that TLR3, TLR7, and TLR8 recognize as foreign. (B) Scanning
electron micrograph of Staphylococcus aureus; gram-positive bacteria that are recognized by
the TLR2 receptor. (A. Courtesy of the CDC/FA Murphy, Public Health Image Library. B.
Courtesy of the CDC/Matthew Arduino, Public Health Image Library, DRPH.)



Pattern Recognition Receptors and Disease

Although PRRs are essential for protection against pathogens, inappropriate
PRR responses have been found to contribute to acute and chronic
inflammation as well as to systemic autoimmune diseases. For example,
mutations in NLRs may result in Crohn’s disease, a painful inflammatory
disease of the bowel. Additionally, in systemic lupus erythematosus, there is a
higher concentration of antibodies to self-nucleic acids, which activate
dendritic cells through TLRY. Therefore, a tight regulatory network of PRR
signaling is critical to ensure the elimination of invading pathogens while
avoiding harmful immune reactions that can cause pathology.

Acute-Phase Reactants

In addition to the cells and receptors that enhance the destruction of pathogens,
the internal defense system also consists of soluble factors called acute-phase
reactants that contribute to the innate immune response. Acute-phase
reactants are normal serum constituents that rapidly increase or decrease in
concentration because of infection, injury, or trauma to the tissues. Those that
increase are termed positive acute-phase reactants, whereas those that decrease,
such as albumin and transferrin, are known as negative acute-phase reactants.
In this chapter, we will discuss positive acute-phase reactants. Many of these
proteins act by binding to microorganisms and promoting adherence, the first
step in phagocytosis. Others help to limit destruction caused by the release of
proteolytic enzymes from WBCs as the process of phagocytosis takes place.
Some of the most important positive acute-phase reactants are C-reactive
protein (CRP), serum amyloid A (SAA), complement components, alpha,-

antitrypsin (AAT), haptoglobin, fibrinogen, and ceruloplasmin. They are
produced primarily by hepatocytes (liver parenchymal cells) within 12 to 24
hours in response to an increase in cytokines (see Chapter 6 for a complete
discussion of cytokines). The major cytokines involved in inflammation are
interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a),
all of which are produced by monocytes and macrophages. Table 2-2
summarizes characteristics of the main positive acute-phase reactants.

C-Reactive Protein

C-reactive protein (CRP) is a trace constituent of serum originally thought to
be an antibody to the C-polysaccharide of pneumococci. It was discovered by



Tillet and Francis in 1930 when they observed that serum from patients with
Streptococcus pneumoniae infection precipitated with a soluble extract of the
bacteria. Now CRP is known to have a more generalized role in innate
immunity.

CRP has a molecular weight of between 118,000 and 144,000 daltons and
has a structure that consists of five identical subunits held together by
noncovalent bonds. It is a member of the family known as the pentraxins, all of
which are proteins with five subunits. CRP acts somewhat similar to an
antibody because it is capable of opsonization (the coating of foreign particles),
agglutination, precipitation, and activation of complement by the classical
pathway. However, binding is calcium-dependent and nonspecific. The main
substrate is phosphocholine, a common constituent of microbial membranes.
CRP also binds to small ribonuclear proteins; phospholipids; peptidoglycan;
and other constituents of bacteria, fungi, and parasites. In addition, CRP
promotes phagocytosis by binding to specific receptors found on monocytes,
macrophages, and neutrophils. Thus, CRP can be thought of as a primitive,
nonspecific form of an antibody molecule that is able to act as a defense against
microorganisms or foreign cells until specific antibodies can be produced.



Characteristics of Acute-Phase Reactants

NORMAL
RESPONSE CONCENTRATION
PROTEIN TIME (HR) (MG/DL) INCREASE FUNCTION
C-reactive 4-6 0.5 1,000X Opsonization,
protein complement

activation

Serum amyloid 24 5 1,000X Activates

A monocytes

and
macrophages

Alphagantitrypsin 24 200400 2-5X Protease
inhibitor

Fibrinogen 24 200-400 2-5X Clot formation

Haptoglobin 24 40-290 2-10X Binds
hemoglobin

Ceruloplasmin  48-72 20-40 2X Binds copper
and oxidizes
iron

Complement C3 48-72 60-140 2X Opsonization,
lysis

CRP is a relatively stable serum protein, with a half-life of about 18 hours. It
increases rapidly, within 4 to 6 hours following infection, surgery, or other
trauma to the body. Levels increase dramatically, as much as a hundredfold to a
thousand-fold, reaching a peak value within 48 hours. CRP also declines
rapidly with cessation of the stimuli. Elevated levels are found in conditions
such as bacterial infections, rheumatic fever, viral infections, malignant
diseases, tuberculosis, and after a heart attack. Additionally, the median CRP
value for an individual increases with age, reflecting an increase in subclinical
inflammatory conditions.

Because the levels rise and then decline so rapidly, CRP is the most widely
used indicator of acute inflammation. Although CRP is a nonspecific indicator
of disease or trauma, monitoring of its levels can be useful clinically to follow a
disease process and observe the response to treatment of inflammation and
infection. It is a nonsurgical means of following the course of malignancy and
organ transplantation because a rise in the level may mean a return of the
malignancy or, in the case of transplantation, the beginning of organ rejection.
CRP levels can also be used to monitor the progression or remission of



autoimmune diseases. Laboratory assays for CRP are sensitive, reproducible,
and relatively inexpensive.

Clinical Correlations

CRP and Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease characterized by inflammation of the
joints. CRP is often used to monitor patients with RA because the CRP concentration reflects
the intensity of the inflammatory response. CRP levels decrease when therapy is successful
in reducing inflammation.

CRP has also received attention as a risk marker for cardiovascular disease.
In accord with the finding that atherosclerosis (coronary artery disease) may be
the result of a chronic inflammatory process, an increased level of CRP has
been shown to be a significant risk factor for myocardial infarction, ischemic
stroke, and peripheral vascular disease in men and women who are at an
intermediate risk for cardiovascular disease. When inflammation is chronic,
increased amounts of CRP react with endothelial cells that line blood vessel
walls, predisposing them to vasoconstriction, platelet activation, thrombosis
(clot formation), and vascular inflammation.

The ability to monitor CRP is significant because cardiovascular disease is
the number-one cause of mortality in the United States and the world today.
The Centers for Disease Control and Prevention (CDC) has recommended that
a serum CRP concentration of lower than 1 mg/L is associated with a low risk
for cardiovascular disease, 1 to 3 mg/L is associated with an average risk, and
greater than 3 mg/L is associated with a high risk. Normal levels in adults range
from approximately 0.47 to 1.34 mg/L. The mean CRP level for people with no
coronary artery disease is 0.87 mg/L. Thus, monitoring of CRP is now an
established clinical tool to evaluate subtle chronic systemic inflammation, and
when used in conjunction with traditional clinical laboratory methods, it may
be an important preventative measure in determining the potential risk of heart
attack or stroke. High-sensitivity CRP testing has the necessary lower level of
detection of 0.01 mg/L, which enables measurement of much smaller increases
than the traditional latex agglutination screening test.

One clinically relevant property of CRP is that it is easily destroyed by
heating serum to 56°C for 30 minutes. The destruction of CRP is often
necessary in the laboratory because it may interfere with certain tests for the
presence of antibodies.



Serum Amyloid A

Serum amyloid A (SAA) is the other major protein besides CRP whose
concentration can increase almost a thousand-fold in response to infection or
injury. It is an apolipoprotein that is synthesized in the liver and has a
molecular weight of 11,685 daltons. Normal circulating levels are
approximately 5 to 8 ug/mL. In plasma, SAA has a high affinity for high-
density lipoprotein (HDL) cholesterol and is transported by HDL to the site of
infection. SAA appears to act as a chemical messenger, similar to a cytokine,
and it activates monocytes and macrophages to produce products that increase
inflammation. It has been found to increase significantly more in bacterial
infections than in viral infections. Levels reach a peak between 24 and 48 hours
after an acute infection. SAA can also be increased because of chronic
inflammation, atherosclerosis, and cancer. Because SAA has been found in
atherosclerotic lesions, it i1s thought to contribute to localized inflammation in
coronary artery disease. Elevated levels may predict a worse outcome for the
patient.

Complement

Complement refers to a series of serum proteins that are normally present and
contribute to inflammation. Nine complement proteins are activated by bound
antibodies in a sequence known as the classical pathway; additional numbers
are involved in the alternative pathway that is triggered by the presence of
microorganisms. The major functions of complement are opsonization,
chemotaxis, and lysis of cells. Complement is discussed in detail in Chapter 7.

Complement

The complement protein C5a is a potent anaphylatoxin and chemotaxin. As such, Cb5a
functions to increase vascular permeability and to attract WBCs to the site of inflammation.

Alphaq-Antitrypsin

Alpha;-antitrypsin (AAT) is a 52-kD protein that is primarily synthesized in
the liver. It is the major component of the alpha band when serum is
electrophoresed. Although the name implies that it acts against trypsin, it is a
general plasma inhibitor of proteases released from leukocytes. Elastase, one

such protease, is an enzyme secreted by neutrophils during inflammation that
can degrade elastin and collagen. In chronic pulmonary inflammation, elastase



activity damages lung tissue. Thus, AAT acts to counteract the effects of
neutrophil invasion during an inflammatory response. It also regulates the
expression of proinflammatory cytokines such as TNF-a, interleukin-1f, and
interleukin-6, mentioned previously. Therefore, activation of monocytes and
neutrophils is inhibited, limiting the harmful side effects of inflammation.

AAT deficiency can result in premature emphysema, especially in
individuals who smoke or who have frequent exposure to noxious chemicals. In
such a deficiency, uninhibited proteases remain in the lower respiratory tract,
leading to destruction of parenchymal cells in the lungs and to the development
of emphysema or idiopathic pulmonary fibrosis. It has been estimated that as
many as 100,000 Americans suffer from this deficiency, although many of
them are undiagnosed. There are at least 75 alleles of the gene coding for AAT,
and 17 of these are associated with low production of the enzyme. One variant
gene for AAT is responsible for a complete lack of production of the enzyme;
individuals who inherit this gene are at risk of developing liver disease and
emphysema. Homozygous inheritance of this particular gene may lead to the
development of cirrhosis, hepatitis, or hepatoma in early childhood. The only
treatment is a liver transplant.

AAT can also react with any serine protease, such as proteases generated by
the triggering of the complement cascade or fibrinolysis. Once bound to AAT,
the protease is completely inactivated and is subsequently removed from the
area of tissue damage.

Haptoglobin
Haptoglobin is an alpha,-globulin with a molecular weight of 100,000 daltons.

It binds irreversibly to free hemoglobin released by intravascular hemolysis.
Haptoglobin thus acts as an antioxidant to provide protection against oxidative
damage mediated by free hemoglobin. Once bound, the complex is cleared
rapidly by macrophages in the liver. A two- to tenfold increase in haptoglobin
can be seen following inflammation, stress, or tissue necrosis. Early in the
inflammatory response, however, haptoglobin levels may drop because of
intravascular hemolysis, consequently masking the protein’s behavior as an
acute-phase reactant. Thus, plasma levels must be interpreted in light of other
acute-phase reactants. Normal plasma concentrations range from 40 to 290
mg/dL.

Fibrinogen

Fibrinogen is an acute-phase protein involved in the coagulation pathway. A
small portion is cleaved by thrombin to form fibrils that make up a fibrin clot.



The molecule is a dimer with a molecular weight of 340,000 daltons. Normal
levels range from 200 to 400 mg/dL. The clot increases the strength of a wound
and stimulates endothelial cell adhesion and proliferation, which are critical to
the healing process. Formation of a clot creates a barrier that helps prevent the
spread of microorganisms further into the body. Fibrinogen makes blood more
viscous and serves to promote aggregation of red blood cells (RBCs) and
platelets. Increased levels may contribute to an increased risk for developing
coronary artery disease.

Ceruloplasmin

Ceruloplasmin consists of a single polypeptide chain with a molecular weight
of 132,000 daltons. It is the principal copper-transporting protein in human
plasma, binding more than 70% of the copper found in plasma by attaching six
cupric ions per molecule. Additionally, ceruloplasmin acts as an enzyme,
converting the toxic ferrous ion (Fe®") to the nontoxic ferric form (Fe3"). The
normal plasma concentration for adults 1s 20 to 40 mg/dL.

A depletion of ceruloplasmin is found in Wilson’s disease, an autosomal
recessive genetic disorder characterized by a massive increase of copper in the
tissues. Normally, circulating copper is absorbed out of the circulation by the
liver and either combined with ceruloplasmin and returned to the plasma or
excreted into the bile duct. In Wilson’s disease, copper accumulates in the liver
and subsequently in other tissues, such as the brain, corneas, kidneys, and
bones. Treatment involves long-term chelation therapy to remove the copper or
a liver transplant.

Inflammation

When pathogens breach the outer barriers of innate immunity, both cellular and
humoral mechanisms are involved in a complex, highly orchestrated process
known as inflammation. Inflammation can be defined as the body’s overall
reaction to injury or invasion by an infectious agent. Each individual reactant
plays a role in initiating, amplifying, or sustaining the reaction, and a delicate
balance must be maintained for the process to be quickly and efficiently
resolved. The four cardinal signs or clinical symptoms of inflammation are
redness (erythema), swelling (edema), heat, and pain. Major events that occur
rapidly after tissue injury are as follows:

1. Release of chemical mediators such as histamine from injured mast cells,
which causes dilation of the blood vessels. This results in increased blood



flow to the affected area, producing redness and heat.

2. Increased capillary permeability caused by contraction of the endothelial
cells lining the vessels. The increased permeability of the vessels allows
fluids in the plasma to leak into the tissues, resulting in the swelling and
pain associated with inflammation.

3. Migration of WBCs, mainly neutrophils, from the capillaries to the
surrounding tissue in a process called diapedesis. As the endothelial cells
of the vessels contract, neutrophils move through the endothelial cells of
the vessel and out into the tissues. Soluble mediators, which include acute-
phase reactants, chemokines, and cytokines, act as chemoattractants to
initiate and control the response. Neutrophils are mobilized within 30 to 60
minutes after the injury, and their emigration may last 24 to 48 hours.

4. Migration of macrophages to the injured area. Migration of macrophages
and dendritic cells from surrounding tissue occurs several hours later and
peaks at 16 to 48 hours.

5. Acute-phase reactants stimulate phagocytosis of microorganisms.
Macrophages, neutrophils, and dendritic cells all attempt to clear the area
through phagocytosis; in most cases, the healing process is completed with
a return to normal tissue structure (Fig. 2—4).

The acute inflammatory response acts to combat the early stages of infection
and also begins a process that repairs tissue damage. However, when the
inflammatory process becomes prolonged, it is said to be chronic. The failure
to remove microorganisms or injured tissue may result in continued tissue
damage and loss of function.

Inflammation and Disease

Although inflammation is essential to the body’s defense against pathogens, prolonged
inflammation can cause harm to the host. The tissue damage resulting from chronic
inflammation is the basis for the pathogenesis of many autoimmune diseases, in which the
body mounts an immune response against self-antigens.



1. | Resident macrophages and mast cells at the
site of infection release chemokines that cause
vasodilation and induce selectins.

. | Selectins loosely bind circulating leukocytes
and cause them to roll along the vascular wall.

. | Chemokine-induced integrins on the leukocytes
bind firmly to the endothelial cells

. | Integrins enable the leukocytes to crawl between
endothelial cells (diapedesis).

. | Leukocytes then follow the chemokine
concentration gradient to the site of infection
{chemotaxis).
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FIGURE 2-4 Local inflammatory events.

Phagocytosis

The main purpose of the inflammatory response is to attract cells to the site of
infection and remove foreign cells or pathogens by means of phagocytosis.
Although the acute-phase reactants enhance the process of phagocytosis, it is
the cellular elements of the internal defense system that play the major role.
The cells that are most active in phagocytosis are neutrophils, monocytes,
macrophages, and dendritic cells, as discussed in Chapter 1.

Once the WBCs are attracted to the area, the actual process of phagocytosis
consists of seven main steps (Fig. 2—-5):

1. Physical contact between the WBC and the foreign cell

2. Outflowing of the cytoplasm to surround the microorganism

3. Formation of a phagosome

4. Fusion of lysosomal granules with the phagosome

5. Formation of the phagolysosome with release of lysosomal contents
6. Digestion of microorganisms by hydrolytic enzymes

7. Release of debris to the outside of the cell by exocytosis



Physical contact occurs as neutrophils bind loosely to adhesion molecules
called selectins on the endothelial cells lining the blood vessels. This causes the
neutrophils to roll along the vascular wall in a random pattern until they
encounter the site of injury or infection. They adhere firmly to adhesion
molecules on the endothelial cell wall called integrins and penetrate through to
the tissue by means of diapedesis. This adhering process is aided by
chemotaxis, whereby cells are attracted to the site of inflammation by chemical
substances such as soluble bacterial factors or acute-phase reactants, including
complement components and CRP. Macrophages and dendritic cells already
reside in the tissues. Receptors on neutrophils, macrophages, and dendritic cells
bind to certain molecular patterns on a foreign particle surface, as discussed
previously. This binding process is enhanced by opsonins, a term derived from
the Greek word meaning “to prepare for eating.” Opsonins are serum proteins
that attach to a foreign cell or pathogen and help prepare it for phagocytosis.
CRP, complement components, and antibodies are all important opsonins.
Opsonins may act by neutralizing the surface charge on the foreign particle,
making it easier for the cells to approach one another. In addition to receptors
for pathogens themselves, phagocytic cells also have receptors for
immunoglobulins and complement components, which aid in contact and in
initiating ingestion (see Chapters 5 and 7).

Once contact with surface receptors occurs, phagocytic cells secrete
chemoattractants such as cytokines and chemokines that recruit additional cells
to the site of infection. Neutrophils are followed by monocytes, after which
macrophages and dendritic cells arrive at the site. Macrophages and dendritic
cells are not only able to ingest whole microorganisms, but they can also
remove injured or dead host cells.

After attachment to a foreign cell or pathogen has occurred, the cell
membrane invaginates, and pseudopodia (outflowing of cytoplasm) surround
the pathogen. The pseudopodia fuse to completely enclose the pathogen,
forming a structure known as a phagosome. The phagosome is moved toward
the center of the cell. Lysosomal granules quickly migrate to the phagosome,
and fusion between granules and the phagosome occurs. At this point, the fused
elements are known as a phagolysosome. The granules contain lysozyme,
myeloperoxidase, and other proteolytic enzymes. The contents of the granules
are released into the phagolysosome, and digestion occurs. Any undigested
material is excreted from the cells by exocytosis. Heavily opsonized particles
are taken up in as little as 20 seconds, and killing is almost immediate.



1. | Adherence: physical contact between the
phagoeytic cell and the microorganism occurs,
aided by opsonins.

2. | Engulfment: outflowing of cytoplasm to surround
the microorganism.

3. | Formation of phagosome: microorganism is
completely surrounded by a part of the cell
membrane.

4. | Granule contact: lysosomal granules contact
and fuse with the phagosome.

5, | Formation of the phagolysosome: contents of the
lysosome are emptied into this membrane-bound
space.

6. | Digestion of the microorganism by hydrolytic
enzymes,

7. | Excretion: contents of phagolysosome are expelled
to the outside by exocytosis.

FIGURE 2-5 Steps involved in phagocytosis.

The elimination of pathogens actually occurs by two different processes: an
oxygen-dependent pathway and an oxygen-independent pathway. In the
oxygen-dependent process, an increase in oxygen consumption, known as the
oxidative burst, occurs within the cell as the pseudopodia enclose the particle
within a vacuole. This mechanism generates considerable energy through
oxidative metabolism. The hexose monophosphate shunt is used to change
nicotinamide adenine dinucleotide phosphate (NADP) to its reduced form by
adding a hydrogen atom. Electrons then pass from NADPH to oxygen in the
presence of NADPH oxidase, a membrane-bound enzyme that is only activated
through conformational change triggered by microbes themselves. A radical
known as superoxide (O,") is then formed. Superoxide is highly toxic but can

be rapidly converted to even more lethal products. By adding hydrogen ions,
the enzyme superoxide dismutase (SD) converts superoxide to hydrogen
peroxide or the hydroxyl radical *OH.

Hydrogen peroxide has long been considered an important bactericidal agent
and is more stable than any of the free radicals. Its antimicrobial effect is
further enhanced by the formation of hypochlorite ions through the action of
the enzyme myeloperoxidase in the presence of chloride ions. Hypochlorite is a
powerful oxidizing agent and is highly toxic for microorganisms. It is the main
component of household bleach used to disinfect surfaces (Fig. 2—6).

NADPH oxidase also plays a major role in the oxygen-independent pathway.
NADPH oxidase depolarizes the membrane when fusion with the phagosome



occurs, allowing hydrogen and potassium ions to enter the vacuole. This alters
the pH, which in turn activates proteases that contribute to microbial
elimination. Some of these lytic enzymes include small cationic proteins called
defensins. When defensins are released from lysosomal granules, they are able
to cleave segments of bacterial cell walls without the benefit of oxygen.
Defensins kill a wide spectrum of organisms, including both gram-positive and
gram-negative bacteria, many fungi, and some viruses. Cathepsin G is another
example of a protein that is able to damage bacterial cell membranes. Chapter 1
lists some of the contents of neutrophil granules.

The importance of NADPH oxidase in the elimination of microbes is
demonstrated by the fact that a lack of it may lead to an increased susceptibility
to infection. Patients with chronic granulomatous disease have a genetic
mutation that causes a defect in NADPH oxidase, resulting in an inability to
kill bacteria during the process of phagocytosis. Individuals with this disease
suffer from recurring, severe bacterial infections (see Chapter 19).

Following phagocytosis, macrophages and dendritic cells mature and are
able to process peptides from pathogens for presentation to T cells. T cells then
interact with B cells to produce antibodies (see Chapter 4 for details). Because
T cells are not able to respond to intact pathogens, phagocytosis is a crucial link
between the innate and the adaptive immune systems.
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FIGURE 2-6 Creation of oxygen radicals in the phagocytic cell. The hexose monophosphate
(HMP) shunt reduces NADP+ to NADPH. NADPH reduces oxygen to superoxide (202-) when

the NADPH oxidase complex (NOC) is assembled in the membrane of the phagolysosome.
Superoxide dismutase (SD) catalyzes the conversion of superoxide to hydrogen peroxide

(H202). Myeloperoxidase (MPO) catalyzes the formation of hypochlorite (OCI™), a very powerful

oxidizing agent. Hydroxyl radicals (*OH), which are also powerful oxidizing agents, may also be
formed if iron ions are present.

Action of Natural Killer Cells

Another important cellular defense that is part of innate immunity is the action
of natural killer (NK) cells. Although phagocytosis is important in eliminating
infectious agents, NK cells represent the first line of defense against virally
infected cells, tumor cells, and cells infected with other intracellular pathogens.
NK cells have the ability to recognize damaged cells and to eliminate such
target cells without prior exposure to them. The fact that they lack specificity in
their response is essential to their function as early defenders against
pathogens. By quickly engaging infected target cells, NK cells give the immune
system time to activate the adaptive response of specific T and B cells.

NK Cells and Defense Against Tumors



NK cells are thought to play a key role in immunosurveillance by continually patrolling the
body for cancerous cells and eliminating them before they become clinically apparent.

NK cell activity is enhanced by exposure to cytokines such as interleukin-12,
interferon-a, and interferon-f. Because these cytokines rise rapidly during a
viral infection, NK cells are able to respond early during an infection, and their
activity peaks in about 3 days, well before antibody production or a naive
cytotoxic T-cell response. They localize in the tissues in areas where
inflammation is occurring and where dendritic cells are found. Once activated,
NK cells themselves become major producers of cytokines such as interferon-
gamma (IFN-y) and TNF-a that help to recruit T cells. In addition, NK cells
release various colony-stimulating factors that act on developing granulocytes
and macrophages. Thus, the actions of NK cells have a major influence on both
innate and adaptive immunity.

Mechanism of Cytotoxicity

NK cells constantly monitor the body for potential target cells by contacting
them through two main classes of binding receptors on their surface: inhibitory
receptors, which deliver inhibitory signals, and activating receptors, which
deliver signals to activate the cytotoxic mechanisms. The balance between
activating and inhibitory signals enables NK cells to distinguish healthy cells
from infected or cancerous ones.

The inhibitory signal 1s based on recognition of class I major
histocompatibility complex (MHC) proteins, which are expressed on all healthy
cells (see Chapter 3 for details). If NK cells react with class I MHC proteins,
then the natural killing process is inhibited. Examples of this type of inhibitory
receptor include killer cell immunoglobulin-like receptors (KIRs) and
CD94/NKG2A receptors, both of which bind class | MHC molecules.

Diseased and cancerous cells may lose their ability to produce MHC
proteins. NK cells are thus triggered by a lack of MHC antigens, sometimes
referred to as recognition of “missing self.” This lack of inhibition appears to
be combined with an activating signal switched on by the presence of proteins
produced by cells under stress, namely, those cells that are cancerous or
infected with a pathogen.

Examples of activating receptors that bind stress proteins are CD16 and
NKG2D. If an inhibitory signal is not received when binding to activating
receptors occurs, then NK cells release substances called perforins and
granzymes (Fig. 2—7). These substances are released into the space between the
NK cell and the target cell. Perforins are proteins that form channels (pores) in



the target cell membrane. Granzymes are packets of enzymes that may enter
through the channels and mediate cell lysis. The elimination of target cells can
occur in as little as 30 to 60 minutes. Thus, depending on the signals, the NK
cell either proceeds to activate cell destruction or detaches and moves on to
search for another target cell.

Inhibition

NK cell Target cell Na killing

Activation

NK cell Virally infected Apoptosis
target cell

NK cell Antibody-coated Apoptosis
target cell

FIGURE 2-7 Actions of NK cells. NK cells are constantly surveying cells in the body. (A) If class |
MHC protein is present and there are no foreign or stress proteins, then an inhibitory signal is
sent to the NK cell, no killing occurs, and the normal cell is released. (B) If an activating receptor
is engaged by a foreign or stress protein and class | MHC is altered or missing (“missing self’),
then no inhibitory signal is given, granzymes and perforins are released, and the infected or
diseased cell is eliminated by apoptosis. (C) Alternatively, infected cells may express foreign
proteins on their surface that are recognized by antibody. NK cells express CD16 receptors that
bind the immobilized antibody and activate the release of perforins and granzymes (antibody-
dependent cellular cytotoxicity).

Antibody-Dependent Cellular Cytotoxicity

A second method of destroying target cells is also available to NK cells. NK
cells recognize and lyse antibody-coated target cells through a process called
antibody-dependent cellular cytotoxicity (ADCC) (see Fig. 2—7). Binding
occurs through the surface receptors, CD16 (Fcylll) and CD32 (FcyRIIC),
which bind to the Fc portion of human immunoglobulins. Lysis of the target
cell requires contact with the NK cell, followed by release of cytotoxic



granules. Target cell destruction occurs outside of the NK cell and does not
involve phagocytosis or complement fixation. ADCC is recognized as an
important contributor to the anti-tumor activity of many monoclonal antibodies
used as tumor immunotherapy (see Chapter 17). However, this method is not
unique to NK cells, as monocytes, macrophages, and neutrophils also exhibit
such receptors and act in a similar manner. Nonetheless, the overall importance
of NK cells as a defense mechanism is demonstrated by the fact that patients
who lack these cells have recurring, serious viral infections and an increased
incidence of tumors.

Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are a growing family of immune cells that
develop from the common lymphoid progenitor but do not express markers of
the lymphocyte lineage. ILCs are found predominantly at mucosal sites and
contribute to the innate response to infectious agents at these sites through the
rapid release of immunoregulatory cytokines. One key example of the role of
ILCs in the innate immune response is through their secretion of IFN-y. This
cytokine activates the production of reactive oxygen species, such as
superoxide and hydrogen peroxide, in phagocytic cells to be used in the
oxidative burst.

SUMMARY

* Innate immunity encompasses all the body’s normally present defense
mechanisms for resisting disease. It is characterized by lack of antigen
specificity, no need for a prior exposure to antigen, and a similar response
with each exposure.

» External defenses include structural barriers such as skin, mucous
membranes, cilia, and secretions such as lactic acid and lysozyme, that
keep microorganisms from entering the body.

* Internal defenses include both cells capable of phagocytosis and acute-
phase reactants that enhance the process of phagocytosis. Cells that are
most active in phagocytosis include neutrophils, monocytes, macrophages,
and dendritic cells.

* PRRs are molecules on host cells that recognize substances found only on
pathogens. They are found on neutrophils, monocytes, eosinophils, mast



cells, and dendritic cells. Once receptors bind a pathogen, phagocytosis can
take place.

 Importantly, all PRRs play a critical role in not just the innate immune
response, but also in the establishment of an adaptive immune response,
acting as a bridge between the two arms of the immune system.

* PAMPs are molecules found only on pathogens but not on host cells,
allowing the host cells to distinguish them from self. They are recognized
by the PRRs.

* Positive acute-phase reactants are serum proteins that increase rapidly in
response to infection or injury. They include CRP, SAA, complement
components, AAT, haptoglobin, fibrinogen, and ceruloplasmin.

* CRP is the acute-phase reactant that is most widely monitored by the
laboratory; it increases 100 to 1,000 times in response to infection or
trauma, acts as an opsonin, and is able to fix complement.

 Acute-phase reactants increase the likelihood of phagocytosis of pathogens
and help healing occur.

* The first step in phagocytosis is physical contact between the phagocytic
cell and the foreign particle.

* Cytoplasm flows around the foreign particle to form a phagosome. Fusion
of the phagosome with lysosomal granules creates a phagolysosome. Inside
this structure, enzymes such as lysozyme and myeloperoxidase are released
and the foreign particle is digested.

* Creation of hypochlorite and hydroxyl ions, which damage protein
irreversibly, occurs in the oxygen-dependent phase of phagocytosis.

* Phagocytosis must occur before the specific immune response can be
initiated, so this process is essential to both innate and adaptive immunity.

* Inflammation is the body’s response to injury or invasion by a pathogen. It
1s characterized by increased blood supply to the affected area, increased
capillary permeability, migration of neutrophils to the surrounding tissue,
and migration of macrophages to the injured area.

* The process by which cells are attracted to the area of infection is called
chemotaxis.

* NK cells are able to kill target cells that are infected with a virus or other
intracellular pathogen. They also recognize and destroy malignant cells.

* The action of NK cells does not require prior exposure and is nonspecific.
NK cells recognize a lack of class | MHC protein found on normal cells.
This capability is called recognition of missing self.

* NK cells bind to and kill any antibody-coated target cells, such as cancer
cells and virus-infected cells.



* NK cells represent an important link between the innate and adaptive
immune systems.

* ILCs rapidly secrete cytokines that can activate other innate cells,
specifically phagocytic cells.

Study Guide: Mechanisms of Innate Immunity

TYPE OF

DEFENSE EXAMPLE FUNCTION

External

Internal

Skin and mucous Biological barriers

membranes
Lactic acid
Cilia
Stomach acid
Urine
Lysozyme

Microbiota
(normal flora)

WBCs

Pattern
recognition

receptors (e.g.,

TLRs)

Acute-phase
reactants

Reduces growth of microorganisms
Move pathogens out of respiratory tract
Low pH keeps pathogens from growing
Flushes out pathogens from the body
Attacks cell walls of pathogens

Compete with pathogens
Produce antimicrobial peptides

Produce cytokines and chemokines
Neutrophils, macrophages, and dendritic cells participate in
phagocytosis and inflammation

NK cells destroy target cells using granzymes and perforins

Help phagocytic cells recognize pathogens

Recruit WBCs for phagocytosis
Coat pathogens to enhance phagocytosis
Remove debris

CASE STUDIES

1. A 45-year-old male named Rick went to his physician for an annual
checkup. Although he was slightly overweight, his laboratory results
indicated that both his total cholesterol and his HDL cholesterol were
within normal limits. His fibrinogen level was 450 mg/dL, and his CRP
level was 3.5 mg/dL. His physical examination was perfectly normal.
The physician cautioned Rick that he might be at risk for a future heart




attack, and he counseled him to be sure to exercise and eat a healthy,
low-fat diet. Rick’s wife told him that as long as his cholesterol level was
normal, he didn’t have anything to worry about.

Question

a. Who is correct? Explain your answer.

2. A 20-year-old female college student went to the infirmary with
symptoms of malaise, fatigue, sore throat, and a slight fever. A complete
blood count (CBC) was performed, and both the RBC and WBC count
were within normal limits. A normal WBC count ruled out the possibility
of a bacterial infection. A rapid strep test was performed, which was
negative. A rapid screening test for infectious mononucleosis was
indeterminate (neither positive nor negative), whereas a slide
agglutination test for CRP was positive. Results of a semiquantitative
CRP determination indicated an increased level of approximately 20
mg/dL. The student was advised to return in a few days for a repeat
mono test.

Questions

a. What conditions might cause a rise in CRP?

b. Would an increase in CRP be consistent with the possibility of
infectious mononucleosis?

REVIEW QUESTIONS

1. The enhancement of phagocytosis by coating of foreign particles with
serum proteins is called

a. opsonization.
b. agglutination.
¢. extravasation.
d. Chemotaxis.

2. Which of the following plays an important role as an external defense
mechanism?

a. Phagocytosis

b. C-reactive protein



¢. Lysozyme
d. Complement

. The process of inflammation is characterized by all of the following
except

a. increased blood supply to the area.

b. migration of WBCs.

c. decreased capillary permeability.

d. increase of acute-phase reactants.

. Skin, lactic acid secretions, stomach acidity, and the motion of cilia
represent which type of immunity?

a. Innate

b. Cross

c. Adaptive

d. Auto

. The structure formed by the fusion of engulfed material and enzymatic
granules within the phagocytic cell is called a

a. phagosome.

b. lysosome.

c. vacuole.

d. phagolysosome.

. The presence of human microbiota (normal flora) acts as a defense
mechanism by which of the following methods?

a. Maintaining an acid environment

b. Competing with potential pathogens

c. Keeping phagocytes in the area

d. Coating mucosal surfaces

. Measurement of CRP levels can be used for all of the following except

a. monitoring drug therapy with anti-inflammatory agents.
b. tracking the progress of an organ transplant.
c. diagnosis of a specific bacterial infection.




10.

11.

12.

13.

d. determining active phases of rheumatoid arthritis.

. Pattern recognition receptors act by

a. recognizing molecules common to both host cells and pathogens.
b. recognizing molecules that are unique to pathogens.

c. helping to spread infection because they are found on pathogens.
d. all recognizing the same pathogens.

. Which of the following are characteristics of acute-phase reactants?

a. Rapid increase following infection

b. Enhancement of phagocytosis

c. Nonspecific indicators of inflammation
d. All of the above

Which is the most potent agent formed in the phagolysosome for the
elimination of microorganisms?

a. Proteolytic enzymes

b. Hydrogen ions

¢. Hypochlorite ions

d. Superoxide

Which acute-phase reactant helps to prevent the formation of peroxides
and free radicals that may damage tissues?

a. Haptoglobin

b. Fibrinogen

c. Ceruloplasmin

d. Serum amyloid A

Which statement best describes TLRs?

a. They protect adult flies from infection.

b. They are found on all host cells.

c. They only play a role in adaptive immunity.
d. They enhance phagocytosis.

The action of CRP can be distinguished from that of an antibody because




14.

15.

16.

a. CRP acts before the antibody appears.

b. only the antibody triggers the complement cascade.
c. binding of the antibody is calcium-dependent.

d. only CRP acts as an opsonin.

How does innate immunity differ from adaptive immunity?

a. Innate immunity requires prior exposure to a pathogen.

b. Innate immunity depends upon normally present body functions.
c. Innate immunity develops later than adaptive immunity.

d. Innate immunity is more specific than adaptive immunity.

A 40-year-old male who is a smoker develops symptoms of premature
emphysema. The symptoms may be caused by a deficiency of which of
the following acute-phase reactants?

a. Haptoglobin

b. Alpha-antitrypsin

c. Fibrinogen

d. Ceruloplasmin

Which statement best describes NK cells?

a. Their response against pathogens is very specific.

b. They only react when an abundance of MHC antigens is present.

c. They react when both an inhibitory and activating signal is triggered.
d. They are able to kill target cells without previous exposure to them.
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Nature of Antigens and the Major
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LEARNING OUTCOMES

After finishing this chapter, you should be able to:

1.
2.
3.

o 0 J N W

10.

11.

12.

Define and characterize the nature of immunogens.
Differentiate an immunogen from an antigen.

Discuss several biological properties of individuals that influence the
nature of the immune response.

. Describe four important traits of immunogens that affect their ability

to stimulate a host response.

. Define haptens and describe some of their characteristics.

. Describe the relationship between an epitope and an antigen.

. Discuss the functions of adjuvants.

. Differentiate heterophile antigens from alloantigens and autoantigens.
. Explain what a haplotype is in regard to inheritance of major

histocompatibility complex (MHC) antigens.

Describe the differences in the structure of class I and class II MHC
molecules.

Contrast the transport of antigen to cell surfaces by class I and class 11
MHC molecules.

Describe the role of transporters associated with antigen processing
(TAPs) in selecting peptides for binding to class I MHC molecules.



13. Discuss the differences in the sources and types of antigens processed
by class I and class I MHC molecules.

14. Explain the clinical significance of the class I and class Il MHC
molecules.
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Antigen presentation
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Immunogenicity

Immunogens

Invariant chain (li)

Linear epitopes

Major histocompatibility complex (MHC)
Transporters associated with antigen processing (TAP1 and TAP2)

A hallmark of innate immunity is the body’s ability to respond
nonspecifically to infection by recognizing broad classes of molecular
patterns found on the surface and inside of pathogens. In contrast, the
adaptive immune system recognizes very specific molecular regions from
individual pathogens. The key cells responsible for the specificity, diversity,
and memory associated with adaptive immunity are the lymphocytes, which
can be further subdivided into T and B cells. Two key terms used to define
substances that are targeted by adaptive immune responses are antigen and
immunogen. An antigen is a substance that is specifically recognized by the
adaptive immune system, whereas an immunogen is a substance capable of



causing an adaptive response. The chief distinction between antigens and
immunogens is the ability of the latter to successfully stimulate an immune
response. To achieve this, certain conditions must be met, meaning that
some antigens in and of themselves are not immunogenic. Thus, all
immunogens are antigens, but not all antigens are necessarily immunogens.
Despite this distinction, immunologists generally use these terms
interchangeably.

One of the most exciting areas of immunological research focuses on
how and why we respond to certain antigens. It is currently understood that
multiple factors influence our response to antigens: unique biological
properties of the individual, the nature of the antigen itself, antigen
processing in conjunction with inherited major histocompatibility
complex (MHC) molecules, and antigen presentation to T cells. This
chapter focuses on all these areas and discusses potential clinical
implications of some recent findings.

Factors Influencing the Immune Response

Many factors are known to influence whether an antigen is actually
immunogenic. These factors can arise from the biology of the host, the way
in which the host encounters the antigen, and the nature of the antigen itself.
Outbred populations such as humans exhibit diverse biological properties,
meaning that each person has unique traits—and certain traits can strongly
influence the nature of the immune response. Factors including age, health
status, and genetics are all important in determining whether an immune
response is mounted against a particular antigen. Similarly, the dosage and
route of exposure to an antigen also influence the promotion of an immune
response. Finally, and fundamentally, not all antigens are equivalent in their
ability to stimulate an immune response.

In general, elderly individuals are more likely to have a decreased
response to antigenic stimulation. At the other end of the age scale,
neonates do not fully respond to immunogens because their immune
systems are not completely developed. Overall health plays a role because
individuals who are malnourished, fatigued, or stressed are less likely to
mount a successful immune response.



An individual’s genetic composition plays a major role in determining
the immune response, or lack thereof, to an antigen. Although many genes
influence both innate and adaptive immunity, the MHC genes exert perhaps
the most profound overall influence. The MHC is a system of genes that
code for cell surface molecules that play an important role in antigen
recognition. Further details are found in a later section in this chapter.

To stimulate an adaptive immune response, a certain amount of antigen
must be introduced into the body. Small quantities of antigen, as would be
found in very minor infections, simply do not meet the lower threshold
required for activation of an adaptive immune response. Throughout the
human life span, such minor infections occur continuously and are quickly
and efficiently cleared by innate immune mechanisms, reserving adaptive
immunity for persistent infections that involve relatively greater quantities
of antigen. However, very large quantities of antigen can be detrimental to
the development of an immune response by encouraging lymphocyte
tolerance, or a state of ignorance, toward a particular antigen.

There are many ways that we come in contact with antigens in nature.
How and where antigens enter our bodies can impact the amount of antigen
required to generate an immune response. Possible routes of exposure
include intravenous (into a vein), intradermal (into the skin), subcutaneous
(beneath the skin), intramuscular, and oral. One mechanism explaining the
differential response to antigens is that each of these routes ultimately
shuttles antigens to different secondary lymphoid tissues, where antigens
encounter distinct populations of immune cells. For example, a deep
puncture wound may allow antigens to be introduced intravenously and
carried by the blood to the spleen, where an immune response will be
mounted. On the other hand, superficial cuts and scratches may lead
antigens to enter subcutaneously, in which case they are delivered to local
lymph nodes. Oral introduction of antigen can be counterproductive to
immunity, as this route of entry is associated with the development of oral
tolerance, a phenomenon where antigens delivered via the gastrointestinal
tract are ignored by the cells of the adaptive immune system. This
mechanism is believed to have evolved so that we do not mount an immune
response against the foods we eat.

Traits of Antigens and Immunogens



In general, immunogenicity—the ability of an antigen to stimulate a host
response—depends on the following characteristics: (1) macromolecular
size, (2) foreignness, (3) chemical composition and molecular complexity,
and (4) the ability to be processed and presented within MHC molecules.
Usually, an immunogen must have a molecular weight of at least 10,000
daltons (Da) to be recognized by the immune system, and the most effective
immunogens typically have a molecular weight of more than 100,000 Da.
However, there are exceptions, because a few substances with a molecular
weight of lower than 1,000 Da have been known to induce an immune
response. For the most part, the greater the molecular weight, the more
potent the molecule is as an immunogen.

Another characteristic shared by strong immunogens is foreignness, or
un-relatedness to the host. To prevent the immune system from attacking
the body’s own cells and tissues, lymphocytes are carefully selected during
their development to ensure that the pool of mature lymphocytes responds
only to antigens not recognized as self. Typically, the more taxonomically
distant an antigen’s source is from the host, the greater the likelihood that
host lymphocytes will react to it, dramatically increasing the probability
that the antigen will be a successful immunogen. For example, plant protein
is a better immunogen for an animal than is material from a related animal.
Occasionally, however, autoantibodies, or antibodies to self-antigens, exist.
This is the exception rather than the rule; this phenomenon is discussed in
Chapter 15.

Immunogenicity is also determined by a substance’s chemical
composition and molecular complexity. Proteins and polysaccharides are
the most effective immunogens. In contrast, synthetic polymers such as
nylon or Teflon are made up of a few simple repeating units with no
bending or folding within the molecule, and these materials are
nonimmunogenic. For this reason, they are used in making artificial heart
valves, elbow replacements, and other medical devices.

The immunogenicity of a substance is also strongly influenced by the
type of molecules it is composed of. Proteins are highly immunogenic when
compared with other biomolecules, such as polysaccharides, nucleic acids,
and lipids. The mechanisms underlying the strong immunogenicity of
proteins is related to (1) differences in how the T and B lymphocytes detect
antigens and (2) a requirement for interactions between B cells and T cells



for an effective antibody response to occur. These concepts will be
discussed in Chapter 4.

Proteins are composed of a variety of subunits known as amino acids,
which are covalently linked together in polypeptide chains of varying
length. The linear sequence of amino acids comprises the primary structure
of a protein. Each type of amino acid incorporated into a protein possesses
distinct chemical properties, and interactions between the amino acids
within a protein’s primary structure cause the chain to bend, kink, and loop,
forming basic three-dimensional shapes, or secondary structures. Two
common secondary structures found in proteins are known as alpha helices,
which have peptide chains that twist to form a spiral, and beta pleated
sheets, in which chains form undulating zig zags that coalesce into a planar
shape. In the third, or fertiary, level of protein structure, these basic
secondary structures fold upon themselves once again, bringing distant
regions of the primary amino acid chain together and embodying the spatial
or three-dimensional orientation of the entire molecule. At the final level of
protein structure, known as quaternary, two or more polypeptide chains
come together, forming a multimeric unit (Fig. 3—1). The interactions
between amino acids that dictate the overall three-dimensional shape of a
protein are very complex but can ultimately be traced back to the sequence
of peptides found in the primary structure.
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FIGURE 3-1 Levels of protein organization.

The activating receptors of both T and B lymphocytes are capable of
reacting to specific proteins, but the levels of protein structure at which this
detection occurs are very different. T cells, as you will learn later in this
chapter, detect small fragments of a protein, known as peptides, and rely on
MHC molecules to cradle these peptides for antigen recognition to occur.
Thus, T cells “see” the primary structures, or amino acid sequences, of
small pieces of a protein. The receptors on B cells, on the other hand, are
activated by binding to amino acids on a protein’s exterior. Therefore, B
cells “see” the exposed tertiary or quaternary structures of a protein.

An effective B-cell response to most antigens (one that involves the
production of high-affinity antibodies and results in immunological
memory) requires “help” from T cells. In other words, to mount an



appropriate B-cell response, T cells must also be activated so that they can
provide necessary physical and chemical signals to the B cell.

Polysaccharides are less immunogenic than proteins because of their
smaller relative size and because T cells do not recognize carbohydrates.
Therefore, exposure to pure polysaccharide does not result in T-cell
activation, and B cells that respond to a particular polysaccharide antigen
will not receive crucial T-cell help. As immunogens, carbohydrates most
often occur in the form of glycolipids or glycoproteins. Many of the blood
group antigens are composed of such carbohydrate complexes. For
example, the A, B, and H blood group antigens are glycolipids, and the Rh
and Lewis antigens are glycoproteins. Other carbohydrates that are
important immunogens are the capsular polysaccharides of bacteria such as
Streptococcus pneumoniae. Pure nucleic acids and lipids are not
immunogenic by themselves, although a response can be generated when
they are attached to a suitable carrier molecule. This is the case for
autoantibodies to DNA that are formed in systemic lupus erythematosus
(SLE). These autoantibodies are actually stimulated by a DNA-—protein
complex rather than by DNA itself.

Finally, for a substance to elicit an immune response, it must be subject
to antigen processing, which involves enzymatic digestion to create small
peptides or pieces that can be complexed to MHC molecules for
presentation to responsive T lymphocytes. The particular MHC molecules
expressed by an individual also govern responsiveness to specific antigens.
Each person only inherits genes encoding a limited repertoire of MHC
molecules, as we will discuss in the section on the genes coding for MHC
molecules.

Epitopes

Although an immunogen must have a molecular weight of at least 10,000
Da, only a small portion of the total molecule is actually recognized by each
individual lymphocyte. This key portion of the immunogen is known as the
antigenic determinant or epitope. Epitopes are the precise molecular shapes
or configurations recognized by B cells, or the peptide sequences detected
by T cells. Large molecules may contain numerous epitopes, and each one
1s capable of triggering the production of a specific antibody or activating a



T cell. B cells may recognize two types of epitopes: (1) linear epitopes that
consist of sequential amino acids on a single polypeptide chain or (2)
conformational epitopes that result from the folding of one or more
polypeptide chains, bringing together amino acids that may be distant from
each other so that they are recognized together (Fig. 3-2). Triggering of a
B-lymphocyte response requires that epitopes be found on the surface of a
molecule, accessible to the B-cell receptor, and that these sites contain more
than one copy of the epitope so that cross-linking of the B-cell receptors
may occur. This can be accomplished by as few as 6 to 15 amino acids. In
contrast, T cells detect only linear epitopes that are liberated once a protein
has been degraded. This means that many T cells are able to respond to
cryptic epitopes found hidden within the interiors of large proteins that are
not available for B-cell recognition. As mentioned previously, T-cell
recognition also requires that these peptide antigens are presented by MHC
molecules.

Haptens

Many substances are too small to be recognized by B cells but can stimulate
a response if combined with a larger molecule. A hapten is a substance that
1s nonimmunogenic by itself but is able to form new antigenic determinants
when combined with a larger carrier molecule. Thus, a hapten is an antigen
but not an immunogen. Bound to its carrier, the hapten is able to initiate the
production of antibodies that can react with the hapten even in the absence
of the carrier. Small size and the presence of a solitary determinant site
renders haptens incapable of antibody-mediated precipitation or
agglutination because cross-linking with more than one antibody molecule
1s not possible (Fig. 3-3).

Examples of haptens found in nature are the catechols contained within
the poison ivy plant (Rhus radicans). Once in contact with the skin, these
catechols join with tissue proteins to form the immunogens that give rise to
contact dermatitis. Another example of haptens coupling with normal
proteins in the body to provoke an immune response occurs with certain
drug—protein conjugates. The best-known example occurs with penicillin,
which can result in a life-threatening allergic response.



Karl Landsteiner, an Austrian scientist perhaps best known for his
discovery of the ABO blood groups, conducted the most famous study of
haptens. In his book The Specificity of Serological Reactions, published in
1917, he detailed the results of an exhaustive study of haptens that has
contributed greatly to our knowledge of antigen—antibody reactions.
Landsteiner immunized rabbits with haptens attached to a carrier molecule,
then tested the serum to measure how the antibodies produced reacted with
different haptens. He discovered that antibodies not only recognize
chemical features such as polarity, hydrophobicity, and ionic charge, but the
overall three-dimensional configuration is also important. The spatial
orientation and the chemical complementarity are responsible for the lock-
and-key relationship that allows for tight binding between antibody and
epitope (Fig. 3—4). Today, it is known that many therapeutic drugs and
hormones can function as haptens.
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FIGURE 3-2 Linear versus conformational epitopes. (A) Linear epitopes consist of
sequential amino acids on a single polypeptide chain, whereas conformational epitopes
result from the folding of a polypeptide chain or chains, placing nonsequential amino acids
in close proximity. B cells are capable of responding to antigens containing both linear and
conformational epitopes. (B) T cells are only able to respond to linear epitopes that are
displayed in MHC molecules. Unlike B cells, these linear epitopes need not be found at the
surface of a protein; they may be buried within the molecule.

Adjuvants

Proteins and glycoproteins are not necessarily highly immunogenic when
administered by themselves. The generation of a robust immune response
against proteins and related biomolecules often requires stimulation of



innate immunity, especially antigen-presenting cells (APCs), such as
dendritic cells. Substances delivered simultaneously with antigen for the
purpose of potentiating, or enhancing, the immune response are known as
adjuvants.

Adjuvants are able to increase the immunogenicity of an antigen by
stimulating innate immune receptors, such as Toll-like receptors, that detect
the presence of infection or danger. Adjuvants are also thought to work by
preventing antigen from diffusing away from a site of inoculation, which
allows innate immune cells to accumulate in the site. In this way, adjuvants
trick the immune system into acting as if an infection is under way, even if
the antigen inoculum given to a patient is essentially harmless.
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FIGURE 3-3 Characteristics of haptens. (A) Haptens bind B-cell receptors, but the receptors
are not cross-linked; therefore, no activation occurs (not immunogenic). (B) Hapten or
carrier complexes cross-link receptors, leading to B-cell activation and antibody production
(immunogenic). (C) Although haptens can bind to the antibody-binding sites (antigenic), no
agglutination can occur. Hence, the reaction cannot be visualized. (D) When bound to
carriers, the haptens contribute to the formation of an interconnected lattice, which is the
basis for precipitation and agglutination reactions.
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FIGURE 3-4 Landsteiner’s study of the specificity of haptens. Spatial orientation of small
groups is recognized, because antibodies made against aminobenzene coupled with a
carrier will not react with other similar haptens. The same is true for anti-serum to o-
aminobenzoic acid, m-aminobenzoic acid, and p-aminobenzoic acid. Antibody to a carboxyl
group in one location would not react with a hapten, which has the carboxyl group in a
different location. (From Landsteiner K. The Specificity of Serological Reactions. Revised
Edition. New York, NY: Dover Press; 1962.)

Many vaccines use adjuvants to achieve protective immunity against the
target antigen (see Chapter 25). Those vaccines that do not require
adjuvants are usually composed of whole pathogens or substances derived
from pathogens that have been killed or weakened. Some vaccines consist
of microbes that have been altered so that they are capable of limited
replication within a human host but cannot establish a productive infection.
In vaccines composed of such live or killed pathogens, no adjuvant is
required, because the pathogen itself supplies the immune danger signals
necessary to stimulate an immune response.

Most newer vaccines, however, consist of recombinant protein antigens
that have been manufactured in a sterile laboratory setting. Such protein
antigens alone are not ideal immunogens, requiring vaccines containing
them to be formulated with adjuvants to trigger an immune response. The
improvement of existing adjuvants and the design of new adjuvants is a
rapidly developing field in immunology.

Relationship of Antigens to the Host

Antigens can be placed in broad categories according to their relationship to
the host. Autoantigens are those antigens that belong to the host. These do



not evoke an immune response under normal circumstances. However, if an
immune response does occur to autoantigens, it may result in an
autoimmune disease. Refer to Chapter 15 for a discussion of some of the
most well-known autoimmune diseases. Alloantigens are from other
members of the host’s species and are capable of eliciting an immune
response. They are important to consider in tissue transplantation and in
blood transfusions. Heteroantigens are from other species, such as other
animals, plants, or microorganisms.

Heterophile antigens are heteroantigens that exist in unrelated plants or
animals but are either identical or closely related in structure so that an
antibody against either antigen will cross-react with the other. An example
of this is the human blood Group A and B antigens, which are related to
bacterial polysaccharides. It is believed that anti-A antibody, which is
normally found in individuals with blood types other than A (e.g., type B
and type O), is originally formed after exposure to pneumococci or other
similar bacteria. Naturally occurring anti-B antibody is formed after
exposure to a similar bacterial cell wall product. The presence of naturally
occurring antibodies is an important consideration in selecting the correct
blood type for transfusion purposes.

Normally in serological reactions, it is ideal to use a reaction that is
completely specific, but the fact that cross-reactivity exists can be helpful
for certain diagnostic purposes. Indeed, the first laboratory assay for
infectious mononucleosis (IM) was based on a heterophile antibody
reaction. During the early stages of IM, a heterophile antibody is formed,
stimulated by an unknown antigen. This antibody was found to react with
sheep red blood cells (RBCs), which formed the basis of the Paul-Bunnell
test for mononucleosis (see Chapter 23). This procedure was a useful
screening test when the causative agent of IM, Epstein—Barr virus, had not
yet been identified. Current rapid screening tests for IM detect heterophile
antibodies present in the sera of infected patients that cross-react with horse
or bovine RBC antigens.

The cross-reactivity between patient antibodies against Epstein—Barr
virus, the causative agent of IM, and sheep, horse, or bovine RBC antigens
is fortuitous in that it can aid in the detection of the disease. The presence of
certain heterophile antibodies in patient sera can also confound clinical
immunoassays. In many assays for specific analytes, animal antibodies are
used as reagents. Such antibody reagents may be bound to a surface and



used to capture an analyte from a patient sample, or they may be covalently
bound to reporter molecules, such as enzymes or fluorescent dyes, and used
to detect the presence and quantity of an analyte. In rare cases, patient-
produced heterophile antibodies can link together the reagent antibodies
used for antigen capture and the reagent antibodies used for detection of the
analyte, falsely elevating its apparent level. This concept is discussed in
more detail in Chapter 11. In these situations, the presence of heterophile
antibodies i1s detrimental to the work of the clinical laboratory scientist.

Major Histocompatibility Complex

For years, scientists searched to identify possible immune response genes
that would account for differences in how individuals respond to particular
antigens. Today we know that the genetic capability to mount an immune
response is linked to a group of molecules originally referred to as human
leukocyte antigens (HLAs). The French scientist Dausset gave them this
name because they were first defined by discovering an antibody response
to circulating white blood cells (WBCs). These molecules are now known
as MHC molecules because they determine whether transplanted tissue is
histocompatible and accepted by the recipient or if it is recognized as
foreign and rejected. MHC molecules are actually found on all nucleated
cells in the body, and they play a pivotal role in the development of both
humoral and cell-mediated immunity. Although MHC molecules were
initially identified by their antigenicity in the context of organ
transplantation, their main immune function is to serve as carriers of
peptide antigens for recognition by T cells. Unlike B cells, whose surface
receptors bind to antigen directly, T cells require antigens to be cradled
within MHC molecules for recognition to occur.

The Florida Panther
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FIGURE 3-5 The Florida panther. (Johh Hollingsworth/U.S. Fish and Wildlife Service.)

Polymorphism of the MHC genes in a species is thought to serve as a protection against
infectious diseases because diverse genes allow for a response to a wide variety of
antigens. The fate of the Florida panther is a good example of what happens when there
is a lack of genetic diversity in a particular population (Fig. 3-5). In the early 1990s, only
about 20 to 25 adult panthers remained in Florida because of a combination of factors,
including destruction of their habitat and inbreeding. The latter severely decreased the
genetic pool of the population. It has been postulated that the panthers became
increasingly susceptible to viral diseases because of the limited polymorphism of the
MHC antigens. Conservationists decided to increase the strength of the gene pool by
moving eight females from the Texas population to Florida.

Now, more than two decades after introducing new females into the population, the
Florida panthers have exhibited a marked improvement in health and fitness. The
increased diversity of the MHC genes allowed for a response to diverse pathogens. The
Florida panthers are able to withstand disease better because of the introduction of
these new genes into the population.

Genes Coding for MHC Molecules (HLA
Antigens)

MHC molecules are encoded by the most polymorphic gene system found
in humans, meaning that each allele in this region of the human genome
varies greatly among different individuals. Because the role of MHC genes
is so essential for immunity, this high degree of polymorphism is thought to



improve our chances of survival as a species, because it allows for an
immune response to diverse pathogens (also see Connections box). Genes
coding for the MHC molecules in humans are found on the short arm of
chromosome 6 and are divided into three categories or classes. Class I
genes are found at three different locations or loci, termed A, B, and C.
Class II genes are situated in the D region, and there are several different
loci, known as DR, DQ, and DP. For class I molecules, there is only one
gene coding for each particular molecule. Class II molecules, in contrast,
have one gene that codes for the a chain of the molecule and one or more
genes that code for the B chain. The area of class III genes lies between the
class I and class II regions on chromosome 6. Class III genes code for the
complement proteins, C4a, C4b, C2, and B, as well as cytokines such as
tumor necrosis factor (TNF) (Fig. 3—6).

The class I and class II molecules are involved in antigen recognition by
T cells; in this role, they influence the repertoire of antigens to which
lymphocytes can respond. In contrast, class III molecules are secreted
proteins that have an immune function, but they are not expressed on cell
surfaces, as are class I and II. Class III molecules also have a completely
different structure compared with the other two classes.

When the human population is considered as a whole, many alternate
forms, or alleles, of each MHC gene are found. Different alleles of a gene
code for slightly different varieties of the same product. The MHC system
is described as highly polymorphic because there are so many possible
alleles at each location. At the time this chapter was written, 6,082 different
HLA-A alleles, 7,256 HLA-B alleles, and 5,842 HLA-C alleles had been
identified within the human population.

The probability that any two individuals will express the same MHC
molecules is very low. Each person inherits two copies of chromosome 6;
thus, there is a possibility of two different alleles for each gene on the
chromosome unless that person is homozygous (has the same alleles) at a
given location. These genes are described as codominant, meaning that all
alleles that an individual inherits code for products that are expressed on
cells. Because the MHC genes are closely linked, they are inherited together
as a package called a haplotype. Thus, each inherited chromosomal region
consists of a specific combination of genes for HLA-A, -B, -C, -DR, -DP,
and -DQ. The full genotype would consist of two genes of each type at a
particular locus (see Chapter 16).
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FIGURE 3-6 The major histocompatibility complex. Location of the class I, Il, and Ill genes
on chromosome 6. Class | consists of loci A, B, and C, whereas class |l has at least three
loci: DR, DQ, and DP

One haplotype is inherited from each parent. Because there are numerous
alleles or variant forms at each locus, an individual’s MHC type is about as
unique as a fingerprint. Because of the tremendous diversity of alleles, more
than 1.7 billion different class I haplotypes alone are possible in the human
population. The frequency of particular HLA alleles differs significantly
among different ethnic populations and can sometimes be used to trace an
individual’s ancestry or ethnic origins. The uniqueness of the HLA antigens
creates a major problem in matching organ donors to recipients because
these antigens are highly immunogenic. However, in cases of disputed
paternity, polymorphisms can be used as a helpful identification tool.

Clinical Correlations

HLA Nomenclature

Traditionally, HLA nomenclature had been defined serologically through the use of a
battery of antibodies. Advances in DNA sequencing have made the identification of
actual genes possible. The nomenclature has become correspondingly more complex.
For instance, the notation HLA DRB1*1301 indicates that the actual gene involved in
coding for the (3 chain of an HLA DR1 antigen is the number 13, and the 01 is a specific
subtype.

Expression of Class I and II MHC Molecules



Each of the class I and I MHC genes codes for a protein that appears on
cell surfaces. All the proteins of a particular class share structural
similarities and are found on the same types of cells. Whereas class I MHC
(HLA) molecules are expressed on all nucleated cells, class I MHC
(HLA) molecules are found primarily on APCs. Their differing structures,
as explained in the text that follows, are tailored to their specific functions
in the adaptive immune response.

Structure of Class I MHC Molecules

Although class I MHC molecules are expressed on all nucleated cells,
levels of expression can vary among various cell types. Class I expression is
highest on lymphocytes and myeloid cells and low or undetectable on liver
hepatocytes, neural cells, muscle cells, and sperm. This may explain why
engraftment of HLA-mismatched livers can be quite successful, whereas
other solid-organ transplants require a much closer MHC match between
donor and recipient. Additionally, HLA-C antigens are expressed at a much
lower level than HLA-A and HLA-B antigens, so the latter two are the most
important class I MHC antigens to match for transplantation.

Each class I antigen is a glycoprotein dimer made up of two
noncovalently linked polypeptide chains (Fig. 3—7). The a chain has a
molecular weight of 44,000 Da. A lighter chain associated with it, called a
B,-microglobulin, has a molecular weight of 12,000 Da and is encoded by a

single gene on chromosome 15 that is not polymorphic. This means that
within an individual and across the human population, all class I molecules
contain identical B,-microglobulin. The class I a chain is folded into three

domains—ol, a2, and a3—and it is inserted into the cell membrane via a
hydrophobic transmembrane segment. The three external domains consist
of about 90 amino acids each; the transmembrane domain has about 25
hydrophobic amino acids, along with a short stretch of about 5 hydrophilic
amino acids, as well as an anchor of 30 amino acids. 3,-microglobulin does

not penetrate the cell membrane, but it is essential for proper folding of the
a chain.

X-ray crystallographic studies indicate that the al and 02 domains of
class I MHC molecules each contain an alpha helix. In the tertiary structure
of the molecule, these alpha helices are brought together to form the walls



of a deep groove. This furrow is found at the top of the MHC molecule
(facing away from the cell membrane) and functions as the peptide-binding
site. This binding site is able to hold peptides between 8 and 11 amino acids
long. Most of the polymorphism found in class I molecules resides in the al
and a2 regions, whereas the a3 region and 3,-microglobulin are relatively

constant. The a3 region reacts with CD8 molecules on cytotoxic T cells.
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FIGURE 3-7 General structure of a class | MHC molecule. Class | MHC molecules consist
of an a chain with three domains and a shorter chain, Bo—microglobulin, common to all

class | molecules.

HLA-E, -F, and -G are considered nonclassical class | MHC molecules.
HLA-E and -F are generally not expressed on the surfaces of cells and don’t
present peptide antigen to cytotoxic T cells. Instead, HLA-E and -F play
other important roles in immunity. HLA-G plays a role unique among the
MHC-related proteins: HLA-G is primarily expressed on fetal trophoblast
cells during the first trimester of pregnancy. Placental trophoblast cells
represent points of direct contact between maternal and fetal tissue—a
potential source of alloantigens. HLA-G molecules are thought to
contribute to maternal immune tolerance of the fetus by protecting placental
tissue from the action of natural killer (NK) cells. HLA-G binds to NK
inhibitory receptors, preventing an NK-cell-driven cytotoxic response. (See
Chapter 2 for the action of NK cells.)

Structure of Class II MHC Molecules



Class I MHC molecules are found on APCs, including B lymphocytes,
monocytes, macrophages, dendritic cells, and thymic epithelial cells.
Because dendritic cells are considered the most effective APCs, they
express high levels of class I MHC on their surface.

The major class II molecules—HLA-DP, -DQ, and -DR—consist of two
noncovalently bound polypeptide chains that are encoded by separate genes
in the MHC gene complex. This type of quaternary protein structure is often
referred to as a heterodimer because it comprises two (“dimer”) dissimilar
polypeptide chains (“hetero”). HLA-DR 1is expressed at the highest level
because it accounts for about one-half of all the class II molecules found on
a particular cell. Among the class I MHC genes, the DR} gene is the most
highly polymorphic; over 3,300 different alleles are known at this time. DP
molecules are found in the shortest supply.

Both the class I MHC a chain, with a molecular weight of 34,000 Da,
and the B chain, with a molecular weight of 29,000 Da, are anchored to the
cell membrane (Fig. 3—8). The a chain and the B chain each contain two
domains, numbered 1 and 2. In the heterodimeric quaternary structure of
class I MHC molecules, the al and B1 domains each contribute an alpha
helix, forming the peptide-binding site, which is analogous to the groove
found on class I molecules (see Fig. 3—7). However, in class II MHC
molecules, both ends of the peptide-binding cleft are open, allowing the
capture of longer peptides, as compared with class I molecules. The o2
domains and the B2 domains are evolutionarily conserved in a similar
manner to the a3 and P,-microglobulin components found in class I

molecules.

As with class I MHC molecules, three nonclassical class 11 genes have
been identified—HLA-DM, -DN, and -DO. The products of these genes
have been shown to play a regulatory role in antigen processing. DM helps
to load peptides onto class II molecules, whereas DO modulates antigen
binding. The function of DN is not known at this time.

Role of Class I and II Molecules in the Immune
Response

The main role of the class I and I MHC molecules is antigen presentation,
the process by which peptide fragments derived from degraded proteins are



transported to the plasma membrane, allowing recognition by T
lymphocytes. As mentioned previously, T cells can only “see” and respond
to peptide antigens when the antigens are combined with MHC molecules.

Whereas one individual expresses (at most) only six different class |
molecules (two copies each of HLA-A, -B, and —C) and six class II
molecules (two each of HLA-DR, -DP, and —DQ), each of these MHC
molecules is capable of presenting a large number of diverse antigenic
peptides to T cells. This is possible because the binding of peptides to MHC
molecules 1s promiscuous and not highly specific. This allows humans to
respond to many different antigens, which is important for the survival of
the species.
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FIGURE 3-8 General structure of class || MHC molecule. Class || MHC molecules consist of
an a chain and a 3 chain, each of which has two domains.

It is thought that these two main classes of MHC have evolved to deal
with two distinct types of infections: those that attack cells from the outside
(such as bacteria) and those that attack from the inside (viruses and other
intracellular pathogens). Class I molecules mainly present cytoplasmic
peptide antigens to CDS8 (cytotoxic) T cells, whereas class II molecules
present extracellular antigens to CD4 (helper) T cells. Extracellular proteins
presented by class II molecules are those taken into the cell from the outside
by processes such as phagocytosis and degraded within intracellular
vacuoles. Class I molecules are thus the watchdogs of viral, tumor, and
intracellular parasitic antigens that are synthesized within the cell, whereas
class II molecules help to mount an immune response to bacterial infections



or other pathogens usually found outside of cells. In either case, for a T-cell
response to be triggered, peptides must be available in adequate supply for
MHC molecules to bind, they must be able to bind to MHC effectively, and
they must be recognized by a T-cell receptor. Some viruses, such as herpes
simplex and adenovirus, have managed to block the immune response by
interfering with one or more processes involved in antigen presentation.
These viruses are able to maintain a lifelong presence in the host.

The dramatic functional differences between class I and II MHC can
largely be attributed to the mechanisms responsible for the processing and
delivery of peptide antigen to the MHC molecules themselves. The
following sections highlight the differences in the intracellular pathways
that feed antigen into each type of MHC.

The Class I MHC-Peptide Presentation Pathway

The class I MHC presentation pathway is sometimes referred to as the
endogenous pathway of antigen presentation, because both the peptides and
MHC molecules arise from within the same cell. The endogenous peptide
antigens presented by class I MHC represent a sampling of the many
polypeptide chains that compose the proteins found within the cell’s
cytosol. In a healthy cell, these peptides derive from host proteins; however,
tumor cells or those infected with a virus or parasitic bacterium also contain
aberrant proteins that are unique to the tumor or are produced by the
invading pathogen. The class I MHC presentation pathway provides
cytotoxic T lymphocytes a means of surveilling the interiors of cells
throughout the body, allowing T cells to search for peptides associated with
infection or malignancy.

Cytoplasmic proteins enter the class I pathway by undergoing proteolysis
in an enzyme complex known as the proteasome (Fig. 3-9). This
macromolecular structure contains dozens of enzymatic subunits arranged
cylindrically to form a proteolytic tunnel. To generate peptide fragments,
whole proteins are unfolded and threaded into the core of the proteasome,
which cleaves the proteins into peptide chains. The resultant peptides are
released from the proteasome into the cytosol.

Class | MHC molecules are synthesized by ribosomes associated with the
rough endoplasmic reticulum. As the a chain is being manufactured, several
important chaperone proteins associate with it to ensure that the nascent



MHC molecule folds into the appropriate three-dimensional tertiary shape.
One important chaperone, known as calnexin, stabilizes the a chain until it
binds to (P,-microglobulin. When f,-microglobulin binds, calnexin is

released, and two additional chaperone molecules—calreticulin and tapasin
—associate with the complex and help to stabilize it for peptide binding.

When synthesis of MHC molecules is complete, their antigen-binding
sites are oriented toward the interior of the endoplasmic reticulum, whereas
the peptide antigens generated by proteasomal degradation are located
within the cytoplasm. Two transporters associated with antigen
processing, TAP1 and TAP2, are essential for shuttling antigenic peptides
into the lumen of the endoplasmic reticulum, allowing the peptides to
interact with newly formed class I MHC molecules. TAP-driven
translocation 1s dependent on adenosine triphosphate (ATP) and is most
efficient for peptides of 8 to 16 amino acids in length. The TAP transporters
are brought into close proximity with class [ molecules by tapasin, a protein
that bridges transporter and MHC, so that peptides can be directly loaded.
Once the a chain has bound the peptide, the class I MHC peptide complex
is rapidly transported to the cell surface (see Fig. 3-9).

The class I pathway is capable of generating thousands of peptides from
proteins that have undergone proteasomal digestion, but only a small
fraction of these will actually become antigens. The binding of peptides to
class I MHC is dictated by several variables, all of which must be met for
successful presentation to occur. The first consideration in the binding of
peptides to the MHC groove is the length of the peptide chain. As the class
I MHC binding groove is closed at its ends, it can accommodate peptides of
no longer than 11 amino acids. Peptide binding itself is determined by
complementary noncovalent interactions between the peptide and the amino
acids comprising the alpha helices that form the binding groove. In most
cases, the interactions between peptide and MHC molecule are dictated by
fewer than a handful of individual intermolecular interactions. Different
class I molecules have slightly different binding affinities, and these small
differences determine the particular antigens to which an individual will
respond.

It is estimated that a single cell may express between 100,000 and
200,000 copies of each class I molecule at its surface, meaning that many
different peptides are simultaneously displayed in this manner. As few as 10
to 100 class I MHC complexes bearing the same peptide antigen may be



sufficient to induce a CD8 cytotoxic T-cell response. In healthy cells, all
class I MHC molecules contain self-peptides that are ignored by patrolling
T cells. In diseased cells, some of the peptides displayed originate from
microbial proteins or proteins associated with cancer. The display of
thousands of class I molecules complexed to antigen allows CD8+ T cells
to continuously check the body’s cells for the presence of nonself antigen. If
a T cell that recognizes a particular foreign peptide antigen in class I MHC
makes contact with a cell presenting that antigen, the T cell may be
triggered to lyse the infected cell (Fig. 3—10).
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FIGURE 3-9 Antigen-processing pathway for endogenous antigens. Cytoplasmic proteins
are degraded and fed into the MHC class | pathway for presentation to CD8+ cytotoxic T
cells.



The Class II MHC—-Peptide Presentation Pathway

Class I MHC molecules function in the presentation of exogenous antigens
to T cells, that is, peptide antigens that are derived from proteins found
outside of the presenting cell. For presentation of exogenous antigens to
occur, extracellular proteins must be taken up by means of either
phagocytosis or endocytosis, processes by which cells ingest materials by
enclosing them in a small portion of the plasma membrane. Proteins that are
captured in this way are digested by hydrolytic enzymes that accumulate
within the lumen of the vesicle, resulting in peptide chains of 13 to 18
amino acids in size. Dendritic cells, the immune cells considered to be the
most potent activators of T cells, are excellent at capturing and digesting
exogenous antigens from bacteria and other microbes in this way.
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FIGURE 3-10 CD8 T cells recognize antigen in association with class | MHC. If endogenous
antigens are recognized as being foreign by the T cell, cytotoxic molecules are released,
resulting in destruction of the target cell.

Similar to class I MHC molecules, class II molecules are synthesized in
the rough endoplasmic reticulum (Fig. 3—11). Immediately after synthesis,
class II molecules associate with a protein known as the invariant chain
(Ii), a 31-kDa protein present in great excess of the actual number of class
IT molecules being synthesized. Ii is required during the production of class
IT MHC molecules to prevent endogenous peptides within the endoplasmic
reticulum from binding to the class II peptide-binding groove. Thus, Ii
serves as a placeholder, ensuring that only exogenous peptide antigens will
be bound to MHC II molecules. Ii may also aid in bringing o and 3 chains
together, a signal required for newly translated class II molecules to move
from the endoplasmic reticulum into the Golgi complex, and then to enter
endocytic or phagocytic vesicles where digested exogenous antigens are
located.

Within endosomal compartments, class II molecules encounter peptides
derived from exogenous proteins previously ingested by the presenting cell.



In order for peptide antigens to bind to MHC 11, Ii must first be degraded by
a protease, leaving just a small fragment called class II invariant chain
peptide (CLIP) attached to the peptide-binding cleft. CLIP is then
exchanged for an exogenous peptide whose selective binding to the cleft is
favored by the low pH of the endosomal compartment. Nonclassical class 11
MHC molecules such as HLA-DM assist with CLIP removal and guide
exogenous peptides into the binding groove. Because the MHC 1II binding
groove 1s open at both ends, the length of peptides that can be
accommodated within it extends from 10 to nearly 30 amino acids
(although the optimal size is between 12 and 16 amino acids). This is in
contrast to class I MHC molecules, which have closed ends, constraining
the length of peptides that can bind.

1. | Class Il MHC binds invariant chain to block
binding of endogenous antigen.

2. | MHC complex goes through Golgi complex.

3. | Invariant chain is degraded, leaving
CLIP fragment.

Antigen 4, | Exogenous antigen taken in and degraded
and routed to intracellular vesicle.

5. | CLIP fragment exchanged for antigenic
peptide.

6. | Class Il MHC antigenic peptide is
transported to cell surface.
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FIGURE 3-11 Antigen-processing pathway for exogenous antigen. The binding site of class
I MHC molecules is first occupied by an invariant chain (li). This is degraded and
exchanged for short exogenous peptides in an endosomal compartment. The exogenous
peptide class Il MHC complex is then transported to the cell surface.



With MHC class II molecules (as with class I molecules), only some of
the amino acid residues within the peptide antigen, perhaps 7 to 10, mediate
binding to the groove. For class II MHC, however, hydrogen bonding
occurs along the length of the captured peptide, whereas binding of peptide
to class I molecules occurs mostly at the amino and carboxy-terminal ends.
The class II binding groove also features several pockets that can
accommodate amino acids with large side chains, giving the class II
molecule greater flexibility in the variety of peptides that can be bound.

Once peptide antigen has bound to an MHC II molecule, the class 11
protein—peptide complex is stabilized and transported to the cell surface
(see Fig. 3—11). Once there, class II molecules bearing nonself antigen serve
as essential signals for the activation of CD4 helper T cells. Helper T cells
orchestrate the adaptive immune response, influencing the activities of
other immune cells, including macrophages, cytotoxic T cells, and
antibody-secreting B cells (Fig. 3—12).

Clinical Significance of MHC

Given the near-ubiquitous expression of MHC molecules in tissues
throughout the body and their critical importance in immunity, identifying
an individual’s MHC genotype and understanding the implications for
health is of considerable clinical importance. Laboratory MHC testing is
typically carried out before tissue transplantation because an immune
response against either class I or class II molecules can induce graft
rejection. Modern transplant HLA testing involves the use of molecular
techniques to determine the MHC types of both donor and recipient, as well
as serological testing to detect the presence of antibodies in the recipient
targeting the MHC molecules of a potential donor. The role of the
laboratory in transplantation is presented in Chapter 16.

Inheritance of certain HLA types may predispose individuals to the
development of autoimmunity. The closest association between MHC
expression and autoimmunity is between the inheritance of the class I
molecule HLA-B27 and a disease called ankylosing spondylitis—a
progressive chronic inflammatory disorder affecting the vertebrae of the
spine. See Table 3-1 for other links between HLA antigens and
autoimmune diseases. This topic is discussed more fully in Chapter 15.
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to proliferate and differentiate into plasma cells, which make antibodies.



Association of HLA Alleles and Disease

STRENGTH
HLA OF

DISEASE SYMPTOMS ALLELE ASSOCIATION
Ankylosing Inflammation of the vertebrae of the B27 ++ 4+

spondylitis spine
Celiac Diarrhea, weight loss, intolerance to DQ2 +++

disease gluten DQ8 +
Rheumatoid Inflammation of multiple joints DR4 +

arthritis
Type 1 Increase in blood glucose because of DQ8 ++

diabetes destruction of insulin-producing cells DQ2 +

+ + + = very strong association, + + = strong association, + = clear association. (From
Margulies DH, Natarajan K, Rossjohn J, and McCluskey J. Major histocompatibility
complex (MHC) molecules: structure, function, and genetics. In: Paul WE, ed.
Fundamental Immunology. 6th ed. Philadelphia, PA: Wolters Kluwer, Lippincott Williams &
Wilkins; 2012; Ch 21:487-523.)

However, the centrality of antigen presentation by both class I and class
IT molecules in immunity is much more consequential than their roles in
transplantation and autoimmunity. MHC molecules determine the types of
peptide antigen to which an individual can mount an adaptive immune
response, potentially defining a person’s ability to overcome an infection.
Although MHC molecules typically can bind a broad variety of peptides,
small biochemical differences in the molecules can amount to large
differences in the immune system’s ability to react to a specific antigen. For
instance, it is possible that nonresponders to a particular vaccine do not
have the genetic capacity to respond to the vaccine antigen. On the other
hand, the presence of a particular MHC protein may confer additional
protection against an infection, as seen in the example of HLA B8 and
increased resistance to HIV infection. It is therefore foreseeable that, in the
future, determination of an individual’s HLA type may be routinely
performed on all patients and considered a standard laboratory technique.

Much of the recent research in this area has focused on the types of
peptides that can be bound by particular MHC molecules. Future
developments may include tailoring vaccines to certain groups of such
molecules. As more is learned about antigen processing and presentation,



researchers can specifically develop vaccines containing certain amino acid
sequences that serve as immunodominant epitopes. These vaccines may
avoid the risk associated with using live organisms. Additionally, if an
individual suffers from allergies, knowing a person’s MHC type may also
help predict the types of allergens to which he or she may respond. Certain
drug hypersensitivities have also been linked to particular HLA alleles, and
knowledge of one’s HLA genes might prevent severe reactions to these
drugs. Another area for future research is the development of possible
tumor vaccines based on an individual’s MHC type. It is likely that
knowledge of the MHC molecules will affect many areas of patient care in
the future.

SUMMARY

* Immunogens are substances that are capable of stimulating an adaptive
immune response—either in the form of antibody production by B cells
or the activation of T cells.

 The term antigen describes a substance recognized by the adaptive
immune system but that may not necessarily elicit an adaptive response
by itself (as in the case of haptens).

» The immunogenicity, or ability of a substance to stimulate an immune
response, is influenced by factors such as age, health, route of
inoculation, and genetic capacity.

* Most immunogens are high-molecular-weight proteins (at least 100,000
Da) or polysaccharides that are foreign to the host.

 Although immunogens are fairly large molecules, the response of each
B and T cell is directed against a small portion of the entire molecule,
or epitope.

* B cells recognize epitopes found on the exterior of a protein—those
regions that antibodies can reach. B cells can target linear epitopes,
which are made of sequential amino acids in the peptide chain, or
conformational epitopes produced by twisting and folding of the
primary chain to bring distant amino acid residues together in the same
epitope.

* In contrast, T cells only recognize linear epitopes bound to MHC
molecules, but these epitopes can come from any region of the protein



—even parts of the peptide chain that are buried deeply inside and
hidden from antibodies.

Haptens are substances that are too small to provoke an adaptive
immune response alone but stimulate such a response when combined
with a carrier.

Once an antibody response is generated, haptens are capable of reacting
with that antibody, but precipitation or agglutination reactions will not
occur because the complexes formed are too small.

Adjuvants are substances that can be mixed with antigen to enhance the
immune response. Adjuvants usually contain inert materials that
simulate infection or prevent antigen from diffusing away from the site
of inoculation.

Antigens can be characterized by their relationship to the host.
Autoantigens are those that belong to the host; alloantigens are from the
same species as the host but are not identical to the host; heteroantigens
are from other species.

Heterophile antigens exist in unrelated species, but their structure is so
similar that antibody formed to one antigen will cross-react with
antigen from a different species.

The MHC encodes class I and class II molecules, which play a major
role in antigen presentation to T cells.

So many different alleles are found in the human population for each
MHC gene that the MHC system is considered the most polymorphic in
the genome of our species.

Class I and class II molecules bind peptides within cells and transport
them to the plasma membrane, where the peptides can be recognized by
T cells.

Class I MHC molecules are found on all nucleated cells; these
molecules associate with foreign antigens, such as viral proteins,
synthesized within a host cell. This is known as the endogenous
pathway for antigen presentation.

Class II molecules are only found on APCs (B cells, monocytes,
macrophages, dendritic cells, and thymic epithelium). These molecules
associate with foreign antigens taken into the cell from the outside, in
the pathway known as exogenous antigen presentation.

Class I MHC molecules consist of an a chain encoded by the MHC
complex, as well as a second lighter chain called ,-microglobulin



encoded by a gene on chromosome 15.

* Class IT MHC molecules have an a and a B chain, both of which are
encoded by genes in the MHC complex.

* Class I molecules present endogenous antigen to CD8+ T cells,
triggering a cytotoxic reaction.

* Class II molecules present exogenous antigen to CD4+ T cells, which
are helper cells involved in antibody production.

Study Guide: A Comparison of Class | and Class Il MHC
Molecules

CLASS | MHC CLASS Il MHC
MOLECULES MOLECULES
Cellular All nucleated cells B cells, monocytes, macrophages,
distribution dendritic cells, thymic epithelial
cells
Structure One a chain and B2-microglobulin  An a chain and a 3 chain
Classes A B,C DP, DQ, DR
Size of peptides 8 to 11 amino acids 10 to 30 amino acids (12 to 16
bound optimally)
Nature of Closed at both ends Open at both ends
peptide binding
cleft

Interaction with  Presents endogenous antigen to Presents exogenous antigen to
T cells CD8+ T cells CD4+ T cells

CASE STUDIES

1. A 15-year-old boy needs to have a kidney transplant because of the
effects of severe diabetes. His family members consist of his father,
mother, and two sisters. All of them are willing to donate a kidney so
that he can discontinue dialysis. He is also on a list for a cadaver
kidney. His physician suggests that the family be tested first for the
best HLA match.

Questions




a. How many alleles are shared by mother and son? Father and son?

b. What are the chances that one of the sisters would be an exact
match?

c. Is there a possibility that a cadaver kidney might be a better match
than any of the family members’?

2. A zombie plague is ravaging the world and decimating the human
population. You are one of a few hundred million survivors. Chaos
reigns. Although you haven’t yet completed your training in
immunology, you are visited by government agents and conscripted
into designing a vaccine to protect against the plague. When you
arrive at a secret military laboratory, you are told that the zombie
pathogen has been identified and isolated. It’s your mission to design
an effective vaccine.

Questions

a. Other researchers have purified several different antigens from the
plague virus: a lipid, a nucleic acid fragment, a polysaccharide,
and a protein. Which of these plague antigens would make the
most effective vaccine, and why?

b. Now that you have selected an antigen to use in the vaccine, what
additional component might be required to make an effective
zombie plague vaccine? What purpose does this additional
component serve?

REVIEW QUESTIONS

1. All of the following are characteristics of an effective immunogen
except

a. internal complexity.

b. large molecular weight.

¢. the presence of numerous epitopes.
d. found on host cells.

2. Which of the following best describes a hapten?




a. Cannot react with antibody

b. Immunogenic only when coupled to a carrier

c. Has multiple determinant sites that can cross-link B-cell receptors
d. A large chemically complex molecule

. Which would be the most effective immunogen?

a. Protein with a molecular weight of 200,000

b. Lipid with a molecular weight of 250,000

c. Polysaccharide with a molecular weight of 220,000
d. DNA with a molecular weight of 175,000

. Which of the following individuals would likely respond most
strongly to a bacterial infection?

a. An adult who is 75 years of age

b. A malnourished 40-year-old

c. A weightlifter who is 35 years old

d. A newborn baby

. Which best describes an epitope?

a. A peptide that must be at least 10,000 MW

b. An area of an antigen recognized only by T cells
¢. A segment of sequential amino acids only

d. A key portion of the antigen

. Adjuvants act by which of the following methods?

a. Activate innate immune cells

b. Facilitate rapid diffusion of antigen from the tissues
c. Inhibit presentation of peptide antigens to T cells

d. Decrease recruitment of APCs

. A heterophile antigen is one that

a. 1s a self-antigen.
b. exists in unrelated plants or animals.
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11.
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c. has been used previously to stimulate an antibody response.
d. is from the same species but is different from the host.

. Which of the following is true of class I MHC (HLA) antigens?

a. They are found on B cells and macrophages.
b. They are found on all nucleated cells.

c. They are also known as HLA-A, -B, and -C.
d. They are coded for on chromosome 9.

. Class II MHC molecules are recognized by which of the following?

a. CD4+ T cells
b. CD8+ T cells
¢. NK cells

d. Neutrophils

Which of the following best describes the role of TAP?

a. Binds to class II molecules to help block the antigen-binding site
b. Binds to class I proteins in proteasomes

c. Transports peptides into the lumen of the endoplasmic reticulum
d. Helps cleave peptides for transport to endosomes

What is the purpose of the invariant chain in antigen processing
associated with class I[I MHC molecules?

a. Helps transport peptides into the endoplasmic reticulum
b. Blocks binding of endogenous peptides

c. Binds to CD8+ T cells
d. Cleaves peptides into the proper size for binding

An individual is recovering from a bacterial infection and tests
positive for antibodies to a protein normally found in the cytoplasm
of this bactertum. Which of the following statements is true of this
situation?
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a. Class I molecules have presented bacterial antigen to CD8+ T
cells.

b. Class I molecules have presented bacterial antigen to CD4+ T
cells.

c. Class II molecules have presented bacterial antigen to CD4+ T
cells.

d. B cells have recognized bacterial antigen without help from T
cells.

In relation to a human, alloantigens would need to be considered in
which of the following events?

a. Transplantation of a kidney from one individual to another

b. Vaccination with the polysaccharide coat of a bacterial cell

¢. Oral administration of a live but heat-killed virus particle

d. Grafting skin from one area of the body to another

Which is characteristic of class | MHC molecules?

a. Consist of one a and one 3 chain

b. Bind peptides made within the cell

c. Able to bind whole protein antigens

d. Coded for by HLA-DR, -DP, and -DQ genes

Which best explains the difference between immunogens and
antigens?

a. Only antigens are large enough to be recognized by T cells.
b. Only immunogens can react with antibody.

¢. Only immunogens can trigger an immune response.

d. Only antigens are recognized as foreign.

When a child inherits one set of six HLA genes together from one
parent, this is called a(n)

a. genotype.
b. haplotype.
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c. phenotype.
d. allotype.

HLA molecules A, B, and C belong to which MHC class?

a. Class |
b. Class 11
¢. Class III
d. Class IV
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Adaptive Immunity
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LEARNING OUTCOMES

After finishing this chapter, you should be able to:

1.

SN W

10.

11.
12.

13.

Compare and contrast adaptive immunity and innate immunity.

2. Discuss the role of the thymus in T-cell maturation.
3.
4. Explain how positive and negative selection contribute to T-cell

Describe the T-cell receptor (TCR) for antigen.

development.

. List and describe five different subsets of CD4 T helper (Th) cells.
. Describe the maturation of a B cell from the pro—B-cell stage to the

plasma cell stage.

. Contrast the antigen-independent and antigen-dependent phases of B-

cell development.

. Explain how cytotoxic T cells recognize and kill target cells.
. Discuss the role of class I major histocompatibility complex (MHC)

and class I MHC molecules in the presentation of antigens to T cells.

Compare and contrast the immune response to T-dependent antigens
with the response to T-independent antigens.

Discuss how Th cells influence the B-cell antibody response.

Explain the importance of T cells and B memory cells to the adaptive
immune response.

Indicate surface markers characteristic of T and B lymphocytes in
various stages of development.
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KEY TERMS

Adaptive immunity

Allelic exclusion
Antigen-dependent phase
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Cell-mediated immunity
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Humoral immunity
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Pre-B cells
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T-cell receptor (TCR)
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Th2 cells



T helper (Th) cells
T-independent antigens
T regulatory (Treg) cells
Thymocytes

As you learned in Chapter 2, the concept of innate immunity encompasses
the body’s barrier defenses, such as the skin; phagocytic cells, such as
macrophages and neutrophils; and preformed soluble factors, including
complement proteins. Innate immunity is general in nature—entire classes
of pathogens elicit nearly identical innate responses, and these responses are
unchanging through time. In contrast, adaptive immunity is characterized
by:

* Specificity for individual microbes and pathogens
* Memory of prior exposures to antigen
* Enhancement of responses upon repeated exposures to the same threat

When compared with innate immunity, adaptive immunity represents a
more tailored, or pathogen-specific, response. One tradeoff for this high
degree of specificity is the time required after an initial exposure to a
pathogen for an adaptive response to be mounted (often several days). Once
under way, the adaptive response is highly effective and can often provide
lifelong immunity against reinfection.

Adaptive immunity is traditionally divided into two main branches: (1)
cell-mediated immunity, which is carried out by cells of the immune
system, and (2) humoral immunity, which is mediated by soluble factors
(antibodies) found in the liquid portions of body fluids. T lymphocytes, or T
cells, are responsible for the cell-mediated arm of adaptive immunity,
whereas B lymphocytes, or B cells, produce the antibodies that enable
humoral immunity.

T lymphocytes can be divided into two broad categories, cytotoxic T
cells and helper (Th) T cells (Fig. 4-1). The immune function of cytotoxic
T cells is to kill target cells infected with intracellular pathogens, such as
viruses and certain bacteria. Cytotoxic T cells are also capable of killing
cancerous cells. In contrast, Th cells don’t directly kill cells but instead
control the immune response through the secretion of cyfokines, or
signaling molecules that allow communication between immune cells. Th



cells can be further divided into several subpopulations based on the types
of cytokines they secrete.

FIGURE 4-1 Scanning electron micrograph of a typical T cell. (Courtesy of National Institute
of Allergy and Infectious Diseases [NIAID].)

B cells are responsible for producing antibodies (or immunoglobulins).
Antibodies carry out many different roles in immunity, such as (1) labeling
targets for ingestion by phagocytes, (2) rendering viruses and toxins inert
through neutralization, and (3) blocking the adhesion of microbes to body
tissues (see Chapter 5).

One key difference between the lymphocytes of adaptive immunity and
the various cells of innate immunity is that the genes coding for the primary
receptors that activate lymphocytes undergo rearrangement during the early
stages of T-cell or B-cell development. In theory, following gene
rearrangement, each individual lymphocyte is equipped to respond to a
unique epitope associated with a specific pathogen (see Chapter 5). By
virtue of each lymphocyte possessing a slightly different receptor
specificity, the adaptive immune system, as a whole, represents an immune
army that is theoretically capable of combating any conceivable infectious
threat. When infection occurs, only the lymphocytes responsive to epitopes
found on or in the invading pathogen(s) are activated and proliferate, a
process known as clonal expansion. Clonal expansion is so named because
proliferating lymphocytes give rise to populations of cells with genetically
identical receptors that are specific for the same epitope, and these
populations therefore represent clones of each other.

The characteristic delay between an initial infection and an effective
adaptive response arises because a handful of pathogen-responsive



lymphocytes must undergo a massive clonal expansion before reaching the
large number of effector cells needed to alter the course of an infection.
Most of the progeny generated during clonal expansion are effector cells: T
cells that secrete cytokines or are cytotoxic, or B cells that produce
antibodies. However, a small proportion of the clones become memory
cells; that is, they enter a quiescent state and become long-lived. Memory
cells lie in wait for reinfection with the same microbe. When memory cells
encounter their specific epitope, they activate rapidly, resulting in a swifter
response of greater magnitude than the primary response.

The production of lymphocytes by the body, also known as lymphocyte
differentiation, begins very early in fetal development—a necessity because
the rudiments of adaptive immunity must be in place at birth. Progenitors of
T and B cells appear in the fetal liver as early as 8 weeks of pregnancy.
Later in fetal development, the bone marrow becomes the source of new
lymphocytes and remains the primary producer of hematopoietic cells at
birth and throughout adult life. The earliest precursors of T and B
lymphocytes are generated by asymmetric division of lymphoid progenitor
cells. Asymmetry in this context refers to the concept that when a progenitor
cell divides into two, one of the resulting daughter cells begins to take on
the characteristics of a lymphocyte, whereas the other daughter cell retains
the stem cell-like plasticity of a lymphoid progenitor.

The following sections provide a more detailed description of
lymphocyte differentiation and how these maturation processes relate to the
function of T and B cells in the adaptive immune response.

T-Cell Differentiation

Soon after their formation, T-cell precursors leave the bone marrow and are
transported by circulating blood to the thymus, a primary lymphoid organ
located in the upper thorax, roughly between the sternum and heart (the “T”
in T cell derives from “thymus”). Thymic tissue can be divided into two
histologically distinct regions: an outer cortex and inner medulla (Fig. 4-2).

Once in the thymus, T-cell precursors become known as thymocytes.
Newly arriving thymocytes enter at the cortico-medullary junction—the
border between the medulla and cortex. Entering thymocytes immediately
begin to migrate toward the thymic cortex under the direction of



chemokines, or cytokines that control the movement of cells. During a 3-
week period, thymocytes slowly move from the thymic cortex into the
medulla. During this time, various differentiation processes occur, such as
rearrangement of the T-cell receptor (TCR) genes, changes in the
expression of thymocyte cell surface markers, the selection of thymocytes
with functional receptors, and the deletion of thymocytes with self-reactive
potential. Interactions with stromal, or supporting, cells within the thymus
are critical for each of these differentiation processes. These essential
thymic stromal cells include macrophages, dendritic cells, and fibroblasts,
in addition to thymic epithelial cells. The major stages of T-cell
development—the double-negative (DN) stage, double-positive (DP) stage,
and mature T cells—are discussed in the sections that follow. Key markers
found on T cells in the various stages are listed in Table 4—1.

CD Markers

Recall from Chapter 1 that key cluster of differentiation (CD) markers are found on the
surface of immune cells, including lymphocytes. CD markers provide a sort of fingerprint,
allowing the classification of T and B cells and their developmental stage. These
markers are bound by fluorescent-tagged antibody reagents, which allow the number of
lymphocytes positive for each marker to be determined using a technique called flow
cytometry (see Chapter 13). This type of analysis is routinely used in the diagnosis of
leukemias, lymphomas, and immunodeficiency diseases such as AIDS. See Chapters
18 and 19 for details.

Double-Negative Stage

The two major subdivisions of T cells, cytotoxic T cells (Tc) and Th cells,
can be identified by their differential expression of two important cell
surface markers, CD4 and CD8. CD4 is commonly used to identify Th
cells, whereas CDS is a very reliable marker of cytotoxic T cells. Because
their ultimate fate has yet to be decided, early thymocytes lack both CD4
and CD8 and are therefore known as double-negative (DN) thymocytes.
DN thymocytes aggregate in the outer cortex of the thymus, where they
actively proliferate under the influence of the cytokines, such as interleukin-
7 (IL-7).



Stages of T-Cell Development

DEVELOPMENTAL STAGE
DOUBLE NEGATIVE DOUBLE POSITIVE SINGLE POSITIVE (SP)
(DN) (DP)
Key CD CD3 CD3 CD3
Markers CcD4 Either CD4 or CD8
CcD8

T-Cell Receptor — TCR a/p TCR o/
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FIGURE 4-2 T-cell maturation in the thymus. T-lymphocyte precursors (thymocytes) enter
the thymus at the corticomedullary junction and migrate into the cortex as DN (lacking both
CD4 and CD8) thymocytes. It is at this point that TCR rearrangement begins. A small
percentage of DN thymocytes express gamma-delta (yd) chains, whereas the majority
develop alpha-beta (af) chains and become DP thymocytes. Positive selection occurs as
DP thymocytes encounter thymic stromal cells, allowing interactions between major
histocompatibility complex (MHC) molecules and newly formed TCRs. Thymocytes that are
successfully positively selected proceed to the single-positive (SP) stage and express either
CD4 or CD8, depending on the type of MHC their TCR interacts with. Further interactions
with thymic macrophages or dendritic cells allow negative selection, where potentially
autoreactive thymocytes die by apoptosis before they can escape to the periphery.



Thymocytes that successfully navigate these developmental hurdles exit the thymus as
mature CD4 and CD8 T cells.

It 1s during the DN stage of T-cell development that rearrangement of the
genes coding for the TCR begins (Fig. 4-3). Occurring at random, this
shuffling and altering of the TCR genes results in the expression of a unique
antigen receptor by each individual thymocyte—the underlying basis for a
highly diverse population of T cells capable of responding to the myriad of
antigens a person might encounter during a lifetime. The TCR is composed
of two transmembrane proteins, the alpha (o) and beta (B) chains, each of
which possesses an intracellular signaling domain, a membrane-spanning
domain, and an extracellular domain tipped with a variable region. The
variable regions of the a and B chains are responsible for recognition of
antigen and are therefore the only portions of the TCR genes that undergo
rearrangement.

Before rearrangement, the genes encoding the variable region of the TCR
B chain (found on chromosome 7) are divided into three large sections
named V, D, and J, each containing multiple segments. During
rearrangement, enzymes activated in DN thymocytes clip genomic DNA
and begin stitching it back together in a way that randomly aligns one V
segment, one D segment, one J segment, and a segment encoding the
constant region. These enzymes are imprecise in the nucleotide positions at
which DNA cleavage and ligation occur, a property that enhances TCR
diversity but also introduces the possibility that some rearrangements will
shift the translational frame of the gene in such a way as to result in a
nonfunctional TCR. In cases where rearrangement leads to a faulty TCR 3
chain, developing T cells employ two strategies aimed at generating a
functional protein. First, because T cells are diploid, the B chain genes on
both copies of chromosome 7 simultaneously undergo rearrangement,
doubling the probability of a functional B chain being produced. Second, the
enzymes that mediate TCR gene rearrangement continue clipping and
stitching variable-region DNA until a functional TCR is generated.
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FIGURE 4-3 TCR gene organization and rearrangement. The TCR consists of two chains, a
and B. The TCR a chain genes are located on chromosome 14 and consist of a series of
variable (Va) gene segments, a series of joining (Ja) gene segments, and a single constant
(Ca) gene segment. In contrast, the TCR 8 chain genes are found on chromosome 7 and
have a similar genetic structure to the TCR a genes except for the addition of diversity gene
segments (DB) and duplicate regions of D (D1 and DB2), J (JB1 and JB2), and C (CB1 and
CB2) gene segments. During thymic development, the TCR genes undergo rearrangement,
during which stepwise cleavage and joining events occur. Therefore, VJ and C are brought
together in the TCR a chain, and VDJ and C are brought together in the TCR 8 chain. The
variable region of each TCR chain, which interacts with MHCs and associated antigen
peptides, is encoded by rearranged VD and J gene segments, whereas the C gene
segments encode transmembrane and intercellular signaling domains.

To test the functionality of the TCR [ chains produced by gene
rearrangement, a surrogate o chain with no variable region is temporarily
expressed and forms a pre-TCR with the newly rearranged beta chain. If the
DN thymocyte expresses a functional  chain, the pre-TCR provides



survival signals to the T cell, ushering it into the next phase of T-cell
differentiation, known as the DP stage.

Early on, some thymocytes, representing 10% or less of the total number,
rearrange and express two other TCR chains—gamma (y) and delta (6)—
when there is not a productive rearrangement of DNA coding for a 8 chain.
Referred to as gamma-delta (y6) T cells, this unique population of T
lymphocytes proceeds down an alternate developmental pathway, typically
remaining negative for both CD4 and CDS. Interestingly, yo T cells
represent the dominant T-cell population in the skin, intestinal epithelium,
and pulmonary epithelium. Their tasks include wound healing and
protection of the epithelium. In contrast to Th cells and cytotoxic T cells, yo
T cells do not require antigen presentation by major histocompatibility
complex (MHC) proteins, suggesting that Y6 T cells represent an important
bridge between innate and adaptive immunity.

Double-Positive Stage

Successful pre-TCR signaling because of the presence of a functioning
TCR B chain allows developing thymocytes to cross a developmental
threshold, initiating rearrangement of the TCR o chain. In contrast to the
TCR B chain, o chain gene variable regions are divided into only two
sections, V and J (see Fig. 4-3). Despite this fact, the process of a chain
rearrangement is mechanistically identical to that of the P chain and
similarly results in segments from the V and J regions being connected to a
constant region. The appearance of a functional a chain on the cell surface
sends a signal to suppress any further TCR gene rearrangements.
Concurrently with a chain rearrangement, thymocytes become both CD4-
positive (CD4+) and CDS8-positive (CD8+); in this stage of T-cell
development, thymocytes are referred to as double-positive (DP)
thymocytes.

As mentioned in the previous section, thymocytes are diploid cells with
the potential to express two different o and B chains, should successful
rearrangement of all four TCR genes occur. In this unlikely event, either of
the B chains could pair with either a chain, resulting in a single T cell with
four different TCR specificities (al+p1, al+p2, a2+p1, a2+p2). However,
abundant experimental evidence has shown that each T cell recognizes only
one antigenic peptide. This specificity for a single epitope arises because



once a functional version of the B and a chains is produced, expression of
the corresponding TCR gene on the opposite chromosome is permanently
shut off—a process known as allelic exclusion.

The TCR a and B chains occur in a complex with six other molecules
common to all T cells, known collectively as the CD3/TCR complex. The
six chains of the nonspecific CD3 portion of the complex assist in
intracellular signaling when an antigen binds to the TCR. These chains
occur in three pairs: delta-epsilon (98-€), gamma-epsilon (y-g), and a tau-tau
(€-€) chain that is in the cytoplasm of the cell (Fig. 4—4).

T-cell receptors do not recognize peptide antigen alone (see Chapter 3).
Instead, peptide antigen must be held in an MHC molecule, or “presented”
to T cells, a requirement known as MHC restriction. This property of T
cells is established during the DP stage of thymocyte development. Because
gene rearrangement produces TCRs with nearly unlimited specificities,
each newly formed receptor must be tested for its ability to interact with
MHC through the process of positive selection (Fig. 4-5). During positive
selection, thymocytes encounter stromal cells in the thymic cortex that
express MHC class I and II proteins. These initial interactions between the
DP thymocyte’s TCR and stromal MHC determine the thymocyte’s fate:
Thymocytes that have TCRs that bind with very high affinity to MHC, or
those that fail to bind to MHC at all, are induced to die by apoptosis. Only
those DP thymocytes with receptors that bind moderately to MHC survive
and proceed to the next step of maturation. This i1s important because T
cells with receptors that bind to MHC too strongly have a high potential to
react with self-antigens, and those with TCRs that don’t bind to MHC can’t
function as mature T cells.

Two important molecules for establishing the MHC restriction of T cells
are CD4 and CDS8, which bind to MHC class I and class II molecules,
respectively. During the DP stage, thymocytes express both CD4 and CDS.
Depending on which class of MHC molecule a positively selected
thymocyte recognizes, the expression of the opposite marker begins to
decrease substantially. Ultimately, thymocytes possessing TCRs that
recognize MHC-II express CD4, whereas those that bind to MHC-I express
CD&. Stable expression of either CD4 or CD8 and loss of expression of the
opposite marker signify the entrance of the thymocyte into the next phase of
differentiation, the “single-positive” (SP) stage.
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FIGURE 4-4 The CD3/TCR complex. The main structures are the TCR and the a and 3
chains, which are responsible for binding to MHCs. Four other types of chains that
associate with the a and 8 chains in the TCR complex are collectively known as CD3.
These are the ¢, y, 8, and { molecules that are essential for transmitting a signal to the T
cell’s interior when antigen binding occurs. Note that the y and & chains found here are
different from the yd chains of the yd TCR.
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FIGURE 4-5 Positive selection of thymocytes in the thymic cortex. DP thymocytes
(expressing both CD4 and CD8) interact with thymic epithelial cells. If very strong bonding
occurs, those thymocytes are eliminated by apoptosis. If very weak or no bonding occurs,
those thymocytes are also eliminated. Therefore, SP thymocytes (CD4 or CD8) that can
interact with MHC, but don’t interact too strongly, could signify future reactivity with self-
antigens.

Single-Positive Stage

Thymocytes that survive positive selection must overcome one final
developmental hurdle before exiting the thymus as mature T cells. A second
selection process, known as negative selection, takes place in the
corticomedullary and medulla regions of the thymus. In negative selection,
thymic stromal cells express a variety of self-antigens and present peptide
fragments of these antigens to positively selected thymocytes (Fig. 4-6). A
strong reaction between a thymocyte’s TCR and any of the self-peptides
presented by the thymic stroma indicates a high potential for autoreactivity.
To prevent such self-reactive T cells from leaving the thymus and
subsequently attacking the body’s own cells and tissues, thymocytes with
strongly binding TCRs are negatively selected and undergo apoptosis.

Mature T Cells



Once a T cell exits the thymus, it is considered mature. Mature T cells that
have not yet encountered the specific peptide epitope recognized by their
TCR are referred to as “naive.” To enhance the probability of a mature
naive T cell encountering its specific antigen, these cells spend their lives
circulating and recirculating between the bloodstream and lymphatics.
During this time, each naive T cell forms many contacts with MHC
molecules on antigen-presenting cells (APCs) throughout the body. The
journey to activation may last several years for an individual naive T cell.
Most will recirculate in vain, never uniting with an APC bearing the peptide
antigen recognized by their TCR.

When antigen recognition occurs, T lymphocytes are activated and
differentiate into functionally active cells. Activated CD4+ Th cells
immediately begin to proliferate and secrete cytokines. Signals found
within the environment where Th- cell activation occurs, such as cytokines
secreted by nearby APCs, influence which cytokines are produced by the
Th cells. CD8+ cytotoxic T cells are also activated by antigen recognition.
Responsive to stimulation by APCs as well as cytokines produced by Th
cells, cytotoxic T cells proliferate and begin to seek and destroy cells
displaying their specific antigen.
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FIGURE 4-6 Negative selection of thymocytes in the thymic medulla. When self-antigen is
presented by a macrophage, dendritic cell, or thymic epithelial cell to a TCR on a
thymocyte, the thymocyte is eliminated by apoptosis.

Stages in B-Cell Differentiation



Similar to T cells, B cells are derived from a hematopoietic stem cell that
develops into an early lymphocyte progenitor in the bone marrow. Unlike T
cells, which leave the bone marrow and travel to the thymus to mature, B
cells mature within the bone marrow itself. There, stromal cells form
special niches, promoting the maturation of B-cell precursors. Similar to T
cells, B-cell precursors go through an ordered developmental process that
prepares them for their role in antibody production and, at the same time,
restricts the specific antigen to which any one B cell can respond.

The first phase of B-cell development in the bone marrow, which results
in mature B cells that have not yet been exposed to antigen, is known as the
antigen-independent phase. This phase can be divided according to
formation of several distinct subpopulations: pro-B cells (progenitor B
cells), pre-B cells (precursor B cells), immature B cells, and mature B
cells. For B cells that reach maturity and encounter their specific antigen, an
antigen-dependent phase of development begins. The antigen-dependent
phase typically involves the generation of plasma cells and, in many cases,
long-lived memory B cells. Figure 4-7 depicts the changes that occur as B
cells mature from the pro-B stage to become memory cells or plasma cells.
Key markers found on B cells in different developmental stages are listed in
Table 4-2.

Pro-B Cells

At the earliest developmental stage, B-cell progenitors receive signals from
bone marrow stromal cells through cell-to-cell contact as well as soluble
cytokines, such as IL-7. This signaling induces the expression of several
transcription factors, or proteins that control the expression of genes. Some
important transcription factors expressed within pro-B cells are E2A, early
B-cell factor (EBF), interferon regulatory factor 8 (IFRS8), and paired box
protein 5 (PAXS). Working in concert, these factors drive the expression of
genes that distinguish pro-B cells from progenitor cells. Such gene
expression is required for continued survival and development of the pro-B
cell.

One of the most important events of the pro-B cell phase is
rearrangement of the B-cell-receptor (BCR) genes. The BCR is simply a
cell surface version of an immunoglobulin, or antibody molecule. Although



structurally and functionally very different, BCRs share many similarities
with T-cell receptors. For instance, both BCRs and TCRs:

 Are composed of two different chains (TCRs consist of a and 3 chains,
whereas BCRs contain heavy and light chains)

* Have variable regions, which determine their epitope specificity

« Contain constant regions, which allow for intracellular signaling and
activation of the lymphocyte expressing them

* Have similar gene regions (i.e., V, D, and J)

* Use similar mechanisms for gene rearrangement

Similar to T-cell development, the BCR genes undergo rearrangement in a
stepwise manner, beginning with the heavy-chain genes. As with the TCR
chain, the heavy-chain genes contain multiple V, D, and J segments.
Enzymes bring together one V, one D, and one J segment by looping out
intervening DNA. The enzyme terminal deoxynucleotidyl transferase
incorporates random nucleotides into the joints between V-D and D-J.
Because of this targeted gene rearrangement, pro-B cells generate unique
BCR genes not found in the genome, and (theoretically) not shared with any
other B cell (see Chapter 5).

Because of the random nature of the process, the possibility exists that
certain BCR heavy-chain rearrangements may shift the gene out of frame or
result in a stop codon in the middle of the gene, leading to a nonfunctional
heavy chain. In such instances, rearrangement continues until a functional
heavy chain can be produced using the gene templates for either heavy-
chain allele. As with the TCR, once heavy-chain rearrangement is
completed successfully on one chromosome, allelic exclusion silences
expression of the heavy-chain gene on the opposite chromosome. For a pro-
B cell to progress to the next phase of differentiation, at least one heavy-
chain gene must undergo successful rearrangement.



Heavy-chain Pro-B cell
gen:!'r . e Pre-B cell

rearrangement
oceurring

Stem cell / —

Develcpment
5|gna!s

\ @Immature B cell

Heavy chains in

cytoplasm

Bone marrow

stromal cell Pre-BCR (heavy

chain and surrogate
light chain)

o
) Self-antigens
Apoptosis give negative
signals

Spleen Lymph
Fodes Mature B cell

Self-antigen

@ Marginal zone ® Follicular
B cells B cells
Remain Enter
in spleen circulation

FIGURE 4-7 B-cell development. Selected markers are shown for the various stages in the
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marrow, whereas stages E and F occur in the spleen and lymph nodes, respectively.
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Recall from Chapter 3 that an epitope is a part of the antigen that binds to the BCR and
triggers activation of the B cell. The variable portion of the BCR, which is coded for by
selected V, D, and J genes, is unique to each BCR and determines the specificity of the

BCR for a particular epitope.

Pre-B Cells

Once production of successfully rearranged heavy chains begins,
developing B cells enter the pre-B-cell stage of differentiation. During the
pre-B-cell stage, heavy chains accumulate in the cytoplasm. However, some
heavy chains travel to the cell surface and combine with an unusual light-
chain molecule called a surrogate light chain, as well as two shorter
chains, Ig-a and Ig-B, which are signal-transducing subunits, to form a
structure known as the pre—B-cell receptor (pre-BCR). Pre-B cells that
assemble the pre-BCR undergo several rounds of cell division, resulting in
many clones of the original cell, all of which express an identical heavy

chain.



Simultaneously with the appearance of the pre-BCR at the surface of the
cell, light-chain gene rearrangement begins. Humans, similar to most
mammals, possess two different types of light-chain genes: k and A. Similar
to the TCR a genes, the k and A light-chain loci are composed of multiple V
and J segments. During rearrangement, a V segment, J segment, and light-
chain constant region are stitched together.

Once successfully rearranged light chains are expressed, macromolecular
complexes comprised of two light chains and two heavy chains are formed.
These immunoglobulins are fastened together by disulfide bonds and
journey to the cell surface to replace the pre-BCR. Because the heavy
chains synthesized during the pre—B-cell stage incorporate the pu constant
region, the first class of immunoglobulin produced is immunoglobulin M
(IgM). The appearance of a functional BCR on the B-cell surface signifies
entry of the cell into the next phase of development, the immature B cell.

Immunoglobulins

As you will learn in Chapter 5, immunoglobulins consist of two heavy chains and two
light chains connected together by disulfide bonds. The immunoglobulins are grouped
into five major classes based on the type of heavy chain they contain: IgM,
immunoglobulin G (IgG), immunoglobulin A (IgA), immunoglobulin D (IgD), and
immunoglobulin E (IgE). Each immunoglobulin molecule, regardless of class, contains
two identical light chains, which are either both k or both A.

Immature B Cells

The appearance of a functional IgM BCR on the cell surface indicates that
rearrangement of the genes encoding the receptor is now complete, and that
a new B cell exists with the potential to produce antibody for a specific and
unique epitope. Similar to T-cell receptors, the immunoglobulin variable
regions, found on both the light and heavy chains, determine the antigen
specificity of the immature B cell and its IgM BCR.

Because gene rearrangement produces BCRs with random specificities,
the likelihood is high that some newly formed BCRs may respond to self-
antigen. Therefore, B cells (similar to T cells) require a process of negative
selection. When they reach maturity, B cells respond to binding of antigen



to the BCR by activation, proliferation, and antibody production. In
contrast, immature B cells respond to the same signals by halting their
development and undergoing apoptosis. Thus, the majority of B cells
capable of producing antibody to self-antigens are deleted before even
exiting the bone marrow. The elimination of B cells that bear self-reactive
receptors 1s known as central tolerance, and it is estimated that more than
90% of B cells die in this manner (see Chapter 15).

In addition to the appearance of [gM BCRs at the cell surface, numerous
other surface markers begin to appear during the immature B-cell phase.
CD21, CD40, and class I MHC molecules are just some of the proteins and
glycoproteins that decorate the external membrane of the immature B cell.
These markers are not only useful for laboratory identification of B cells,
but they are also essential to the function of B cells—especially their role in
antigen presentation to CD4+ Th cells. For instance, CD21 acts as a
receptor for a breakdown product of the complement component C3, known
as C3d (see Chapter 7 for details on complement). The presence of the
CD21 receptor enhances the likelihood of contact between B cells and
antigens because antigens frequently become coated with complement
fragments during the immune response. CD40 and class II MHC are
important for the interaction of B cells with Th cells.

A B cell that expresses a functional IgM BCR, survives selection by not
reacting to self-antigens, and begins to display certain B-cell markers
(CD21, CD40, and MHC) is considered a mature B cell. B cells that have
achieved these milestones exit the bone marrow and are carried in the blood
to the spleen for the next stage in their development.

Mature B Cells

In the spleen, immature B cells develop into one of two types of mature B
cells, known as follicular B cells and marginal-zone B cells. Follicular B
cells constantly recirculate between the blood and secondary lymphoid
organs in search of their specific antigens, whereas marginal-zone B cells
remain in the spleen to respond quickly to blood-borne pathogens. Both
marginal-zone and follicular B cells produce antibody, but the
circumstances that trigger antibody production, the types of antibody
produced, and the duration of the response are very different between these
two populations.
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FIGURE 4-8 B-cell activation. B cells bind to antigen by means of immunoglobulin receptors
(IgM and IgD). B cells activated by encountering antigen proliferate and may, upon receiving
help from T cells, become antibody-secreting plasma cells or memory B cells capable of
responding rapidly upon re-exposure to the same antigen.

The majority of mature B cells are destined to become follicular B cells.
The term follicular refers to the region of the lymph node where this type of
mature B cell tends to localize during its movements throughout the body
(see Chapter 1). Lymphoid follicles represent dense clusters of naive B cells
awaiting exposure to their specific antigens. When antigen recognition
occurs, follicular B cells make contact with CD4+ follicular helper (Tth)
cells. Cooperation between antigen-activated B cells and Tth cells is critical
for many B-cell processes, including the formation of immunologic
memory.

Marginal-zone B cells receive their name from the anatomical site in
which they are most concentrated, the marginal sinus of the spleen.
Experimental evidence suggests that BCR specificity plays a role in
determining which mature B cells come to reside in the spleen, because
most marginal-zone B cells recognize polysaccharide antigens found on
common bacterial pathogens. When marginal-zone B cells contact their
specific antigens, they don’t receive help from Tth cells. Instead, they
differentiate into I[gM-secreting plasma cells, each producing vast quantities
of anti-microbial IgM, and only stopping once the invading microbes have
been eliminated. Because Tth cell help is essential for the formation of
immunologic memory, the marginal-zone response must begin anew upon
each exposure to a particular polysaccharide antigen.

In addition to an IgM BCR, most mature B cells also express an IgD
form of the BCR. The IgM and IgD BCRs expressed on a particular B cell



have the same antigenic specificity, although it is not clear how much of a
role IgD actually plays in sensing antigen or activation of the B cell.
Nevertheless, the presence of both IgM and IgD on the cell membrane
signifies a mature B cell.

When a BCR binds its specific antigen, multiple BCR molecules are
brought together, initiating an intracellular signaling cascade. These signals
drive the B cell to enter a proliferative stage where it divides rapidly to
produce both antibody-secreting plasma cells and, for follicular B cells,
memory B cells (Fig. 4-8).

Plasma Cells

The histological appearance of plasma cells reflects their role as fully
differentiated antibody-production factories (see Fig. 1-9). Plasma cells
express very little immunoglobulin on their surface membranes but have
abundant cytoplasmic immunoglobulin. As gene transcription is dominated
by that of the antibody-coding genes, the oval-shaped nuclei of plasma cells
often contain heavily clumped, dark-staining chromatin. To accommodate
translation and post-translational processing of the large quantities of
antibody being manufactured, plasma cells possess ample endoplasmic
reticulum and a well-defined Golgi. Resident plasma cells are a common
feature of the bone marrow and the germinal centers found in peripheral
lymphoid organs. Similar to lymphoid progenitor cells, plasma cells survive
in bone marrow niches surrounded by stromal cells, which provide
stimulation to plasma cells via cytokines. Stromal cell support allows
plasma cells to be long-lived and fosters their continual production of
antibodies. In contrast, plasma cells located in tissues other than the bone
marrow produce antibody for only a short time before dying. A key surface
marker found on plasma cells is CD138.

The Role of T Cells in the Adaptive Immune
Response

When infection occurs in the body’s tissues, APCs such as macrophages
and dendritic cells are among the first immune cells to respond. Sensing the
presence of danger via innate receptors, such as Toll-like receptors (see



Chapter 2), APCs engulf pathogens at these distal sites of infection and
carry associated antigens to local lymph nodes. Upon arrival at lymph
nodes near the site of infection, antigen-laden APCs encounter naive T cells
in the process of patrolling for antigen. Because gene rearrangement imbues
each T cell with a TCR of a different specificity, very few circulating naive
T cells (only about 1 in 10°) are specific for any given antigen. Therefore,
the continuous recirculation of naive T cells between the blood and lymph
nodes greatly increases the likelihood of an APC connecting with one or

more of the few T cells whose TCRs recognize the antigens carried by the
APC.

Antigen Presentation

The primary mode of communication between T cells and APCs involves
direct cell-to-cell contact (discussed in more detail in Chapter 3). Using an
immunologic process known as antigen presentation, APCs display peptide
antigens to T cells via major histocompatibility molecules (MHC, also
called human leukocyte antigen [HLA]). MHC molecules cradle antigenic
peptides in a manner similar to a bun holding a hot dog and allow the TCR
to bind along the entire length of the peptide. Humans and related mammals
express two different forms of MHC protein, MHC class I and MHC class
II. The overall structures and functions of MHC class I and class 1l are
similar. However, the source of the peptides presented by each type of
MHC and the type of T cell each MHC class interacts with are quite
different.

As we discussed in Chapter 3, class I MHC molecules present peptide
antigens derived from cytoplasmic sources, such as endogenous peptides
manufactured by healthy cells. In diseased cells, the antigens presented by
class I MHC might include peptides associated with intercellular bacteria,
viruses, or even proteins associated with cancer. Class I MHC molecules
present antigen to cytotoxic T cells—the T-cell population most useful for
destroying malignant cells or cells infected with intracellular pathogens.
The interaction between the cytotoxic TCR and class I MHC is stabilized
by CD8, a reliable marker for cytotoxic T cells.

In contrast, class I MHC molecules present peptides captured from the
extracellular space, such as those derived from extracellular microbes. Class
I MHC molecules allow APCs to present such extracellular-derived



peptide antigens to Th cells. Similar to cytotoxic T cells, an additional
protein is required to stabilize the interaction between class II MHC and the
Th TCR, and this role is filled by CD4. Thus, CD4 is commonly used as a
marker to identify Th cells in the laboratory.

When a naive T cell enters secondary lymphoid tissues and encounters
APCs, multiple contacts occur between the T cells’ TCR and peptides
presented in MHC molecules on the surfaces of the APCs. If the TCR
recognizes one of the many antigens being presented by an APC, an
intracellular signaling cascade is initiated within the T cell. Importantly,
TCR signaling alone is not sufficient to activate a naive T cell. For
activation to occur, the APC must also provide costimulation to the T cell
by expressing CD80 or CD86, molecules that ligate the T-cell surface
protein CD28. The combination of signals that arises when the TCR
recognizes its specific peptide and CD28 is ligated transforms a naive T cell
into an activated T cell.

Actions of T Helper and T Regulatory Cells

T helper (Th) cells are not phagocytic, cannot kill infected cells, and are
incapable of the production and secretion of antibodies. Nonetheless, Th
cells are arguably the most important cells of the adaptive response. The
importance of Th cells derives from their role in driving the activities of
other immune cells that act directly to fight infection (macrophages,
cytotoxic T cells, and B cells). When activated by APCs, Th cells travel to
infected tissues to orchestrate the immune response via the secretion of
cytokines.

Several subsets of activated Th cells exist, of which the most prominent
are termed Thl, Th2, and Thl7 cells, each of which has a different role in
immune responses (Fig. 4-9). The ability of newly activated Th cells to
differentiate into these various subsets is influenced by the cytokines
present during activation. Each Th subset, in turn, produces a unique set of
cytokines capable of driving the immune response to target a particular type
of infection.

Th1 cells produce interferon-gamma (IFN-y), interleukin-2 (IL-2), and
tumor necrosis factor-a (TNF-a), cytokines that activate CD8+ cytotoxic
lymphocytes and macrophages to fight intracellular parasites. Th2 cells
produce a variety of cytokines, including interleukins (IL) IL-4, IL-5, IL-6,



IL-9, IL-10, and IL-13. The essential role of Th2 cells is to control the
clearance of extracellular parasites, such as intestinal worms. Th2 cells are
also thought to play a role in allergy. Th17 cells produce the cytokines IL-
17 and IL-22, which lead to the recruitment of granulocytes in response to
an extracellular bacterial infection. Granulocyte activity can sometimes
cause immune-mediated damage. Because of this, the Th17 response is
often associated with pathology.

An additional Th subpopulation, called T regulatory (Treg) cells,
possess the CD4 antigen as well as CD25. These cells comprise
approximately 5% of all CD4+ T cells. Tregs play an important role in
suppressing the immune response to self-antigens and harmless antigens,
such as those in common foods. They inhibit the proliferation of other T-
cell populations by secreting inhibitory cytokines. Because they possess
TCRs that recognize antigenic peptide in MHC class II, the response of
Tregs is antigen-specific.

To assist B cells in antibody production, a special subpopulation of Th
cells, known as T follicular helper (Tfh) cells, remains in the lymph nodes
and interacts with B cells and plasma cells there. Tth cells provide essential
signaling to B cells as they undergo processes such as activation,
immunoglobulin class switching, affinity maturation, and the formation of
B-cell memory. These processes will be discussed in more detail in a later
section of this chapter.

During the many rounds of cell division that follow Th-cell activation,
two distinct populations of cells are formed. Most Th cells begin to secrete
cytokines and may travel to infected tissues where their activities are most
needed. A small percentage of the Th cells generated after activation will
differentiate into memory cells. Memory Th cells enter a quiescent state and
await re-exposure to their specific antigen. If and when contact with antigen
occurs again, memory cells respond rapidly by re-entering cell division and
immediately secreting appropriate cytokines.
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FIGURE 4-9 T helper (Th) subsets. Depending on the type of pathogen encountered, APCs
secrete a specific combination of polarizing cytokines that direct newly activated CD4+ Th
cells to further differentiate into one of four subsets: Th1, Th2, Treg, or Th17. These
specialized T cells release different types of cytokines to coordinate an appropriate immune
response against the pathogen.

Action of Cytotoxic T Cells

CDS8-expressing cytotoxic T cells (Tc), also known as cytotoxic T
lymphocytes (CTLs), play a different role than Th cells. Activated cytotoxic
T cells migrate to sites of infection and initiate apoptosis in cells infected
with intracellular parasites and viruses. Unlike NK cells, which fulfill a
similar role but recognize infection through germline-encoded receptors, the



activity of cytotoxic T cells is driven by TCR recognition and is therefore
antigen-specific.

Upon recognition of peptide antigen in class I MHC on the surface of a
target cell, cytotoxic T cells kill their targets using two primary strategies:
(1) the release of cytotoxic granules from the T-cell cytoplasm or (2)
ligation of death receptors on a target cell’s surface. In either case, the target
cell rapidly undergoes apoptosis (Fig. 4—10).

Cytotoxic T-cell granules contain two toxic substances: perforins and
granzymes. Perforins are proteins that insert into target-cell membranes and
polymerize to form pores. Granzymes are serine proteases, a class of
enzymes that can initiate the fragmentation of DNA in the target cell. TCR
recognition of antigen by a cytotoxic T cell causes accumulation of granules
in the T-cell cytoplasm adjacent to the target cell. Subsequently, the
granules are released by the T cell in the direction of the target cell. Almost
immediately, perforin begins forming holes in the target-cell membrane,
through which granzymes can enter. Once in the target cell, granzymes
activate nuclease enzymes that cleave DNA and disrupt mitochondria. With
its genetic material shredded and energy levels dropping, the target cell
quietly dies by apoptosis.
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FIGURE 4-10 Activation of cytotoxic T cells. The CD8+ T cell recognizes foreign peptide
antigen presented in class | MHC. When binding occurs, vesicles containing perforin and
granzymes move toward the point of contact with the target cell. Granules fuse with the
membrane and release their lytic contents into the space between the T cell and target cell.
Perforin inserts itself into the target-cell membrane and polymerizes to form a pore.
Granzymes enter the target cell and induce apoptosis.

Cytotoxic T cells are also capable of inducing apoptosis in target cells by
ligation of death receptors. In this situation, TCR recognition of antigen
complexed with target-cell MHC leads to expression of the death-inducing
protein Fas-ligand (FasL) by the T cell. When FasL binds to Fas on the
target-cell membrane, apoptotic pathways similar to those activated by the
granzymes are set in motion.
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FIGURE 4-11 Activating signals for T-dependent antigens. (1) T-dependent antigens bind to
immunoglobulin receptors on B cells. The antigen is processed and delivered to CD4+ T
cells. The Th cell binds by means of its CD3-TCR complex and (2) delivers further activating
signals through binding of CD40 on the B cell to the CD40L receptor on the Th cell. (3)
Cytokines are released from the T cell and enhance B-cell transformation to plasma cells.

The Role of B Cells in the Adaptive Immune
Response

As mentioned previously, the essential first step in the activation of a
mature B cell is exposure of the IgM BCR to its specific antigenic epitope.
Antigen recognition by the different types of mature B cells (follicular and
marginal zone) occurs in different anatomical regions—the lymph nodes
and the spleen, respectively. Because the follicular B-cell response depends
heavily on the activity of Tth cells to promote an effective antibody
response, antigens that provoke this type of response are often referred to as
T-dependent antigens (Fig. 4-11). Correspondingly, as marginal-zone B
cells don’t require the help of Tth cells, the antigens recognized by
marginal-zone B cells are referred to as T-independent antigens (Fig. 4—
12).

Immune Response to T-Dependent Antigens

Because of the requirement for T-cell help, T-dependent antigens are almost
always proteins, because proteins are the only type of antigen that can
stimulate a T-cell response. To reach the lymph nodes, where mature naive
follicular B cells reside, protein antigens may travel suspended or dissolved
within lymphatic fluid, or they may be carried by macrophages or dendritic
cells. Regardless of the means by which protein antigens are brought to
lymph nodes from areas of infection or inoculation, they arrive at the B-
cell-rich follicles in their native state (that is, not processed or denatured).



This fact is central to the concept that BCRs bind to antigenic epitopes
exposed on an antigen’s surface (Fig. 4—-13).

e (H

Immunoglobulin
producﬂon (lgM)

u Frollferazion %EE E:E
and differentiation
B cell

FIGURE 4-12 Activating signals for T-independent ant|gens (1) T-independent antigens can
bind to B cells through immunoglobulin receptors and trigger B-cell transformation directly.
Several antigen receptors must be cross-linked in order to activate a B cell directly. (2)
Antigens can also be bound to B cells’ innate immune receptors, such as TLRs.

When a follicular B cell and its specific antigen are united, the BCR
locates its epitope and binds the antigen securely via surface
immunoglobulin. BCR antigen recognition initiates a cascade of
intracellular signaling within the B cell, driving the cell into an activated
state. In response to BCR signaling, the B-cell cytoskeleton is mobilized to
internalize the bound antigen using a process known as endocytosis.
Antigen uptake allows for digestion of the antigen and presentation of its
constituent peptides on class I MHC molecules on the B-cell surface.

Following activation, B cells migrate to the edges of follicles, where they
begin to interact with Tth cells. In this context, B cells act as APCs,
presenting peptide fragments derived from internalized antigen to Tth cells.
If TCR binding to one of these antigenic peptides occurs, a T cell-B cell
pair is formed, and the T-dependent phase of the B-cell response begins.

To complement BCR signaling, Tth cells provide activated B cells with
two additional signals that contribute to the B-cell response. The first signal
provided by the T cell requires physical contact between T cells and B cells.
TCR recognition of peptide antigen causes Tth cells to express CD40 ligand
(CD40L), which binds to CD40 on B cells.



T cells also signal to B cells through the secretion of cytokines. For
instance, T cells secrete IL-2, which binds to CD25 expressed on B cells
and spurs them to enter a phase of rapid cell division. Each daughter cell
produced during this replicative explosion will inherit an identical BCR to
that of the parent B cell and will therefore recognize the same antigen.
Daughter B cells produced during the proliferative phase of the T-dependent
response have two potential fates: Some remain in contact with T cells and
differentiate into IgM-secreting plasma cells, whereas others form germinal
centers within follicles and participate in a series of processes that enhance
the antibody response through time.

The germinal center reaction involves three overlapping processes:
immunoglobulin isotype switching, affinity maturation, and memory-cell
generation. Germinal center formation requires interaction with T cells,
specifically the affiliation of CD40 with CD40L and the secretion of
cytokines.

[gM is the most common class of immunoglobulin molecule incorporated
into the BCRs of marginal-zone B cells and follicular B cells before and at
very early times after antigen recognition. However, B cells can express
other classes of immunoglobulin through precisely controlled
rearrangement of the heavy-chain genes. Other types of immunoglobulin
include IgG, which is the predominant form of antibody found in the blood;
IgA, which is found in the intestines and the body’s secretions; and IgE,
which is associated with allergy. Each of these antibody classes has a
different function in immunity and plays a different role in protecting the
body from infection.

Mutation of CD40L Gene Causes Immunodeficiency

When the delicate balance between T- and B-cell interaction is disrupted, immune
deficiencies may result. An X-linked mutation causing a CD40L deficiency on Th cells is
linked to disruption of immunoglobulin class switching. In patients with this mutation,
normal or increased levels of IgM are present, but B cells are unable to produce other
antibody classes. IgG and IgA levels are decreased, leading to an increased
susceptibility to infections. See Chapter 17 for further discussion on immunodeficiency
diseases.
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FIGURE 4-13 T- and B-cell cooperation in the immune response. CD4+ T cells recognize
exogenous antigen on a macrophage, along with class || MHC. Binding between CD28 and
B7 enhances interaction between the cells. Th cells go through clonal expansion and
produce cytokines, including IL-2. B cells capable of responding to the same antigen
present antigen to Th cells through the class || MHC receptor. The TCR binds antigen, and
CD4 binds to class Il MHC. CD40L binds to the costimulatory molecule CD40, enhancing
the reaction. Cytokine production by the T cell causes B cells to proliferate and produce
plasma cells, which secrete antibody.

Under the direction of T cells, germinal center B cells can change which
class of antibody they express, a process referred to as isotype switching.
Isotype switching not only changes the type of immunoglobulin comprising
the BCR, but it also determines the class of antibody secreted once the B
cell differentiates into a plasma cell. The gene recombination that occurs



during isotype switching is specific to the constant region of the heavy
chains, meaning that the target epitope recognized by the immunoglobulin
does not change; only the general structure of the antibody is altered.

Affinity maturation refers to a process by which immunoglobulins bind
antigen with increasing strength (affinity) through the course of an immune
response, resulting in the production of even more effective antibodies. This
feat 1s accomplished through somatic hypermutation, or the appearance of
mutations in immunoglobulin gene variable regions. Because of somatic
hypermutation, daughter cells are produced with slightly different antigen-
binding abilities. Daughter cells whose BCRs have a greater affinity for
antigen receive survival signals, whereas those with lesser antigen affinity
die by apoptosis. In this way, affinity maturation represents an evolution of
the antibody response throughout the battle against an infection.

For each generation of daughter cells produced within the germinal
center, three basic populations of cells are formed: plasma cells, memory
cells, and B cells that remain in the germinal center to continue the process
of affinity maturation. Plasma cells exit lymph nodes and secrete large
quantities of antibody of the isotype and affinity achieved during that
replicative generation. Memory cells may remain in the lymph nodes or
travel to the tissues. Memory cells do not require antigen stimulation for
survival, allowing them to lie in wait for re-exposure to antigen. When a
memory B cell is re-exposed to antigen, it can rapidly respond with the
production of high-affinity, class-switched antibody.

Immune Response to T-Independent Antigens

Some populations of B cells, including marginal-zone B cells, don’t interact
with T cells during their response to antigen. The T-independent antigens
recognized by these B cells are often polymers, such as polysaccharides.
The presence of many repeating elements on these antigens causes cross-
linking of multiple BCRs on a single B cell, inducing proliferation and
antibody production (see Fig. 4-12). Examples of T-independent antigens
include plant lectins, polymerized proteins with repeating molecular
patterns, and lipopolysaccharides found in bacterial cell walls. Because T
cells don’t participate in this type of B-cell response, processes such as
isotype switching, affinity maturation, and memory formation do not occur.



Consequently, these antigens elicit IgM production only, and the induction
of memory does not occur to any great extent.

SUMMARY

» Adaptive immunity is characterized by specificity, memory, and
enhancement upon repeated exposure to the same antigen.

* The immune cells responsible for mediating adaptive immunity are the
lymphocytes, which can be subdivided into T and B lymphocytes (T
cells and B cells).

» Adaptive immunity can be broadly divided into two branches: cell-
mediated immunity (T cells) and humoral immunity (antibodies
produced by B cells).

* All lymphocytes arise in the bone marrow from hematopoietic stem
cells (lymphoid progenitor cells), but T cells and B cells undergo very
different maturation processes.

* B lymphocytes remain in the bone marrow for the majority of their
maturation, whereas T cells exit the bone marrow to undergo a thymic
phase of development.

* The primary antigen receptors of the lymphocytes undergo genetic
rearrangement so that each naive lymphocyte expresses a unique
receptor with a different specificity than other lymphocytes.

* After gene rearrangement, each lymphocyte expresses a different
primary receptor and therefore recognizes a very specific target. Taken
as a whole, the body’s lymphocyte population can respond to an almost
unlimited variety of pathogens.

* The T-cell receptor (TCR) is composed of two protein chains called a.
and 3. TCRs allow T cells to recognize peptide antigen, but the peptide
must be presented by an MHC molecule on the surface of an APC.

* The BCR is composed primarily of an immunoglobulin molecule on the
surface of the B cell. BCRs allow B cells to detect their antigen, which
is usually exposed on the surface of an antigenic substance.

* In the thymus, T cells undergo several stages of differentiation before
becoming naive T cells capable of patrolling the body and responding
to antigen. These stages are characterized by the expression of the
surface molecules CD4 and CD8: double-negative (DN), double-
positive (DP), and single-positive (SP).



* B-cell development can be divided into a series of antigen independent
stages, consisting of pro-, pre-, and mature B cells. B cells that survive
antigen-independent development and encounter their specific antigens
enter an antigen-dependent phase where they can become antibody-
secreting plasma cells or memory cells.

* When a lymphocyte detects its specific antigen, it proliferates
substantially, a phase known as clonal expansion, resulting in a large
population of cells that respond to a particular target.

* The CD4 molecule helps stabilize the interaction between the TCR and
class I MHC molecules and is used as a marker to identify helper T
cells (Th cells). CD8 does the same between the TCR and class I MHC
and serves as a marker of cytotoxic T cells.

* Cytotoxic (CD 8+) T cells can induce apoptosis in cells infected with
intracellular pathogens or malignant cells, whereas Th cells (CD4+)
secrete cytokines to direct the immune response.

* When they reach maturity, B cells become one of two populations,
follicular B cells or marginal-zone B cells. Follicular B cells patrol and
occupy B-cell follicles found in lymph nodes, whereas marginal-zone B
cells spend their lives in the marginal sinus of the spleen.

Study Guide: Comparison of T and B Cells

T CELLS B CELLS

Develop in the thymus Develop in the bone marrow

Found in blood (60%-80% of circulating Found in bone marrow, spleen, lymph nodes
lymphocytes), thoracic duct fluid, lymph
nodes

End products of T helper or cytotoxic T-cell End product of B-cell activation is antibody
activation are cytokines

Surface markers include CD2 (all T cells), Surface markers include CD19, CD20,
CD3 (all T cells), CD4 (T helper and CD21, CD40, class Il MHC
regulatory T cells), CD8 (cytotoxic T cells)

CASE STUDIES



1. A 2-year-old boy is sent for immunologic testing because of
recurring respiratory infections, including several bouts of
pneumonia. The results show decreased immunoglobulin levels,
especially of IgG. Although his white blood cell (WBC) count was
within the normal range, his lymphocyte count was low. Flow
cytometry was performed to determine the levels of different classes
of lymphocytes. The result showed a decrease in CD4+ cells. The
CD19+ lymphocyte population was normal.

Questions

a. How can these findings be interpreted?
b. How can this account for his recurring infections?

2. You and a friend in your immunology class are discussing how the
body is able to fight infection. Your friend states that as long as you
have a good innate immune system and you can make antibodies,
then a decrease in CD8+ T cells is not really important.

Question

a. How do you respond to your friend?

REVIEW QUESTIONS

1. Which MHC molecule is necessary for antigen recognition by CD4+
T cells?

a. Class I

b. Class II

¢. Class III

d. No MHC molecule is necessary.

2. Which would be characteristic of an immune response to a T-
independent antigen?

a. The IgG antibody 1s produced exclusively.
b. Large numbers of memory cells are produced.




c. Antigens bind only one receptor on B cells.
d. Antigens are often polysaccharides.

. Humoral immunity refers to which of the following?

a. Production of antibody by plasma cells

b. Production of cytokines by T cells

c¢. Elimination of virally infected cells by cytotoxic cells
d. Downregulation of the immune response

. Where does antigen-independent maturation of B lymphocytes take
place?

a. Bone marrow

b. Thymus

c. Spleen

d. Lymph nodes

. In the thymus, positive selection of immature T cells is based upon
recognition of which of the following?

a. Self-antigens

b. Stress proteins

¢. MHC antigens

d. pu chains

. Which of these is/are found on a mature B cell?

a. IgG and IgD
b. IgM and IgD

c. o and B chains
d. CD3

. How do cytotoxic T cells kill target cells?

a. They produce antibodies that bind to the cell.
b. They engulf the cell by phagocytosis.
c. They stop protein synthesis in the target cell.




10.

11.

12.

d. They produce granzymes that stimulate apoptosis.

. Which of the following can be directly attributed to antigen-

stimulated T cells?

a. Humoral response
b. Plasma cells

c. Cytokines

d. Antibody

. Which is a distinguishing feature of a pre-B cell?

a. | chains in the cytoplasm
b. Complete IgM on the surface
c. Presence of CD21 antigen
d. Presence of CD25 antigen

When does genetic rearrangement for coding of antibody light chains
take place during B-cell development?

a. Before the pre-B cell stage

b. As the cell becomes an immature B cell

c. Not until the cell becomes a mature B cell

d. When the B cell becomes a plasma cell

Which of the following antigens is found on “helper” T cells?

a. CD4
b. CDS
c¢. CDI11
d. CD21

Which of the following would represent a DN thymocyte?

a. CD3+CD4-CD8+
b. CD3-CD4+CD8-
c. CD3+CD4-CD8-
d. CD2-CD3-CD4+CD8-




13.

14.

15.

16.

17.

Which of the following best describes the TCR for antigen?

a. It consists of [gM and IgD molecules.

b. It is the same for all T cells.

c. It is present in the DN stage.

d. a and P chains are unique for each antigen.

Laboratory results belonging to a 3-year-old patient showed the
following: normal CD4+ T-cell count, normal CD19+ B-cell count,
low CD8&+ T-cell count. Which aspect of immunity would be
affected?

a. Production of antibody

b. Formation of plasma cells

c. Elimination of virally infected cells

d. Downregulation of the immune response

Which of the following is a unique characteristic of adaptive
immunity?

a. Ability to fight infection

b. Ability to remember a prior exposure to a pathogen

c. A similar response to all pathogens encountered

d. Process of phagocytosis to destroy a pathogen

Clonal deletion of T cells as they mature is important in which of the
following processes?

a. Elimination of autoimmune responses

b. Positive selection of CD3/TCR receptors

¢. Allelic exclusion of chromosomes

d. Elimination of cells unable to bind to MHC antigens

Where are germinal centers found?

a. In the thymus
b. In the bone marrow
c. In peripheral blood




d. In lymph nodes
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Antibody Structure and Function

Linda E. Miller, PhD, MBS(ASCP)SI

LEARNING OUTCOMES

After finishing this chapter, you should be able to:

1.

10.

11.

Diagram the general structure of an immunoglobulin and recognize
its major components.

. Identify the electrophoretic fraction of serum that contains the

majority of immunoglobulins.

. Differentiate between isotypes, allotypes, and idiotypes.
. Differentiate between the light chains and heavy chains of

immunoglobulins and indicate the Greek letters that denote each type.

. Discuss the effects of treating an immunoglobulin molecule with

papain, pepsin, or mercaptoethanol.

. Describe the major characteristics of the five immunoglobulin classes

found in humans.

. Relate the differences in the structures of the five immunoglobulin

classes to their functions.

. Discuss how the immunoglobulin G (IgG) subclasses differ in

functional capability.

. Describe the functions of the J chain and the secretory component

(SC) and indicate in which immunoglobulin classes they are found.

Discuss how immunoglobulin D (IgD) differs from other
immunoglobulin types.

Identify the types of cells that immunoglobulin E (IgE) binds to in
allergic reactions.



12.

13.

14.

15.

16.

17.

Compare and contrast the primary and secondary antibody responses
to antigen.

Describe the genes that code for the immunoglobulin proteins, and
explain how they combine to code for a unique antibody molecule.

Explain how immunoglobulin class switching occurs on a genetic
level.

Explain how the clonal selection hypothesis contributes to antibody
specificity.

Outline the traditional process of mouse monoclonal antibody
production.

Discuss some clinical and research applications of monoclonal
antibodies.
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Tetrapeptide
Variable region

In 1890, the scientists Emil von Behring and Shibasaburo Kitasato
described a substance in the blood that could neutralize the toxin produced
by the bacteria that cause diphtheria. The substance that was responsible for
this and similar activities was later termed antibody. As we discussed in
Chapter 4, antibodies are the main element of the humoral arm of the
adaptive immune response. They are found on the surface of B cells, where
they serve as receptors that specifically recognize foreign antigens to
initiate the immune response. When B lymphocytes are stimulated by
antigen, they undergo differentiation into plasma cells, which secrete
antibodies into the blood and other body fluids. There, antibodies perform
biological activities that inactivate antigens such as toxins and help to
eliminate harmful microorganisms from the body.

Another term for antibody is immunoglobulin, based on the fact that
these molecules are globular proteins that play a role in immunity.
Immunoglobulins are glycoproteins that are composed of 86% to 98%
polypeptide and 2% to 14% carbohydrate. They constitute approximately
20% of plasma proteins in healthy individuals and can be detected by
performing serum protein electrophoresis. In this process, serum is placed
on an agarose gel, and an electrical current is applied to separate the
proteins. If electrophoresis is carried out at a pH of 8.6, most serum proteins
can be separated on the basis of size and charge. Five distinct bands are
obtained in this manner. Immunoglobulins are the slowest-moving proteins
and appear primarily in the gamma (y) band (Fig. 5-1). Because the gamma
band contains most of the antibody activity, antibodies have also been
referred to as gamma globulins.

Detection of immunoglobulins by electrophoresis and testing for specific
antibodies by other laboratory methods are very helpful in the diagnosis of
many types of diseases. Knowledge of the type of immunoglobulin
produced is important in blood banking as well as in the interpretation of
laboratory tests that are based on a patient’s immune response to a specific
antigen. Detection of specific antibodies is very helpful in the diagnosis of a
variety of diseases, including infections, allergies, autoimmune diseases,
and immunoproliferative diseases. Laboratory tests to detect antibodies for



the purpose of diagnosing these diseases will be discussed in more detail in
later chapters of this book.

Albumin

Normal pattern

FIGURE 5-1 Serum electrophoresis. Serum is subjected to an electrical charge, and
proteins are separated on the basis of size and charge. Antibodies are found in the gamma
region because they are the slowest-migrating proteins and have a charge that is close to
neutral. Hence, they do not move far from the origin.

Immunoglobulins are divided into five major classes based on a part of
the molecule called the heavy chain. These classes are designated as IgG,
IgM, IgA, IgD, and IgE (with Ig being the abbreviation for
immunoglobulin). The heavy chains within these classes are denoted by the
Greek letters y (gamma), p (mu), a (alpha), 6 (delta), and € (epsilon),
respectively. Some of the Ig classes also contain subclasses, which have
slight differences in their heavy chains. Although each class has distinct
properties, all immunoglobulin molecules share many common features,
and their basic structure is similar.

In this chapter, we present the nature of this generalized structure and
discusses the characteristics of each immunoglobulin type. Specific
functions for each of the classes are examined in relation to their structural
differences. We will then proceed to discuss the cellular and genetic basis
by which the specificity and diversity of antibodies arise. Finally, we will
describe how highly specific antibodies, known as monoclonal antibodies,
can be produced in the laboratory and used in a variety of clinical and
research situations.



General Structure of Immunoglobulins

The basic structure of immunoglobulins was first discovered in the 1950s
and 1960s because of biochemical analyses performed by two scientists—
Gerald Edelman, of the Rockefeller Institute in the United States, and
Rodney Porter, at Oxford University in England. They chose to work with
immunoglobulin G (IgG), the most abundant of all the antibodies. For their
contributions, these men shared the Nobel Prize in Physiology and
Medicine in 1972. The key findings of these scientists and others are
summarized in Table 5-1.

Two-Dimensional Structure

Because of this research, scientists developed an understanding of the basic
structure of the IgG molecule. In its two-dimensional form, IgG can be
visualized as a symmetrical molecule consisting of two larger peptide
chains, known as heavy (H) chains, bound to two smaller peptide chains,
called light (L) chains (Fig. 5-2). The heavy chains of IgG are denoted by
the Greek letter for G (gamma or 7y); they have a molecular weight of
approximately 50,000 and are unique to the IgG molecule. The light chains
have a molecular weight of about 22,000 and can be one of two types:
kappa (x) chains or lambda (1) chains. The k and A chains differ by just a
few amino acid substitutions along their length, and there are no functional
differences between the two types. Both k and A light chains are found in all
five classes of immunoglobulins, but only one type is present in a given
molecule.

The heavy and light chains are held together by disulfide (S—S) bonds
and other forces, including hydrogen bonds, hydrophobic forces, and
electrostatic attractions. The sulthydryl bonds can be broken by treatment of
the molecule with a reducing agent, such as mercaptoethanol. The exact
number of disulfide bonds differs among antibody classes and subclasses.
The tetrapeptide structure of an antibody, indicated by the formula H,L,,

serves as the basic structural unit of all the immunoglobulin classes,
although the type of heavy chain is unique to each class and the number of
units may vary, depending on the class.



Sequencing of the amino acids in the heavy and light chains revealed that
each chain has a single variable region and one or more constant regions.
The variable region is located in the first 110 amino acids of the molecule
at the amino terminal. It is unique to each antibody molecule and allows the
molecule to bind specifically to a particular antigen. The constant regions
of the molecule, from amino acid 111 to the carboxyl terminal, are the same
in each immunoglobulin class or subclass and are responsible for the
biological functions that play a role in immune defense against an antigen.
The IgG molecule has three constant regions, CH1, CH2, and CH3. CH2
and CH3 are responsible for binding to complement and Fc receptors on
phagocytic cells, respectively. The importance of these functions will be
discussed in the later section on immunoglobulin G.

Treatment With Proteolytic Enzymes

Porter and another scientist, Alfred Nisonoff, used the proteolytic enzymes
papain and pepsin, respectively, to elucidate the structure of IgG. As you
can see in Figure 5-2, papain cleaves the IgG molecule below the set of
disulfide bonds that holds the two heavy chains together, resulting in the
formation of three fragments. Two of these fragments, located at the amino-
terminal end of the molecule, are identical and have antigen-binding
capability; hence, they are known as the Fab fragments (fragment antigen
binding). Each Fab fragment thus consists of one light chain and one-half of
a heavy chain held together by disulfide bonding. The third fragment,
consisting of the carboxy-terminal halves of two heavy chains held together
by S-S bonds, was designated as the Fc fragment because it spontaneously
crystallized at 4°C. The Fc¢ portion of the molecule does not bind antigen
and contains the constant regions CH2 and CH3, which are responsible for
important biological activities.



Scientific Discoveries: Understanding the Structure
and Function of Immunoglobulins

SCIENTIST(S)

Von Behring and Kitasato

Henry Bence Jones

Arne Tiselius and Elvin
Kabat

Rodney Porter

Gerald Edelman

Alfred Nisonoff

DISCOVERY

Discovered that a substance in blood could neutralize activity
of diphtheria toxin

Discovered monoclonal light chains in the urine of patients with
multiple myeloma, facilitating the characterization of the Ig
light chains

Separated serum into protein fractions by electrophoresis and
identified the gamma globulin fraction as the main source of
immunoglobulins

Used the enzyme papain to cleave IgG into the fragments Fab
and Fc

Performed analytic ultracentrifugation to separate
immunoglobulins on the basis of molecular weight; unfolded
the 19G molecule with urea and disrupted the disulfide bonds
with mercaptoethanol

Used the enzyme pepsin to cleave IgG to produce the
fragment F(ab’)2
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FIGURE 5-2 Basic structure of an immunoglobulin molecule. (A) Immunoglobulin G is made
up of two heavy chains (50,000 MW each) and two light chains (22,000 MW each), held
together by disulfide bonds. Intrachain disulfide bonds create looped regions or domains.
The amino-terminal end of each chain is a variable region, whereas the carboxy-terminal
end consists of one or more constant regions. (B) Papain digestion yields two Fab
fragments and an Fc portion. (C) Pepsin digestion yields an F(ab’)o fragment with all the

antibody activity, as well as an Fc' portion.

In contrast to papain, the enzyme pepsin cleaves IgG at the carboxy-
terminal side of the interchain disulfide bonds, yielding a single fragment
with a molecular weight of 100,000 daltons that contains all the antigen-
binding ability, known as a F(ab’), fragment. An additional fragment

called F¢' is created in the carboxy-terminal portion of the molecule, which
is disintegrated into several smaller pieces and has no biological activity.
The enzymes papain and pepsin are still used today to obtain
immunoglobulin fragments with the desired activities, and the terms Fab,
Fc, and F(ab'), are commonly used to describe various portions of the

antibody molecule.



Hinge Region

The segment of heavy chain located between the CH1 and CH2 regions is
known as the hinge region. It is rich in hydrophobic residues and has a high
proline content that allows for flexibility of the molecule. The ability to
bend lets the two antigen-binding sites operate independently and engage in
an angular motion relative to each other and to the Fc stem. Thus, two Fab
arms can cover a good bit of territory. Such flexibility also assists in
effector functions, including initiation of the complement cascade (see
Chapter 7) and binding to cells with specific receptors for the Fc portion of
the molecule. Gamma, delta, and alpha chains all have a hinge region, but
mu and epsilon chains do not. However, the CH2 domains of these latter
two chains are paired in such a way as to confer flexibility to the Fab arms.

In addition to the four polypeptide chains, all types of immunoglobulins
contain a carbohydrate portion, which is localized between the CH2
domains of the two heavy chains. The carbohydrate has several important
functions, including (1) increasing the solubility of immunoglobulin, (2)
providing protection against degradation of the molecule, and (3) enhancing
functional activity of the Fc domains. The latter function may be the most
important because glycosylation appears to be critical for recognition by Fc
receptors that are found on phagocytic cells.

Isotypes, Allotypes, and Idiotypes

Amino acid sequencing of the immunoglobulin peptide chains revealed the
presence of antigenic determinants that can react with other antibodies
produced by immunization of heterologous species. These antigenic
determinants can be classified into one of three groups: isotypes, allotypes,
and 1diotypes (Fig. 5-3).

Isotypes are unique amino acid sequences that are common to all
immunoglobulin molecules of a given class or subclass. They are identical
in all individuals of a given species and differ from one species to another.
Isotypes comprise constant regions of the heavy chains that are unique to
each immunoglobulin class and give each type its name. Hence, the
1sotypes of the classes are known as y for IgG, pn for IgM, a for IgA, & for
IgD, and ¢ for IgE. Antibodies to human isotypes can be prepared by
immunizing animals with human serum. For example, goat antibodies



directed against human IgG can be prepared after immunizing goats with
human serum, and these antibodies can be used as reagents in
Immunoassays.

Minor variations of amino acid sequences that are present in some
individuals of the same species but not others are known as allotypes.
Allotypes occur in the four IgG subclasses, in one IgA subclass, and in the
A light chain. These genetic markers are found in the constant region and
are inherited in a simple Mendelian fashion. Some of the best-known
examples of allotypes are variations of the y chain known as GIm3 and
GIml7. Individuals can produce antibodies against allotypes they do not
have if they are exposed through pregnancy or transfusion.

Isotype Allotype Idiotype

) Q

FIGURE 5-3 Antibody variations (shown in black). (A) Isotype—the heavy chain that is
unique to each immunoglobulin class. (B) Allotype—genetic variations in the constant
regions. (C) Idiotype—variations in variable regions that give individual antibody molecules
specificity.

The variable portions of each immunoglobulin chain are unique to a
specific antibody molecule, and they constitute what is known as the
idiotype of the molecule. The amino-terminal ends of both heavy chains
and light chains contain these regions, which are essential to the formation
of the antigen-binding site. Together, they serve as the antigen-recognition
unit.

Three-Dimensional Structure of Antibodies

The immunoglobulin structure is similar to other molecules belonging to
the immunoglobulin superfamily, a group of glycoproteins that share a
common ancestral gene. This gene originally coded for 110 amino acids,
but it has been duplicated and mutated through time. Each type of
immunoglobulin is made up of several regions called domains, which
consist of approximately 110 amino acids. Although the different
immunoglobulin classes may have differing numbers of domains, the three-
dimensional structure of each is essentially the same.



The basic four-chain structure of all immunoglobulin molecules does not
actually exist as a straight Y shape but is in fact folded into compact
globular subunits based on the formation of balloon-shaped loops at each of
the domains. Intrachain disulfide bonds stabilize these globular regions.
Within each of these regions or domains, the polypeptide chain is folded
back and forth on itself to form what is called a B-pleated sheet. The folded
domains of the heavy chains line up with those of the light chains to
produce a cylindrical structure called an immunoglobulin fold (Fig. 5—4).
Antigen is captured within the fold by binding to a small number of amino
acids at strategic locations on each chain known as hypervariable regions.

Three small hypervariable regions consisting of approximately 30 amino
acid residues are found within the variable regions of both heavy and light
chains. Each of these regions, called complementarity-determining regions
(CDRs), is between 9 and 12 residues long. They occur as loops in the folds
of the variable regions of both light and heavy chains. The antigen-binding
site, or paratope, is actually determined by the apposition of the six
hypervariable loops, three from each chain (see Fig. 5—4). Antigen binds in
the middle of the CDRs, with at least four of the CDRs involved in the
binding. Thus, a small number of amino acids can create an immense
diversity of antigen-binding sites.

Antibody Classes

As we mentioned previously, there are five major classes of
immunoglobulins—IgG, IgM, IgA, IgD, and IgE—and some of these can
be further divided into subclasses. The structural and functional properties
of the individual antibody classes are summarized in Table 5-2 and are
discussed in the following sections.



Variable
domain

Constant
domain

FIGURE 5-4 Three-dimensional structure of a light chain. In this ribbon diagram tracing the
polypeptide backbone, 3 strands (polypeptide chains) are shown as wide ribbons, with other
regions as narrow strings. Each of the two globular domains consists of a barrel-shaped
assembly of seven to nine antiparallel B strands (polypeptide chains). The three
hypervariable regions (CDR1, CDR2, and CDR3) are flexible loops that project outward
from the amino-terminal end of the V|_ domain.

Immunoglobulin G (IgG)

IgG is the predominant immunoglobulin in humans, comprising
approximately 70% to 75% of the total serum immunoglobulins. In adults,
the normal serum concentration of IgG ranges from 800 to 1,600 mg/dL. As
you can see in Table 5-2, IgG has the longest half-life of any
immunoglobulin class, approximately 23 days, which may help to account
for its predominance in human serum.

IgG is a monomer, consisting of one tetrapeptide unit, with a molecular
weight of 150,000 and a sedimentation coefficient of 7S. The sedimentation
coefficient, or number of Svedberg units, is a measure of the rate by which
the molecule sediments in a high-speed ultracentrifuge, and the S-value
reflects the molecular weight of the molecule. There are four major IgG
subclasses with the following distribution: IgG1, 66%; 1gG2, 23%,; 1gG3,
7%; and IgG4, 4%. The v heavy chains of these subclasses have slight



variations in their constant-region amino acid sequences and differ in the
number and position of disulfide bridges, as seen in Figure 5-5. Variability
in the hinge region affects the ability to reach for antigen and the ability to
initiate important biological functions, as you will learn in the following
discussion. In general, IgG1 and 1gG3 are produced in response to protein
antigens, whereas IgG2 and IgG4 are associated with polysaccharide
antigens.

All subclasses have the ability to cross the placenta except 1gG2.

IgG has many important functions in the humoral immune response. The
major functions of IgG include the following:

1. The CH2 region of IgG is able to bind to complement, a series of
proteins that interact with antibodies to combat foreign antigens (see
Chapter 7 for details). Activation of complement results in an enhanced
inflammatory response and destruction of foreign cells such as bacteria.
IgG3 1s the most efficient subclass to bind complement because it has
the largest hinge region and the largest number of interchain disulfide
bonds. IgG1 is the second most efficient subclass to perform this
function. In contrast, [gG2 and IgG4 have shorter hinge segments,
which tend to make them poor mediators of complement activation.

2. IgG is an important mediator of opsonization, or the coating of a
foreign antigen that leads to enhanced phagocytosis. This process
occurs because macrophages, monocytes, and neutrophils have
receptors on their surfaces that are specific for the Fc region of IgG.
Binding of the CH3 region of IgG to the Fc receptor enhances contact
between antigen and phagocytic cells and increases the efficiency of
phagocytosis (Fig. 5-6). IgG1 and IgG3 are particularly good opsonins
because they bind most strongly to Fc receptors.

3. A similar process in which IgG participates is antibody-dependent
cellular cytotoxicity (ADCC). In this process, IgG binds to Fc
receptors on the surface of macrophages, monocytes, neutrophils, and
natural killer (NK) cells. In this case, however, the antigen is not
engulfed; instead, binding triggers the release of enzymes by the cells,
which destroy the antigen extracellularly (Fig. 5-7).

4. Another important function of I1gG is its ability to bind to bacterial
toxins and viruses and neutralize their activity. IgG is effective in this



process because it has a high diffusion coefficient that allows it to enter
extravascular spaces more readily than the other immunoglobulin types.

. IgG is the only type of antibody that can cross the placenta. This ability
is present because the placenta possesses receptors for the Fc region of
IgG molecules, which take up the antibodies by receptor-mediated
endocytosis and transport them to the fetal blood. This function is
mediated by IgG1, IgG3, and IgG4. Passive transfer of maternal IgG to
the fetus is especially important in providing immunity to the newborn
during its first few months of life, when its immune system is immature.
The level of maternal IgG declines steadily according to its half-life, so
by about 6 months of age, its levels are negligible; however, the infant
will have started to make its own IgG by that time. Adult levels of IgG
are reached at about 6 or 7 years of age.

. IgG also participates in agglutination reactions (clumping of large
particles) and precipitation (immune complexes falling out of a
solution); see Chapter 10. Agglutination and precipitation reactions take
place in vitro, although it is not known how significant a role these
reactions play in vivo. IgG is better at precipitation reactions than at
agglutination because precipitation involves small soluble particles,
which are brought together more easily by the relatively small IgG
molecule.



Properties of Imnmunoglobulins
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FIGURE 5-5 The four IgG subclasses are IgG1, IgG2, 1IgG3, and IgG4. These differ in the
number and linkages of the disulfide bonds.

FIGURE 5-6 Opsonization. IgG coats the antigen and binds to Fc receptors on phagocytic
cells.

NK cell Antibody-coated Apoptosis
target cell

FIGURE 5-7 Antibody-dependent cellular cytotoxicity (ADCC). The Fab portion of IgG
antibody binds to an antigen, whereas the Fc portion binds to receptors on macrophages,
neutrophils, or NK cells, triggering the release of enzymes that destroy cells expressing the
antigen. The figure shows an NK cell destroying an antibody-coated virus-infected host cell
by ADCC.

Immunoglobulin M (IgM)



IgM 1s known as a macroglobulin because it is the largest of all the
immunoglobulin classes, having a sedimentation rate of 19 S, which
represents a molecular weight of approximately 900,000 d. In the serum,
IgM exists as a pentamer of five monomeric units held together by a
glycoprotein known as the J or joining chain, whose cysteine residues
form disulfide bonds that link the carboxy-terminal ends of adjacent
monomers together to form a star-like shape (Fig. 5-8). Each monomer
contains p heavy chains and either k or A light chains. The p heavy chains
possess one more constant domain, CH4, adding to the large size of the
molecule. Treatment of the pentamer with mercaptoethanol dissociates the
molecule into its monomeric units. The monomer form of the p heavy chain
can also be found on the surface of B cells, and its expression is important
to the process of B-cell maturation.

The half-life of IgM is about 6 days, and it accounts for between 5% and
10% of all serum immunoglobulins. In healthy adults, serum concentrations
range from 120 to 150 mg/dL. IgM shares some of the same functions as
IgG but performs them more effectively because of its multiple binding
sites. For example, IgM is the most efficient of all the immunoglobulins at
triggering the classical pathway of complement because a single molecule
can initiate the reaction when complement binds to two adjacent CH2
regions (see Chapter 7). This probably represents the most important
function of IgM. The larger number of binding sites also makes [gM more
efficient at agglutination reactions than IgG. Because IgM is a pentamer, it
can bind up to 10 separate antigens or bind to multivalent antigens. The
high valency of IgM antibodies helps to overcome the fact that they tend to
have a low affinity for antigen.

Because of its large size, IgM is found mainly in the intravascular pool
and not in other body fluids or tissues. It can neutralize bacterial toxins and
viruses, but it cannot cross the placenta. IgM is known as the primary
response antibody because it is the first to appear after antigenic stimulation
and the first to appear in the maturing infant. It is synthesized only as long
as antigen remains present because there are no memory cells for I[gM. As
we will see in later chapters, IgM can be used to diagnose an acute infection
because its presence indicates a primary exposure to antigen.



FIGURE 5-8 The pentameric structure of IgM is linked by a J chain (shown in red). Each
arm can bend out of the plane to capture antigen.

Immunoglobulin A (IgA)

In the serum, IgA represents 10% to 15% of all circulating
immunoglobulin, with a normal adult serum concentration of 70 to 350
mg/dL. It is a monomer with a molecular weight of approximately 160,000
and a sedimentation coefficient of 7 S. Upon electrophoresis, IgA migrates
between the B and y regions. The heavy chain of IgA i1s called a, and it
contains one variable and three constant regions. There are two subclasses
of IgA, designated /g4l and IgA2. They differ in content by 22 amino
acids, 13 of which are located in the hinge region and are deleted in IgA2.
The lack of this region appears to make IgA2 more resistant to some
bacterial proteinases that are able to cleave IgAl. Hence, IgA2 is the
predominant form in secretions at mucosal surfaces, whereas IgAl is
mainly found in serum. The major role of serum IgA is as an anti-
inflammatory agent. Serum IgA appears to downregulate IgG-mediated
phagocytosis, chemotaxis, bactericidal activity, and cytokine release.

IgA2 is found as a dimer along the respiratory, urogenital, and intestinal
mucosa; it also appears in breast milk, colostrum, saliva, tears, and sweat.
The dimer consists of two monomers held together by a J chain, as seen in
IgM. The J chain is essential for the polymerization and secretion of IgA.
Secretory IgA is synthesized in plasma cells found mainly in mucosal-
associated lymphoid tissue and is released in dimeric form. IgA is
synthesized at a much greater rate than that of IgG—approximately 3 grams
per day in the average adult—but because it is mainly in secretory form, the
serum concentration is much lower.



Another protein, called the secretory component (SC), is later attached
to the Fc region around the hinge portion of the a chains. This protein is
derived from epithelial cells found in close proximity to the plasma cells.
As Figure 5-9 indicates, an SC precursor is present on the surface of
epithelial cells and serves as a specific receptor for IgA. Plasma cells are
attracted to subepithelial tissue, where they secrete IgA, which binds to the
precursor. Once binding takes place, the IgA and SC precursor are taken
inside the cell and released at the opposite surface by a process known as
transcytosis. The vesicle carrying IgA and the SC receptor fuses with the
membrane on the cell’s opposite side; a small fragment of SC is then
cleaved to liberate the [gA dimer with the remaining SC. The SC may thus
act to facilitate transport of IgA to mucosal surfaces. It also makes the
dimer more resistant to enzymatic digestion by masking sites that would be
susceptible to protease cleavage.

Epithelial

cell

Plasma cell lgA Poly-lg
receptor

Endocytosis %,

Transcytosis

Exocytosis §

lgh + secretory
component

FIGURE 5-9 Formation of secretory IgA. IgA is secreted as a dimer from plasma cells and is
captured by specific receptors on epithelial cells. The receptor is actually an SC, which
binds to IgA and exits the cell along with it.

The main function of secretory IgA is to patrol mucosal surfaces and act
as a first line of defense by preventing antigens from penetrating farther
into the body. IgA plays an important role in neutralizing toxins produced
by microorganisms and helps to prevent bacterial and viral adherence to



mucosal surfaces. Complexes of IgA and antigen are easily trapped in
mucus and then eliminated by the ciliated epithelial cells of the respiratory
or intestinal tract. This prevents pathogens from colonizing the mucosal
epithelium.

Furthermore, because IgA is found in breast milk, breastfeeding helps to
maintain the health of newborns by passively transferring antibodies and
greatly decreasing infant death from both respiratory and gastrointestinal
infections. Additionally, neutrophils, monocytes, and macrophages possess
specific receptors for IgA. Binding to these sites triggers a respiratory burst
and degranulation, indicating that IgA is capable of acting as an opsonin.

It appears that IgA is not capable of fixing complement by the classical
pathway, although aggregation of immune complexes may trigger the
alternate complement pathway (see Chapter 7). Lack of complement
activation may actually assist in clearing antigen without triggering an
inflammatory response, thus minimizing tissue damage.

Immunoglobulin D (IgD)

IgD was not discovered until 1965, when it was found in a patient with
multiple myeloma, a cancer of the plasma cells. It is extremely scarce in the
serum, representing less than 0.001% of total immunoglobulins. It is
synthesized at a low level and has a half-life of only 1 to 3 days. The
molecule has a molecular weight of approximately 180,000 and migrates as
a fast y protein. The delta (8) heavy chain has a molecular weight of 62,000
and appears to have an extended hinge region consisting of 58 amino acids.

Because of its unusually long hinge region, IgD is more susceptible to
proteolysis than other immunoglobulins. This may be the main reason for
its short half-life. In the secreted form in the serum, IgD does not appear to
serve a protective function because it does not bind complement, it does not
bind to neutrophils or macrophages, and it does not cross the placenta.

Most of the IgD is found on the surface of immunocompetent but
unstimulated B lymphocytes. It is the second type of immunoglobulin to
appear (IgM being the first), and it may play a role in B-cell activation,
although its function is not completely understood. The high level of
surface expression and its intrinsic flexibility make IgD an ideal early
responder to antigen. Unlike B cells bearing only IgM receptors, those with
both IgM and IgD receptors are capable of responding to T-cell help and



switching to synthesis of IgG, IgA, or IgE. Thus, IgD may play a role in
regulating B-cell maturation and differentiation.

Immunoglobulin E (IgE)

IgE is best known for its very low concentration in serum and the fact that it
has the ability to activate mast cells and basophils. It is the least abundant
immunoglobulin in the serum, accounting for only 0.0005% of total serum
immunoglobulins, with a normal adult serum concentration of about 0.005
mg/dL. The molecular weight of IgE is approximately 190,000, making it
an 8S molecule, and it has a carbohydrate content of 12%. The epsilon (&)
heavy chain is composed of one variable and four constant domains. A
single disulfide bond joins each € chain to a light chain, and two disulfide
bonds link the heavy chains to one another.

IgE is the most heat-labile of all immunoglobulins; heating to 56°C for
between 30 minutes and 3 hours results in conformational changes and loss
of ability to bind to target cells. IgE does not participate in typical
immunoglobulin reactions such as complement fixation, agglutination, or
opsonization. Additionally, it is incapable of crossing the placenta. Instead,
shortly after synthesis, it attaches to basophils, Langerhans cells,
eosinophils, and tissue mast cells through high-affinity receptors for the Fc
portion of the € chain (Fc € RI), which are found exclusively on the surface
of these cells. The molecule binds at the CH3 domain, leaving the antigen-
binding sites free to interact with specific antigen (Fig. 5-10). Plasma cells
that produce IgE are located primarily in the lungs and in the skin.

Mast cells are also found mainly in the skin and in the lining of the
respiratory and alimentary tracts. One such cell may have several hundred
thousand receptors, each capable of binding to an IgE molecule. When two
adjacent IgE molecules on a mast cell bind specific antigen, a cascade of
cellular events is initiated that results in degranulation of the mast cells with
the release of vasoactive amines such as histamine and heparin. The release
of these mediators induces what is known as a fype I immediate
hypersensitivity or allergic reaction (see Chapter 14). Typical reactions
include hay fever, asthma, vomiting and diarrhea, hives, and life-threatening
anaphylactic shock.

IgE appears to be a nuisance antibody; however, it may serve a protective
role by triggering an acute inflammatory reaction that recruits neutrophils



and eosinophils to the area to help destroy invading antigens that have
penetrated IgA defenses. Eosinophils, in particular, play a major part in the
destruction of large antigens, such as parasitic worms, that cannot be easily
phagocytized (see Chapter 22 for details).

Immunologic Memory: Primary and Secondary
Antibody Responses

As we discussed in earlier chapters, one of the key features of the adaptive
immune response is immunologic memory, or the ability of the immune
system to respond more rapidly and effectively to an antigen upon repeated
exposure. The first time an individual is exposed to an antigen, he or she
mounts what is called a primary antibody response. This response is
characterized by a long time period, or lag phase, between the encounter
with the antigen and the production of detectable antibody. During the lag
phase, which typically lasts between 4 and 7 days, T and B lymphocytes are
being activated to respond to the antigen by the T-dependent mechanism of
antibody production that was discussed in Chapter 4. This process results in
the generation of antibody-secreting plasma cells. Antigen-specific IgM
antibody is produced first, followed by specific IgG antibody (Fig. 5-11).
The amounts of antibody produced are relatively low and decline during the
span of a few weeks.

Some of the activated B cells from the primary response will not develop
into plasma cells but, rather, expand into clones of long-lived memory cells.
These memory cells have undergone genetic changes that allow them to
resist apoptosis; express high-affinity antigen receptors; and switch their
production from IgM to another isotype, predominantly IgG. Therefore, if
the memory B cells are exposed to the same antigen weeks, months, or even
years later, they can rapidly differentiate into plasma cells, and larger
amounts of antibody are produced. The memory response is also referred to
as the secondary antibody response, or anamnestic response. As you can
see in Figure 5—10, this response has a shorter lag phase (~1 to 2 days) and
results in the production of low levels of IgM that rapidly decline, as in the
primary response. More importantly, it results in higher levels of another
immunoglobulin isotype (usually IgG). IgG levels decline slowly and
persist in the body for longer periods, sometimes providing life-long



immunity to the antigen. The key differences between the primary and
secondary antibody responses are summarized in Table 5-3. The memory
response serves as the basis for the booster injections that are given in
routine vaccination schedules to optimize the immunity of the recipient to
potentially harmful pathogens (see Chapter 25).
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FIGURE 5-10 IgE binds to specific Fc € receptors on mast cells. When antigen bridges two
nearby IgE molecules, the membrane is disturbed, degranulation results, and chemical
mediators are released.
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FIGURE 5-11 Primary and secondary antibody responses. Memory lymphocytes are
generated during the primary response, and these cells can respond more effectively upon
subsequent exposure to the same antigen. As compared with the primary response, the
secondary or anamnestic response has a shorter lag phase; a much more rapid increase in
antibody titer, mainly 1gG; and greater persistence of IgG over time.



Clinical Correlations

Serologic Testing

The antibody responses shown in Figure 5-11 are the basis for serology testing for
infectious diseases. The antibody classes can be used to differentiate an acute immune
response, characterized by IgM only, from the response occurring later in the course of
infection (IgM plus IgG) and a past infection (IgG only). See Chapters 20 to 23.

Antibody Specificity and Diversity

Other important features of adaptive immunity are its specificity for a
particular antigen and its ability to respond to a diverse array of antigens in
our environment. It is estimated that humans have the potential to respond
to between 107 and 10° different antigens. Yet, when an individual is
exposed to a particular antigen, the immune system produces antibodies that
are specific for that antigen and not for unrelated antigens. For example, a
person infected with Group A Streptococcus bacteria will make antibodies
to antigens possessed by those bacteria and not to Staphylococcus bacteria.
You may be wondering how this is possible. In this section, we will explore
the genetic basis for antigen specificity and diversity and discuss how these
characteristics are achieved on a cellular level.

Clonal Selection

As we previously discussed, in addition to their presence in the blood and
other body fluids, immunoglobulins are found on the surface membrane of
B cells, where they serve as receptors for antigens. Through the years,
scientists discovered that the body has numerous clones of lymphocytes,
each possessing surface receptors with a unique antigen specificity. When
the body is exposed to an antigen, the antigen selectively binds to receptors
on the cells capable of responding to it, causing only those cells to
proliferate and mount the antibody responses we discussed in Chapter 4.
This process, first hypothesized by the scientist Paul Ehrlich in the early
1900s and confirmed independently by Niels Jerne and Macfarlane Burnet
in the 1950s, is called the clonal selection hypothesis. Today, clonal



selection 1s considered to be a fundamental concept of the immune response
(Fig. 5-12).

Furthermore, as you will learn in the next section, individual
lymphocytes are genetically preprogrammed to produce an immunoglobulin
receptor with a single antigen specificity. This process occurs before contact
with antigen, during maturation of the B cells in the bone marrow. In a
similar fashion, antigen-specific T-cell receptors are generated during
maturation of the T cells in the thymus (see Chapter 4). Because of this
remarkable process, mature lymphocytes that have seeded the lymphoid
tissues are prepared to respond to a diverse array of potentially harmful
antigens long before the body actually encounters them.

Immunoglobulin Genes

Before the concept of clonal selection became established, scientists
wondered how this hypothesis could be reconciled with the genetic basis for
antibody diversity. The central dogma of molecular genetics is that one
gene codes for one polypeptide. However, if there were separate genes to
code for all the antibody molecules to every possible antigen, an
overwhelming amount of DNA would be needed, much more than could be
packaged into a cell nucleus. In 1965, Dreyer and Bennett proposed a
solution to this dilemma by suggesting that the constant and variable
portions of immunoglobulin chains are actually coded for by separate
genes. They hypothesized that there was a small number of genes coding
for the constant region and a larger number coding for the variable region.
This notion implied that although all lymphocytes originate with identical
genetic germline DNA, diversity is created by a series of events whereby
separate gene segments are selected and joined together as the B cell
matures. Susumu Tonegawa’s pioneering work provided scientific evidence
for this hypothesis, and he was awarded the Nobel Prize in 1987 for his
monumental discovery.
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FIGURE 5-12 Clonal selection. Antigen binds only to B lymphocytes expressing receptors
specific for the antigen. Those B cells are stimulated to divide and differentiate into plasma
cells that secrete antibody specific for the antigen (in this example, the B cell in the middle).

Tonegawa’s experiments with DNA revealed that chromosomes do not
contain intact immunoglobulin genes but, rather, building blocks from
which genes can be assembled. Human immunoglobulin genes are found in
three unlinked clusters: Heavy-chain genes are located on chromosome 14,
k light-chain genes are on chromosome 2, and A light-chain genes are on
chromosome 22. Within each of these clusters, a selection process occurs.
The genes cannot be transcribed and translated into functional antibody
molecules until this rearrangement, assisted by special recombinase
enzymes, takes place. Gene rearrangement involves a cutting-and-splicing
process that removes much of the intervening DNA, resulting in a
functional gene that codes for a specific antibody. Once this rearrangement
occurs in a B lymphocyte, it permanently changes its DNA.



Rearrangement of Heavy-Chain Genes

The selection process begins with rearrangement of the genes for the heavy
chains. All heavy chains are derived from a single region on the long arm of
chromosome 14. The genes that code for the variable region of the heavy
chain are divided into three groups—Vy, D, and J. There are approximately

45 functional Vp (variable) genes, 23 D (diversity) genes, and six J

(joining) genes. All the V, D, and J genes are present in the germline DNA
of a bone marrow stem cell. In addition, there is a set of genes that codes
for the constant region (C). This set includes one gene for each heavy-chain
isotype. They are located in the following order: Cp, Co, Cy3, Cyl, Cal,
Cy2, Cy4, Cg, and Co2, as shown in Figure 5-13. Only one of these
constant regions is selected at any one time.

As the B cell matures and the heavy chain is constructed, a random
choice is made from each of the sections so as to include one Vi gene, one

D gene, one J gene, and one constant-region gene. Joining of these
segments occurs in two steps: First, in pro-B cells, one D gene and one J
gene are randomly chosen and are joined by means of a recombinase
enzyme after the intervening DNA 1is deleted (see Fig. 5-13). Next, in the
pre-B-cell stage, a V gene is joined to the DJ complex, resulting in a
rearranged VDJ gene. The VDJ gene combination codes for the entire
variable region of the heavy chain. Thus, during the process of B-cell
maturation, the pieces are spliced together to commit that B lymphocyte to
making antibody of a single specificity.

If a successful rearrangement of DNA on one chromosome 14 occurs,
then the genes on the second chromosome are not rearranged; this
phenomenon is known as allelic exclusion. If the first rearrangement is
nonproductive, then rearrangement of the second set of genes on the other
chromosome 14 occurs. This mechanism maintains clonal specificity by
ensuring that each B cell only expresses a single antigen receptor.

Next, the variable-and constant-region genes are joined. This process
occurs at the ribonucleic acid (RNA) level, thus conserving the DNA of the
constant regions. During transcription and synthesis of messenger
ribonucleic acid (mRNA), a constant region is spliced to the VDJ complex.
Because Cp is the region closest to the J region, p heavy chains are the first
to be synthesized; these are the markers of the pre-B lymphocytes. The Co



region, which lies closest to the Cp region, is often transcribed along with
Cn. The presence of DNA for both the Cp and Co regions allows for
mRNA for IgD and IgM to be transcribed at the same time. Thus, a B cell
could express IgD and IgM with the same variable domain on its surface at
the same time.

Light-Chain Rearrangement

Because light-chain rearrangement occurs only after p chains appear, p-
chain synthesis represents a pivotal step in the process. Light chains exhibit
a similar genetic rearrangement, except they lack a D region.
Recombination of segments on chromosome 2, coding for k chains, occurs
before that on chromosome 22, which codes for A chains.

Vi VoV Vo Dy DD Dy Jydpds dy GG GGG Gy G Gy

DNA

Excised D/J joining

ViVe Vs Vy  DyDpds Jy, G, G C5CiCprGCiy G Gy

Excised V/D/J joining

Vi VoDpdy J, G, G; C5C,1CpCu G G,

Transcription and splicing
VoD, JsC
mRNA

Translation
VaD3J5C,

i Heavy-chain protein for igM

FIGURE 5-13 Genes Coding for immunoglobulin heavy chains. Four separate regions on
chromosome 14 code for heavy chains. DJ regions are spliced first, and then this segment
is joined to a variable region. When RNA synthesis occurs, one constant region is attached
to the VDJ combination; y heavy chains are made first, but the cell retains its capacity to
produce immunoglobulin of another class.
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FIGURE 5-14 Assembly and expression of the A-light-chain locus. A DNA rearrangement
fuses one V segment to one J segment. The VJ segment is then transcribed along with a
unique C region to form mature X mRNA. Unarranged J segments are removed during RNA
splicing.

The k locus contains approximately 35 V,, five J,, and one functional C

segment. The process of VJ joining is accomplished by cutting out
intervening DNA. This results in the V| and J. segments becoming

permanently joined to one another on the rearranged chromosome.
Transcription begins at one end of the V. segment and proceeds through the

J and C, segments. J segments that have not been rearranged are removed

by RNA splicing, which occurs during translation (Fig. 5-14).

A productive rearrangement of the k genes with subsequent protein
production keeps the other chromosome 2 from rearranging and shuts down
any recombination of the A-chain locus on chromosome 22. Only if a
nonfunctioning gene product arises from k rearrangement does A-chain
synthesis occur. The A locus contains approximately 30 V., 4 J,, and 4

functional C, segments. If functional heavy and light chains are not

produced in a B lymphocyte by these rearrangements, then that cell dies by
apoptosis.

Light chains are then joined with p chains to form a complete IgM
antibody, which first appears in immature B cells. Once IgM and IgD are
present on the surface membrane, the B lymphocyte is fully mature and
capable of responding to antigen (see Chapter 4).



Additional Sources of Diversity

The process of VDJ recombination is just one way in which diversity is
generated in the creation of B-cell antigen receptors. The recombinase
enzymes, RAG-1 and RAG-2, are essential for initiating VDIJ
recombination during B-cell maturation. These enzymes recognize specific
recombination signal sequences in the DNA that flank all immunoglobulin
gene segments. However, joining of the V, J, and D segments doesn’t
always occur at a fixed position, so each sequence can vary by a small
number of nucleotides. This variation, called junctional diversity, is a major
contributor to diversity in the variable-region genes. Furthermore,
additional nucleotides may be added at the junctions.

Another source of variation occurs at the protein level. Once the
immunoglobulin chains are synthesized, different heavy chains can
combine with different light chains to produce functional antibody
molecules.

A final source of variation, called somatic hypermutation, can occur after
the B cell has had contact with the antigen. During the T-cell-dependent
antibody response, cytokines are produced that stimulate the B cells to
divide so that the response to the antigen is enhanced. Genetic mutations
occur at a very high rate in the variable regions of the immunoglobulin
genes during this period of rapid B-cell proliferation. Mutations in some of
these B cells result in immunoglobulin receptors that can bind the antigen
more strongly, and these B cells become the dominant clones as the immune
response evolves. This process, called affinity maturation, results in a
more effective response to the antigen.

Thus, there are several sources of immunoglobulin diversity: the large
variety of V, J, D, and C combinations for each type of chain; junctional
diversity; different possibilities for light-and heavy-chain combinations; and
somatic hypermutation. All these processes, taken together, result in more
than enough antibody configurations to allow us to respond to any antigen
in our environment.

Immunoglobulin Class Switching

As we discussed earlier, the first immunoglobulin to be synthesized during
the immune response is IgM. This occurs because the Cu gene is the



constant-region gene that is closest to the VDJ genes. As the immune
response progresses, B cells may become capable of producing antibody of
another class, a phenomenon called class switching.

Production of other immunoglobulin isotypes occurs because of a process
called switch recombination, whereby a portion of the constant-region DNA
is deleted and the remaining Cy; genes are placed adjacent to the variable-

region genes. This allows the same VDIJ region to be coupled with a
different C region to produce antibody of a different class (i.e., IgA, IgG, or
IgE) but having identical specificity for antigen. Contact with T cells and
cytokines determines where switching takes place and which Cp gene will

be transcribed. For example, the cytokine IL-4 provides the signal for
transcription of the Ce gene and deletion of the intervening sequences. The
resulting production of IgE antibody might be helpful in defense against
parasitic infections. Thus, class switching allows the B cells to change their
production to a different antibody isotype, which would be most effective in
defending against a particular type of pathogen encountered by the host.

Monoclonal Antibodies

The normal response to an antigen results in the production of polyclonal
antibodies because even a purified antigen has multiple epitopes that
stimulate a variety of B cells. In contrast, monoclonal antibodies are
derived from a single parent antibody-producing cell that has reproduced
many times to form a clone. All the cells in the clone are identical, and the
antibody produced by each of these cells is exactly the same as that
produced by every other cell in the clone. Monoclonal antibodies are
directed against a specific epitope on an antigen.

The knowledge that B cells are genetically preprogrammed to synthesize
a very specific antibody has been used to develop monoclonal antibodies
for diagnostic testing. In 1975, Georges Kohler and Cesar Milstein
developed a technique to produce antibody arising from a single B cell, and
this method has revolutionized serological testing. They were awarded the
Nobel Prize in 1984 for their pioneering research.

Hybridomas



A normal B cell can only survive for a short time in culture. To develop a
cell line that produces antibody but can live for a long period of time,
Kohler and Milstein combined an activated B cell with a myeloma cell, a
cancerous plasma cell that can be grown indefinitely in the laboratory. The
fusion product of these two cell types is called a hybridoma. The particular
myeloma cell line that was chosen to make the hybridoma was not capable
of producing its own antibody. In addition, this cell line was deficient in the
enzyme hypoxanthine-guanine phosphoribosyltransferase =~ (HGPRT),
making it incapable of synthesizing nucleotides from hypoxanthine and
thymidine, substances needed for DNA synthesis. The fact that these
myeloma cells could not make their own DNA meant that they would die
unless they were fused to a B cell that had the enzymes necessary to
synthesize DNA. This deficiency kept the myeloma cells from reproducing
on their own.

Hybridoma Production

The production of hybridomas begins by immunizing a mouse with the
desired antigen. After a time, the mouse’s spleen cells are harvested because
the spleen is a rich source of B lymphocytes. The spleen cells are combined
with myeloma cells in the presence of polyethylene glycol (PEG), a
surfactant that brings about fusion of the cells to produce a hybridoma.
Only a small percentage of the cells actually fuse, and some of these are not
hybridomas but, rather, two myeloma cells or two spleen cells combined
together. After fusion, all cells are placed in culture using a selective
medium called HAT, which contains hypoxanthine, aminopterin, and
thymidine. The culture medium allows the hybridoma cells to grow but
does not allow the fused myeloma cells or fused spleen cells to survive. The
myeloma cells die because the two pathways of nucleotide synthesis (the
salvage pathway and the de novo pathway) are blocked under these
conditions. The salvage pathway, which builds DNA from degradation of
old nucleic acids, is blocked because the myeloma cell line is deficient in
the required enzymes HGPRT and thymidine kinase. The de novo pathway,
which makes DNA from new nucleotides, is blocked by the presence of
aminopterin. Consequently, the myeloma cells die. Normal B cells cannot
be maintained continuously in cell culture, so these die as well. This leaves
only the fused hybridoma cells, which have the ability to reproduce
indefinitely in culture (acquired from the myeloma cell) and the ability to



synthesize nucleotides by the HGPRT and thymidine kinase pathway
(acquired from the normal B cell) (Fig. 5-15).
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FIGURE 5-15 Formation of a hybridoma in monoclonal antibody production. A mouse is
immunized, and spleen cells are removed. These cells are fused with nonsecreting
myeloma cells and then plated in a restrictive culture medium. Only the hybridoma cells will
grow in this medium, where they synthesize and secrete a monoclonal immunoglobulin
specific for a single determinant on an antigen.

Selection of Specific Antibody-Producing Clones



The hybridoma cells are then diluted and placed in microtiter wells, where
they are allowed to grow. Each well contains a single clone and is screened
for the presence of the desired antibody in the culture supernatant. Once the
desired clones are identified, they are cultured in larger quantities. These
hybridomas can be maintained in cell culture indefinitely and produce an
abundant supply of monoclonal antibody that reacts with a single antigen
epitope.

Clinical and Research Applications

Monoclonal antibodies were initially used in vitro, as reagents in laboratory
tests. A familiar example is pregnancy testing, which uses antibody specific
for the B chain of human chorionic gonadotropin, thereby eliminating many
false-positive reactions. Other examples include tests that detect tumor
antigens or measure hormone levels. Before the development of
monoclonal antibodies, antibody reagents could only be produced by
immunizing animals such as horses or goats with the desired antigen and
isolating polyclonal antibodies from the animal serum. The primary
advantages of monoclonal antibody reagents are that they provide decreased
lot-to-lot variation and increased specificity toward a single epitope, rather
than multiple epitopes of an antigen. These advantages have led to the
widespread use of monoclonal antibodies in laboratory tests that identify
various types of lymphocytes and other white blood cells on the basis of
their cell surface markers.

CD4 T-Cell Quantitation

An example of a laboratory test that uses monoclonal antibodies to detect lymphocytes
is CD4 T-cell quantitation. CD4 T cells (i.e., T helper cells) are the main target of the HIV
virus, and a decrease in the number of CD4 T cells in the peripheral blood is a hallmark
characteristic of HIV infection and its end stage, AIDS. The CD4 T cells are detected by
fluorescent-labeled antibodies to the T-cell antigen, CD3, and the helper-T-cell marker,
CD4. The amount of fluorescence emitted by the cells is recorded by an instrument
called a flow cytometer (see Chapters 13 and 25).

Monoclonal antibodies have subsequently been used as therapeutic
agents to treat a variety of diseases, especially cancer and autoimmune



disorders. Some examples include the antibody trastuzumab (Herceptin),
directed against the HER-2 protein, which is amplified in some breast
cancer patients; rituximab (Rituxan), which targets the B-cell marker CD20
and is used to treat patients with non-Hodgkin lymphoma and other B-cell
malignancies; and adalimumab (Humira), a monoclonal antibody that
blocks the action of tumor necrosis factor-a (TNF-a), a cytokine that plays
a pathogenic role in rheumatoid arthritis.

A major limitation of using mouse monoclonal antibodies as therapeutic
agents is that they are highly immunogenic for humans, inducing the
development of human-anti-mouse antibodies (HAMAs) that can cause
severe hypersensitivity reactions (see Chapter 25). Therefore, several
techniques have been developed to reduce such reactions by constructing
monoclonal antibodies that are made of more human protein and less mouse
protein. Chimeric and humanized monoclonal antibodies have been
generated by using molecular techniques to graft the entire antibody-
combining site or CDRs from mouse antibodies onto the rest of a human
immunoglobulin. More recently, fully human monoclonal antibodies have
been produced by transgenic mice in which the mouse immunoglobulin
genes have been replaced by human immunoglobulin genes. The spleen
cells from the transgenic mice immunized with a specific antigen can be
used to generate hybridoma cell lines, as described previously. Libraries of
genetically engineered bacteriophages (viruses that infect bacteria), yeast,
or mammalian cells can be used to clone the antibody genes of interest, and
along with next-generation sequencing (see Chapter 12), select for
antibodies that have a high binding affinity for antigen.

The use of monoclonal antibodies as therapeutic agents continues to
grow. This represents a rapidly developing area in pharmacology that is
impacting several fields of medicine by changing treatment options for
numerous diseases. (See Chapter 25 for additional information about the
use of monoclonal antibodies.)

SUMMARY

* The basic structural unit for all immunoglobulins is a tetrapeptide
composed of two light chains and two heavy chains joined together by
disulfide bonds.



* The five classes of antibodies are IgM, IgG, IgA, IgD, and IgE. IgG,
IgD, and IgE exist as monomers. IgA has a dimeric form in the
secretions, whereas IgM is a pentamer whose subunits are held together
by a J chain.

 Kappa and lambda light chains are found in all types of
immunoglobulins, but the heavy chains differ for each immunoglobulin
class.

* Each immunoglobulin molecule has constant and variable regions. The
variable region is at the amino-terminal end, called the Fab fragment;
this determines the specificity of that molecule for a particular antigen.

* The constant region, located at the carboxy-terminal end of the
molecule, contains the Fe fragment and is responsible for binding to
complement and to effector cells such as neutrophils, basophils,
eosinophils, and mast cells.

» Opsonization refers to the coating of a foreign antigen by antibody to
enhance phagocytosis through binding of the Fc portion of the antibody
to receptors on neutrophils and macrophages.

* ADCC is a process by which IgG binds to Fc receptors on
macrophages, monocytes, neutrophils, and NK cells, triggering the
release of enzymes that cause extracellular destruction of antigen.

* The five different types of heavy chains are called isotypes. Isotypes are
unique to each Ig class or subclass within a species.

* Minor variations in a particular type of heavy chain are called allotypes.
Allotypes are genetically determined markers that are shared by some
individuals of the same species.

* The variable portion of the heavy and light chains unique to a particular
immunoglobulin molecule is known as the idiotype. Idiotypes are
essential to the formation of unique antigen-binding sites.

* IgG is relatively small and easily penetrates into tissues. IgG is a
monomer that is capable of binding to complement, mediating
opsonization, participating in ADCC, and neutralizing bacterial toxins.
It is the only immunoglobulin that can cross the placenta.

* [gM is a large pentamer whose subunits are held together by a protein
known as the J chain. IgM 1s more efficient at complement fixation
than IgG because of its more numerous binding sites for complement.
IgM is also very efficient in agglutinating antigens. IgM is known as
the primary response antibody because it is the first Ig to appear in the



maturing infant and the first to be produced by the host during an
immune response.

* [gA 1s a dimer that is the main Ig in the body’s secretions. Secretory
IgA contains a J chain and an secretory component that protects it from
enzymatic digestion while it patrols mucosal surfaces. IgA is also found
in breast milk and thus is involved in the passive transfer of immunity
from mother to infant.

» An extended hinge region gives IgD an advantage as a surface receptor
for antigen.

* IgE binds to mast cells to initiate an inflammatory response that plays a
role in allergic reactions.

* The primary antibody response i1s mounted after the first time an
individual is exposed to an antigen. The primary response has a
relatively long lag phase (usually 5 to 7 days before antibody can be
detected) and results in low levels of IgM and IgG, which decline
during a period of a few weeks.

* The secondary response to antigen, also known as the memory or
anamnestic response, occurs after a second or subsequent exposure of
the host to the same antigen. The secondary response occurs more
rapidly than the primary response because of the activation of memory
lymphocytes. The amount of IgM is similar to that of the primary
response, whereas IgG may be up to 100 times greater than that of the
primary response. The IgG levels decline slowly and provide long-term
immunity to the antigen.

* Clonal selection is a fundamental concept of the immune response. In
this process, when antigen is introduced into the body, it binds to
unique receptors on selected B cells, stimulating only those B cells to
divide and differentiate into plasma cells that produce antibody specific
for that antigen.

* Several genes code for the variable and constant regions of a particular
immunoglobulin: The Vg, D, and J genes code for the variable portion

of the Ig heavy chains, and there is one constant-region gene for each Ig
class; a similar set of genes code for the Ig light chains, except they do
not include the D genes. Through a random-selection process, the
individual gene segments are joined to make antibody of a single
specificity. The antibody appears on the surface of B lymphocytes,
where it serves as a receptor for antigen.



 Antibody diversity results from several different mechanisms: VDJ
gene recombination, junctional diversity, various combinations of
heavy and light chains, and somatic hypermutation.

* During the course of the immune response, Ig production switches from
IgM to another Ig class because of genetic recombination between the
constant-region genes for the different heavy chains.

* Monoclonal antibodies are made by hybridoma cells, which are created
by fusing an antibody-producing B cell with a malignant myeloma cell
line that contributes the property of immortality. The fused cells are
isolated in a selective medium called HAT. Those hybridomas secreting
the desired antibody are then grown in larger quantities.

* Monoclonal antibodies are used as reagents in laboratory tests and as
therapies for the treatment of various diseases.

Study Guide: The Five Classes of Imnmunoglobulins
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CASE STUDIES

1. A 15-year-old male exhibited symptoms of fever, fatigue, nausea, and
sore throat. He went to his primary care physician, who ordered a
rapid strep test and a test for infectious mononucleosis to be
performed in the office. The rapid strep test result was negative, but
the test result for infectious mononucleosis was faintly positive. The




patient mentioned that he thought he had mononucleosis about 2
years earlier, but it was never officially diagnosed. His serum was
sent to a reference laboratory to test with specific Epstein-Barr viral
antigens. The results indicated the presence of IgM only.

Questions

a. Is this a new or reactivated case of mononucleosis? Explain your
answer.

b. How do the results relate to the difference between a primary and a
secondary response to exposure to the same antigen?

2. A 10-year-old female experienced one cold after another in the
springtime. She had missed several days of school, and her mother
was greatly concerned. The mother took her daughter to the
pediatrician, worried that her daughter might be
immunocompromised because she couldn’t seem to fight off
infections. A blood sample was obtained and sent to a reference
laboratory for a determination of antibody levels, including an IgE
level. The patient’s IgM, IgG, and IgA levels were all normal for her
age, but her IgE level was greatly increased.

Questions

a. What does the increase in IgE signify?

b. Should there be a concern about the patient being
immunocompromised?

REVIEW QUESTIONS

1. Which of the following is characteristic of variable domains of
immunoglobulins?

a. They occur on both the heavy and light chains.

b. They represent the complement-binding site.

c. They are at the carboxy-terminal ends of the molecules.
d. They are found only on heavy chains.

2. All of the following are true of IgM except that it



a. can cross the placenta.

b. fixes complement.

c. has a J chain.

d. is a primary response antibody.

. How does the structure of IgE differ from that of IgG?

a. IgG has an SC, and IgE does not.

b. IgE has one more constant region than IgG.
c. IgG has more antigen-binding sites than IgE.
d. IgG has more light chains than IgE.

. How many antigen-binding sites does a typical [gM molecule have?

a.2
b. 4
c.6
d. 10

. An Fab fragment consists of

a. two heavy chains.

b. two light chains.

c. one light chain and one-half of a heavy chain.
d. one light chain and an entire heavy chain.

. Which antibody best protects mucosal surfaces?

a. [gA
b. IgG
c. Igh
d. IigM

. Which of the following pairs represents two different
immunoglobulin allotypes?

a. [gM and IgG
b. [gM1 and IgM2




10.

11.

12.

c¢. Anti-human IgM and anti-human IgG
d. [gG1m3 and IgG1m17

. The structure of a typical immunoglobulin consists of which of the

following?

a. Two light chains and two heavy chains
b. Four light chains and two heavy chains
c. Four light chains and four heavy chains
d. Two light chains and four heavy chains

. Which of the following are light chains of antibody molecules?

a. Kappa
b. Gamma
¢. Mu

d. Alpha

If the results of serum protein electrophoresis show a significant
decrease in the gamma band, which of the following is a likely
possibility?

a. Normal response to active infection

b. Multiple myeloma

¢. Immunodeficiency disorder

d. Monoclonal gammopathy

The subclasses of IgG differ mainly in

a. the type of light chain.

b. the arrangement of disulfide bonds.
c. the ability to act as opsonins.

d. molecular weight.

Which best describes the role of the SC of IgA?

a. A transport mechanism across endothelial cells
b. A means of joining two [gA monomers together




13.

14.

15.

16.

17.

c. An aid to trapping antigen
d. Enhancement of complement fixation by the classical pathway

Which 1s thought to be the main function of IgD?

a. Protection of the mucous membranes

b. Removal of antigens by complement fixation
c. Activation of B cells

d. Destruction of parasitic worms

Which antibody is best at agglutination and complement fixation?

a. [gA
b. IgG
c. Igh
d. IigM

Which of the following can be attributed to the clonal selection
hypothesis of antibody formation?

a. Plasma cells make generalized antibody.

b. B cells are preprogrammed for specific antibody synthesis.
c. Proteins can alter their shape to conform to antigen.

d. Cell receptors break off and become circulating antibody.

All of the following are true of IgE except that it

a. fails to fix complement.

b. is heat stable.

c. attaches to tissue mast cells.

d. is increased in the serum of allergic persons.

Which best describes coding for immunoglobulin molecules?

a. All genes are located on the same chromosome.

b. Light-chain gene rearrangement occurs before heavy-chain gene
rearrangement.

c. Four different regions are involved in coding for heavy chains.




18.

19.

20.

21.

d. Lambda gene rearrangement occurs before kappa gene
rearrangement.

What is the purpose of HAT medium in the preparation of
monoclonal antibody?

a. Fusion of the two cell types

b. Restricting the growth of myeloma cells

c. Restricting the growth of spleen cells

d. Restricting antibody production to the IgM class

Papain digestion of an IgG molecule results in which of the
following?

a. Two Fab' fragments and one Fc' fragment

b. One F(ab’), fragment and one Fc' fragment

c. Two Fab fragments and two Fc fragments
d. Two Fab fragments and one Fc fragment

Which antibody provides protection to the growing fetus because it is
able to cross the placenta?

a. [gG

b. IgA

c. [gM

d. Igh

Which best characterizes the secondary response?

a. Equal amounts of IgM and IgG are produced.

b. There is an increase in IgM only.

c. There is a large increase in IgG but not IgM.

d. The lag phase is the same as in the primary response.
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Cytokines

Aaron Glass, PhD, MB(ASCP)M

LEARNING OUTCOMES

After finishing this chapter, you should be able to:

1.
2.

13.
14.

Define cytokine.

Define and describe the term cytokine storm and relate its medical
importance.

. Distinguish between autocrine, paracrine, and endocrine effects of

cytokines.

. Define pleiotropy as it relates to cytokine activities.
. Explain the functions of interleukin-1 (IL-1) in mediating the immune

résponse.

. Explain the effects of tumor necrosis factors (TNFs).
. Discuss how interleukin-6 (IL-6) affects inflammation and other

activities of the immune system.

. Determine the role of chemokines in the chemotaxis of white blood

cells (WBCs).

. Compare the functions of type 1 and type 2 interferons (IFNs).
10.
11.
12.

Describe the actions of interleukin-2 (IL-2) on its target cells.
Discuss the biological roles of the hematopoietic growth factors.

Discuss cytokines involved in differentiation of T helper (Th) cell
subpopulations: Th1, Th2, Th17, and T regulatory (Treg).

Explain the biological role of colony-stimulating factors (CSFs).
Describe current types of anti-cytokine therapies.



15. Describe clinical assays for cytokines.
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Introduction to Cytokines



Successful immunity requires coordination between immune cells, which
may be widely dispersed throughout the body. Therefore, a form of
intercellular communication between immune cells is necessary to
orchestrate a successful immune response. Cytokines are chemical
messengers that regulate immunity, influencing both the innate and adaptive
responses to infection.

Produced by many immune and nonimmune cells, all cytokines are small
proteins that bind to and activate receptors located on target cells. Many
cytokines are produced in response to infectious stimuli; for example,
bacterial lipopolysaccharides (LPSs), flagellin, and other bacterial products
cause innate immune cells to release a host of proinflammatory cytokines.
The effects of cytokines include regulation of growth, differentiation, and
gene expression by many different cell types. After release, most cytokines
are rapidly degraded in the extracellular environment, limiting their activity.

Many cytokines exhibit the properties of pleiotropy and redundancy.
Pleiotropy means that a single cytokine can have many different actions.
Redundancy occurs when different cytokines activate some of the same
pathways and genes. Redundancy may be explained by the fact that many
cytokines share receptor subunits. Thus, some cytokines may have
overlapping effects and may alter the activity of many of the same genes.

Cytokine activity can be classified according to the distance traveled
between the producing cell and its target cell(s). Some cytokines act locally,
impacting only the producing cell or a few nearby cells, whereas other
cytokines transmit their messages throughout the entire body. Cytokines
that bind to receptors on the same cell from which they were secreted are
said to signal in an autocrine manner. Cytokines that act on cells within the
tissue region surrounding their cellular source transmit paracrine signals.
Some cytokines diffuse into the bloodstream, allowing them to influence
cells far from the cell or cells that produce them. In these cases, the
cytokines are behaving as hormones, acting in an endocrine fashion (Fig.
6-1).

Understanding the roles of individual cytokines in immunity is
complicated by the fact that many do not act alone but, rather, in
conjunction with other cytokines. Even an innocuous infection may result in
the production of many different cytokines, some of which exert opposing
activities. Successful immune responses often involve the expression of a



network of cytokines, each influencing a different aspect of leukocyte
activity and resulting in elimination of the infection.

In these networks, cytokines can interact in several ways. If the effects of
two different cytokines complement and enhance each other, the interaction
is called synergistic (Fig. 6-2). In contrast, if one cytokine counteracts the
action of another, antagonism occurs (see Fig. 6-2). Many cytokines
induce the production of additional cytokines by target cells, resulting in a
cytokine cascade. Each of these forms of network interaction can be
observed in the example of the cytokine interferon-y (IFN-y). IFN-y causes
certain T lymphocytes to secrete additional IFN-y as well as an interleukin
(IL) called interleukin-2. IFN-y synergizes with the cytokine tumor necrosis
factor-a (TNF-a) to activate macrophages and antagonizes the cytokine
interleukin-4 (IL-4) by preventing IL-4 from influencing T lymphocytes.

Cytokine interactions are powerful determinants of immunity, and the
pattern of cytokines produced in response to a particular infection can spell
the difference between an effective or inappropriate immune response. In
extreme circumstances, massive overproduction and dysregulation of
cytokines can result in hyperstimulation of the immune response or
hypercytokinemia, a condition commonly referred to as cytokine storm.
Instead of orchestrating an effective immune response against a pathogen,
cytokine storms may lead to shock, multiorgan failure, or even death.
Several human pathogens induce cytokine storms, including pathogenic
viruses (e.g., influenza A) and bacteria (e.g., Francisella tularensis).
Cytokine storms have been implicated in the lethality of the 1918 influenza
pandemic among young adults. Historical documents suggest that many
1918 influenza deaths resulted not from the virus itself but because of the
production of extremely high levels of proinflammatory cytokines, such as
TNF-a and interleukin-1p (IL-1B), which promote inflammation. When
present in the blood at high concentrations, these cytokines cause
hypotension, fever, and edema and can precipitate organ failure and death.
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FIGURE 6-1 Range of cytokine actions. Autocrine: Cytokine acts on the cell that secreted it
(e.g., IL-1B increases activation of antigen-presenting cell [APC)]. Paracrine: Cytokine acts
on nearby cells (e.g., IL-1B stimulates Th cells, activates neutrophils, and depolarizes
neurons). Endocrine: Cytokine travels through blood vessels to distant cells (e.g., IL-18
stimulates acute-phase protein synthesis in the liver, as well as fever induction in the
hypothalamus).

Given the destructive effects of cytokine storms, it is clear that the
inflammatory response must be closely regulated to prevent damaging
systemic inflammation. Anti-inflammatory cytokines antagonize the effects
of TNF-a and IL-1pB, thus resolving inflammation and limiting collateral
damage to host cells. Table 6—1 displays major proinflammatory and anti-
inflammatory cytokines.

Initially, immunologists named cytokines based on either their activities
or the immune cell population that produced them. Using this system, a
cytokine that was observed to kill cancer cells was named “tumor necrosis
factor,” cytokines released from lymphocytes were called lymphokines,
monocytes produced monokines, and leukocytes secreted interleukins that
influenced other leukocytes. At times, the same cytokine was referred to by
different names, leading to confusion.



More recently, cytokines have been grouped into families, which include
TNF, IFN, chemokine, transforming growth factor (TGF), and colony-
stimulating factor (CSF). Instead of reclassifying the interleukins into
structurally or functionally similar families, they have been numbered IL-1
to IL-40. Selected cytokines from each of these groups will be discussed in
this chapter.

The growth in clinical applications for cytokines, cytokine antagonists,
and cytokine receptor antagonists in conditions such as rheumatoid arthritis
(RA), asthma, and Crohn’s disease have increased the demand for cytokine
assays in the clinical laboratory. In addition, the clinical laboratory plays an
important role in assessing treatment modalities, effectiveness, and potential
gene-replacement therapies for numerous immunodeficiency syndromes
and leukemias caused by defects in cytokines, their receptors, or their signal
transduction circuits.

The following sections will discuss cytokines according to their
participation in either the innate immune response or the adaptive immune
response. The major cytokines and their functions are summarized in the
Study Guides at the end of this chapter.
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FIGURE 6-2 (A) Cytokine characteristics of synergy, antagonism, and cascade induction.
Synergy: Neither cytokine A nor B induces a strong response individually; however, when
combined, the net response is much greater than the sum of the individual responses.
Antagonism: Individually, cytokine C induces a strong response, and cytokine A induces a
weak (but positive) response. When combined, cytokine A diminishes the action of cytokine
C. In this illustration, the concentrations of cytokines B and C are held constant, whereas
cytokine A increases along the horizontal axis. (B) Synergistic and antagonistic interactions
may be the result of cytokine A (1) altering the expression or function of the receptor for
cytokine C, (2) altering the activity of a key enzyme in the signaling pathway for cytokine C,
or (3) altering the stability or translation of the mRNA induced by cytokine C. (C) Cytokines
can induce the release of other cytokines in an amplifying cascade. For example, following
intravenous injection of a bacterial toxin, TNF-a is first released by monocytes and
macrophages. Both the toxin and TNF-a induce the subsequent release of IL-1B. Then all
three induce interleukin 6 (IL-6) release from a wide variety of cell types.



Examples of Major Proinflammatory and Anti-
Inflammatory Cytokines

MAJOR PROINFLAMMATORY MAJOR ANTI-INFLAMMATORY

CYTOKINES CYTOKINES
TNF-a TGF-B

IL-1 IL-10

IL-6 IL-13

IFN-y IL-35

Cytokines in the Innate Immune Response

Cytokines and the Innate Response to
Extracellular Microbes

For most species of pathogenic bacteria and fungi, infections begin once the
body’s epithelial barriers, such as the skin, have been breached. The first
immune cells to encounter invading microorganisms are tissue-resident
phagocytes, such as macrophages and dendritic cells (DCs). These sentinel
immune cells detect infection using innate receptors (Toll-like receptors and
similar pattern recognition receptors) that recognize molecular patterns
(pathogen-associated molecular patterns [PAMPs]) found on diverse types
of microbes. Binding of macrophage and DC receptors to their
corresponding PAMPs induces the production and secretion of
inflammatory cytokines (see Chapter 2).

The primary cytokines provoked by infection with extracellular microbes
are interleukin-1 (IL-1), interleukin-6 (IL-6), and TNF-a. Once produced,
these cytokines diffuse away from their sources to mediate a handful of
local (paracrine) effects, including (1) increased capillary permeability,
which allows soluble anti-microbial proteins (complement, C-reactive
protein, etc.) to enter the tissues from blood plasma; (2) increased platelet
aggregation, which helps to seal off local blood vessels, preventing
dissemination of the infection into the blood; and (3) alteration of adhesion
molecule expression on capillary endothelial cells, which enhances entry of
leukocytes from the blood into inflamed tissues.



Severe infections can stimulate the production of larger quantities of
inflammatory cytokines, causing systemic (endocrine) effects, including (1)
an increase in body temperature, which may make the body less hospitable
to invading microbes; (2) an increase in the production of immune cells by
the bone marrow and acute-phase reactants by the liver; and (3) the
subjective feeling of being ill. These effects are responsible for many of the
physical symptoms of inflammation, including fever, swelling, pain, and
infiltration of immune cells into damaged tissues. Perhaps the most
important role of these inflammatory cytokines is the recruitment of effector
cells, such as neutrophils and monocytes, into inflamed tissues.

The Interleukin-1 (IL-1) Cytokine Family

IL-1 is a family of 11 structurally and functionally related cytokines. The
best characterized of the IL-1 cytokines are IL-1a, IL-1f, and IL-1RA (IL-1
receptor antagonist). IL-1 and IL-1RA are expressed in monocytes,
macrophages, and DCs. In contrast, [L-1a is expressed in innate phagocytic
cells and can also be detected in epithelial cells from the skin, lungs, and
gastrointestinal tract.

Many microbial components induce the production of IL-1, such as LPS,
lipoteichoic acid, bacterial or viral nucleic acids, and even other cytokines.
Although the genes encoding IL-la and IL-1B have lower than 30%
sequence homology, experimental studies have demonstrated that both have
very similar biological effects. One substantial difference between these
two forms of IL-1 is that IL-1a is retained within the cell cytoplasm and is
only released after cell death. The presence of free IL-1a helps to attract
inflammatory cells to areas where cells and tissues are being damaged or
killed.

In contrast to IL-1a, IL-1p is released from macrophages and monocytes.
IL-1B mediates most of the local (paracrine) and systemic (hormonal)
activity attributed to IL-1, including activation of phagocytes, fever, and
production of acute-phase proteins. Before secretion, IL-13 must be cleaved
intracellularly to an active form (see Clinical Correlation “Inflammasomes
Link Gout and Alum to Inflammation”).

One of the most important paracrine effects of IL-1f is the recruitment of
immune cells into inflamed tissues. Binding of IL-1B to IL-1 receptors on
blood vessel endothelial cells alters adhesion molecule expression and



stimulates the production of chemokines. These changes cause immune
cells such as granulocytes and monocytes to stop moving through the blood
and begin diapedesis, a process where blood leukocytes pass through vessel
walls and enter inflamed tissues (see Chapter 2).

IL-1B 1s sometimes referred to as endogenous pyrogen because of its
ability to induce fever. IL-1 receptors on neurons of the hypothalamus allow
this brain organ to respond to the presence of systemic IL-1p by increasing
body temperature. Fever serves several purposes during infection. For
instance, higher body temperatures (1) inhibit the growth of many bacteria
and fungi; (2) increase the microbicidal activities of macrophages and
neutrophils; and (3) contribute to feelings of discomfort and fatigue,
compelling sick individuals to reduce activity and conserve energy to
combat the infection. In addition to causing fever, IL-1P also induces the
production of specific CSFs in the bone marrow, spurring the production
and release of additional immune cells into the circulation that can be
recruited to serve as reinforcements in responding to infection or tissue
damage.

In contrast to proinflammatory IL-1a and IL-1B, IL-1RA has an anti-
inflammatory effect. This cytokine is so named because it antagonizes, or
works against, the activity of other IL-1 cytokines. IL-1RA accomplishes
this antagonism by binding to only one of the two transmembrane proteins
that compose the IL-1 receptor. When ligated by proinflammatory IL-1a or
IL-1B, these two receptor subunits are brought together, initiating an
intracellular signaling cascade that alerts the target cell to the presence of
IL-1. Because IL-1RA binds to only one IL-1 receptor subunit and repels
the other, IL-1RA prevents receptor subunits from coming together to
initiate signaling, even in the presence of IL-1a or IL-1p. In this way, IL-
IRA helps to regulate the physiological response to IL-1 and turn off the
response when no longer needed.

Clinical Correlation

Inflammasomes Link Gout and Alum to Inflammation

Secretion of the biologically active form of IL-1B requires processing of the cytokine from
an inactive pro-IL-1B form to an active form. This processing is accomplished by
multiprotein complexes known as inflammasomes, which assemble within the cytoplasm
of innate immune cells in response to danger associated molecular patterns (DAMPS).
Central to the activity of inflammasomes is the enzyme caspase-1, which cleaves pro-IL-




1B into active IL-1B. Following catalytic processing, active IL-1p is released from the cell,
transmitting a powerful inflammatory signal.

Inflammasome activation and IL-1[3 release occur in response to infection but can also
occur in “sterile” inflammatory diseases such as gout. In gout, a surplus of uric acid
leads to crystal deposition in the body’s tissues. One specific type of uric acid crystal,
monosodium urate, has been shown to act as a DAMP, causing inflammasome
assembly. Drugs that block IL-1B signaling dramatically reduce the pain and
inflammation associated with gout.

Interestingly, the adjuvant alum has also been shown to cause inflammasome
activation. Adjuvants are substances that enhance immune responses, and adjuvants
such as alum are often incorporated into vaccines to help stimulate immunity for the
purposes of protection (see Chapter 25). In this case, the release of active IL-1 and the
inflammatory signaling driven by the cytokine cause the immune system to associate the
harmless molecules found in the vaccine with danger, leading to an immune response
and providing protection against the harmful substances or pathogens that the vaccine is
intended to mimic.

Tumor Necrosis Factors

The cytokines that comprise the tumor necrosis factor (TNF) superfamily
were first identified in the laboratory as products of macrophages and
lymphocytes. The name tumor necrosis factor emerged from the
observation that these cytokines induce lysis of mouse tumor cells. In all,
the TNF superfamily encompasses 19 proteins that exhibit diverse
immunologic functions. Structurally, the TNF superfamily members are
manufactured as transmembrane proteins. Functionally, some TNFs remain
cell-attached, transmitting messages only when the producing cell and
target cell are in contact. An example of a surface-bound TNF we discussed
in Chapter 4 1s CD40 ligand, which is essential for signaling between T and
B lymphocytes. Other TNFs are released from the cell surface by enzymatic
cleavage, after which they diffuse into the extracellular space, allowing
signaling across a distance. In regard to inflammation, the most important
TNF is TNF-a.

Microbial substances such as LPS, a component of the cell walls of
gram-negative bacteria, are major inducers of TNF-a production. Innate
immune receptor signaling in macrophages leads to the production of a
TNF-a precursor protein. Similar to other TNF superfamily members, this
TNF-a precursor is translated directly into membranes of the endoplasmic
reticulum and is then sorted into vesicles destined for the cell surface. As
TNF-a precursor proteins arrive at the macrophage plasma membrane, the



transmembrane domains are enzymatically removed, and the resultant
soluble polypeptide fragments reassemble in groups of three (called
homotrimers), representing the active form of TNF-a.

TNF-a is a ligand for two receptors, TNF receptors 1 and 2 (TNFR1 and
TNFR2). TNFRI is constitutively expressed on many cells and tissues
throughout the body, whereas the expression of TNFR2 is limited to cells of
hematopoietic origin and endothelial cells. Compared with the interaction
between other cytokines and their receptors, TNFR1 and TNFR2 bind
soluble TNF-a with a comparatively low affinity, evidenced by the TNF-a
trimer binding and falling off of TNFR repeatedly. If levels of TNF-a near
the membrane of the target cell reach a critical concentration, the TNF-a
trimer draws together three TNFR molecules. As with IL-1, this close
approximation of TNFR cytoplasmic domains leads to the initiation of
downstream intracellular signaling. This signaling is responsible for the
TNF-driven effects on target cells, such as alteration of adhesion molecule
expression by endothelial cells.

In addition to TNF-a, another soluble TNF, known as TNFf (or
“lymphotoxin™), was identified by immunologists. As its pseudonym
suggests, TNFP is produced by lymphocytes and causes cell death, or
cytotoxicity, in many different types of cells. A closer look at the biology of
TNFp using animals with a deletion of the TNF[ gene revealed that this
cytokine also acts as an important signal during the development of
lymphoid tissues in the gastrointestinal immune system. Recent studies
have indicated that TNFP is produced by a unique class of lymphocytes
known as lymphoid-tissue inducer cells. Without these cells, or the TNF[f3
they produce, secondary lymphoid tissues, such as the mesenteric lymph
nodes and Peyer’s patches, fail to form.

Interleukin-6
(IL-6)

The third cytokine most prominently associated with the inflammatory
response is IL-6. Structurally, IL-6 is related to many other cytokines,
including the type I IFNs and several hematopoietic growth factors
(discussed later in this chapter), consisting of a single polypeptide chain
that winds into four helices that then fold upon themselves in a complicated



tertiary structure. Two identical IL-6 polypeptide chains come together to
form a homodimer, which represents the active form of the cytokine.
Macrophages and monocytes are a common source of IL-6, but many other
cell types are known to produce this cytokine, including endothelial cells,
fibroblasts, some varieties of lymphocytes, and even skeletal muscle cells.

Clinical Correlation

The Role of Cytokine Storm in Ebola Virus Infection

The Ebola virus causes one of the most serious and fatal diseases known to humans
(Fig. 6-3). Ebola is a single-stranded RNA virus capable of infecting many different cell
types throughout the body, including immune cells such as macrophages and DCs.
Within a few days of exposure, symptoms become apparent. Infected individuals exhibit
severe headache, fever, muscle pain, fatigue, diarrhea, vomiting, abdominal pain, and
unexplained bruising or hemorrhaging. Ebola is extremely infectious and spreads quickly
through a population, as evidenced by a major outbreak across West Africa in 2014.

In response to Ebola virus infection, immune cells release a massive amount of
proinflammatory cytokines, including IL-1B8, TNF-a, and IL-6. The cytokines produced
and the magnitude of their concentrations in the blood have led immunologists to refer to
this phenomenon as a “cytokine storm.” Although infection with Ebola virus causes
widespread cell death, many scientists have hypothesized that this aggressive cytokine
response is the primary driver of Ebola pathogenesis. TNF-q, in particular, causes the
blood vessels to become more permeable, resulting in dangerously low blood pressure.
As the platelet count drops, excessive bleeding occurs from every orifice in the body.
Death typically results in 1 to 2 weeks after infection. Interestingly, the virus inhibits the
production of anti-viral cytokines known as IFNs (IFN-a and IFN-B) by infected cells.

The cytokine storm associated with Ebola infection exemplifies the essential (but
complicated) role of cytokines in the immune response. If regulation of these powerful
immune mediators is lost, their benefits can be easily transformed into harmful and
potentially lethal effects.

FIGURE 6-3 False-colored micrograph of the Ebola' virus virion. (Courtesy of the
CDC/Frederick A. Murphy, Public Health Image Library.)




The activity of IL-6 is highly pleiotropic, influencing many biological
systems. Functioning as an innate cytokine, IL-6 stimulates the production
of acute-phase proteins by liver hepatocytes and increases the production
and release of granulocytes by the bone marrow. In adaptive immunity, IL-6
increases the activation of B and T Ilymphocytes and modulates
immunoglobulin synthesis by causing B cells to proliferate and differentiate
into plasma cells. Interestingly, adipose tissue can serve as a source of IL-6,
forming a potential mechanistic link between obesity and inflammation.

Similar to many cytokine receptors, the IL-6 receptor is composed of
multiple subunits: one subunit specific to IL-6, known as the /L-6 receptor
(IL-6R), and a signal-transducing subunit shared by many type I cytokines
and growth factors, called glycoprotein 130 (gp130). With IL-6 bound, the
IL-6R subunit assembles with gp130, prompting a conformational change
in the latter. This structural change in gp130 allows its cytoplasmic domains
to initiate intracellular signaling cascades, driving the expression of IL-6-
mediated genes that code for products such as C-reactive protein,
complement proteins, and fibrinogen.

Chemokines

Not all cytokines result in changes in gene expression in their target cells.
Chemokines are a subgroup of cytokines that influence the motility and
migration of their target cells. Chemokine is derived from the words
cytokine and chemotaxis, the latter term meaning “movement of a cell
toward a stimulus.” Most immune cell movement arises from the activities
of chemokines, including recruitment to and movement through areas of
infection and inflammation and the continual migration of lymphocytes
between the blood and lymphoid tissues.

Chemokines are classified into four families based on the sequence of
amino acids found in their N-termini, specifically, the positioning of
cysteine residues. The CXC group of chemokines contains a single amino
acid, “X,” between the first and second cysteines. In the CC group, the
cysteines are found together, with no intervening amino acid. Another
group—the C chemokines—has only a single cysteine. Finally, the CX3C
chemokines have three amino acids between the cysteines. Since their
discovery, the number of chemokines has grown. Currently, more than 40



chemokines and 20 chemokine receptors have been identified; select
chemokines and receptors are displayed in Table 6-2.

Many proinflammatory cytokines, including TNF-a and IL-6, induce the
production of chemokines. In an inflammatory context, one of the most
important effects of chemokines is the recruitment of leukocytes from the
blood into infected or damaged tissues. Chemokines accomplish this
recruitment by modulating the adhesion between leukocytes and the
endothelial cells that line blood vessels. These interactions cause the
leukocytes to roll along capillary walls, similar to a tennis ball rolling over
a sheet of Velcro, and to subsequently exit the blood vessel and enter into
the tissues (see Chapter 2).



Select Chemokines and Their Receptors

CHEMOKINE CHEMOKINE
CHEMOKINE GROUP NAMES RECEPTORS
CC Chemokines CCL2 CCR2
CCL3 CCR1
CCR5
CCL4 CCR5
CCL5 CCR1
CCR3
CCR5
CCL11 CCR3
CCL19 CCR7
CCL20 CCRG6
CCL25 CCR9
CXC Chemokines CXCL1 CXCR2
CXCL2
CXCL3
CXCL5
CXCL7
CXCL8 CXCR1
CXCR2
CXCL9 CXCRS3-A
CXCL10 CXCRS3-B
CXCL11
CXCL12 CXCR4

Another important role of chemokines comes into play after leukocytes,
such as neutrophils and monocytes, have entered inflamed tissues.
Chemokine receptors allow these immune cells to detect chemokine
gradients that exist within inflamed tissues. Engagement of these receptors
causes a reorganization of the immune cell cytoskeleton, increasing actin
polymerization near the cell surface that faces the higher concentration of
chemokine. Therefore, responding immune cells migrate in the direction of
the chemokine source, allowing them to pinpoint the exact location of
damaged or infected cells.



In many cases, the expression of chemokine receptors changes
throughout the life span of an immune cell. For example, DCs are
responsible for initiating an adaptive immune response by presenting
antigens to T- and B-lymphocytes (see Chapter 4). The activation of DCs by
exposure to microbial substances causes them to express specific
chemokine receptors, sensitizing them to chemokines produced by
lymphatic endothelial cells. Following the gradient of these chemokines,
DCs carrying microbial antigens journey into and through lymphatic
capillaries. Eventually, the activated DCs arrive at local lymph nodes,
where they interact with naive T and B lymphocytes.

Transforming Growth Factor-f§

Three isoforms of transforming growth factor-§ (TGF-B), named TGF-
B1, TGF-B2, and TGF-B3, encompass the main constituents of the cytokine
and growth factor superfamily of the same name. TGF-B was originally
characterized as a factor that induced growth arrest in tumor cells. Later, it
was identified as a factor that induces anti-proliferative activity in a wide
variety of cell types. Active TGF- is primarily a regulator of cell growth,
differentiation, apoptosis, migration, and the inflammatory response. Thus,
it acts as a control to help downregulate the inflammatory response when it
is no longer needed.

In the immune response, TGF-B functions as both an activator and an
inhibitor of proliferation, depending on the developmental stage of the
affected cells. TGF-f regulates the expression of CD8 in CD4-CDS§
thymocytes and acts as an autocrine inhibitory factor for immature
thymocytes. It inhibits the activation of macrophages and the growth of
many different somatic cell types and functions as an anti-inflammatory
factor for mature T cells. TGF-B blocks the production of IL-12 and
strongly inhibits the induction of IFN-gamma (IFN-y). In addition, the
production of TGF-3 by T helper 2 (Th2) cells is now recognized as an
important factor in the establishment of oral tolerance to bacteria normally
found in the mouth. In activated B cells, TGF-B typically inhibits
proliferation and may function as an autocrine regulator to limit the
expansion of activated cells.



Interferon-a and Interferon-f§ (Type I Interferons)

The interferons (IFNs) were first identified as soluble substances produced
by virally infected cells that inferfere with the ability of viruses to replicate
by making host cells less hospitable to viral takeover. IFNs are grouped as
type I, type II, and type III, according to the IFN receptor that they interact
with. The type I IFNs, consisting of [FN-a and [FN-B, are perhaps the most
important cytokines in the response to viral infection. Because type II IFN
production is associated with one particular form of adaptive immune
response, known as a Thl response, this form of IFN will be discussed in a
later section of this chapter.

Type I IFNs are produced by many cell types. IFN-a 1s mainly the
product of DCs and macrophages, whereas IFN-f can be produced by a
wide variety of infected cells. The effects of IFN signaling in target cells are
manifold and include halting protein translation and inducing production of
RNases that target viral RNAs. These changes inhibit viral replication,
slowing viral spread by preventing productive cellular infection. For most
viral infections, this helps limit the infection to one relatively small area of
the body. Type I IFNs also function to recruit innate lymphocytes, such as
natural killer (NK) cells, to sites of viral infection. When ligated by IFN-a
or IFN-B, type I IFN receptors cause NK cells to become activated, traffic
to virally infected tissues, and rapidly expand in number. The combination
of IFN-a and IFN-B activity and NK cell killing constitutes the most
important innate defense mechanism against viral infection.

To augment the activity of NK cells, type I IFNs also enhance the
expression of class I major histocompatibility complex (MHC) proteins on
target cells. As discussed in more detail in Chapters 3 and 4 of this text,
class I MHC molecules are important for the presentation of foreign (viral)
peptide antigens to cytotoxic T cells. Increased expression of MHC I
improves the likelithood that virus-specific T cells will recognize the
presence of infection and induce apoptosis of the infected cell.

In addition to their role in combating viral infections, evidence is
mounting that IFN-a and IFN-B also help protect against certain
malignancies. Experiments in mice have shown that animals lacking type I
IFN receptors are prone to the development of cancer. Human studies
indicate that IFN is required for some cancer chemotherapies to work
effectively, and that cancer patients expressing high levels of I[FN-regulated



genes have a greater probability of survival. A final piece of evidence in
support of the anti-cancer role of type I IFNs is that recombinant IFN-a,
which 1s manufactured in genetically modified cultured cells, can be used to
augment other therapies in certain malignancies.

Type 1 IFNs have also found important roles as treatments for certain
inflammatory and autoimmune diseases. For example, recombinant IFN-f§
is used as a treatment for multiple sclerosis (MS). The anti-inflammatory
effect of IFN-B is most likely attributable to its tremendous pleiotropy.
Decreased expression of MHC class II molecules on DCs, increased
production of IL-10, and induction of apoptosis in B lymphocytes have all
been noted in subjects receiving IFN-B therapy. Isolating the precise
mechanism(s) underlying the anti-inflammatory effect of IFN-f treatment is
difficult, however, because more than 500 different genes are influenced by
type I IFNs.

Cytokines in the Adaptive Immune Response

Innate immunity is able to eradicate, or successfully control, most bacterial,
fungal, and viral infections. Cytokines perform essential roles in these
innate defenses, allowing the coordination and cooperation of many
different cells and molecules. While these early battles are under way, the
adaptive arm of immunity becomes sensitized to the infection and begins to
scale up a specific response. Although the majority of human infections are
terminated before an adaptive response is required, overcoming infections
with the most dangerous pathogens usually requires that an adaptive
response be mounted.

The cytokines involved in the innate immune response are produced by
many different cell types. In contrast, the cytokines associated with adaptive
immunity are mainly secreted by T lymphocytes, especially CD4-positive T
helper (Th) cells. Th cells can be divided into several subpopulations, based
upon the profile of cytokines they produce. Currently, immunologists have
characterized at least four types of Th cells: T helper 1 (Thl), Th2, T
helper 17 (Th17), and T regulatory (Treg) cells. Each of these different
Th-cell subpopulations has a different immune function and produces a
different array of cytokines.



As described earlier in this chapter, the initiation of an adaptive T-
lymphocyte response begins when DCs arrive in lymph nodes, carrying
antigens gathered from an area of infection. DCs present fragments of
pathogen-derived antigens to hundreds or thousands of lymph node Th
cells, but T-cell activation only occurs upon ligation of a T-cell receptor
specific for one of the presented fragments. This activation event initiates
an expansion of CD4+ Th cells specific to antigens associated with the
ongoing infection (see Chapter 4).

Following activation, Th cells undertake a process known as
differentiation, during which they are transformed into Thl, Th2, Th17, or
Treg cells. The particular subset into which a Th cell differentiates is
strongly influenced by the cytokines found in the lymph node during T-cell
activation and early differentiation (Fig. 6—4). DC production of the
cytokine IL-12 causes differentiation to the Thl lineage, a change often
observed in infections requiring a cell-mediated adaptive response, whereas
the presence of IL-4 drives antibody-mediated immunity. Th17 cells arise in
the presence of [L-23, whereas Tregs are produced in response to TGF-f.

Cytokines Produced by Th1 Cells

As we previously mentioned, the differentiation of naive Th cells to the Th1
lineage is strongly influenced by the presence of the cytokine IL-12, which
is secreted by DCs in response to infections with viruses and intracellular
bacteria (such as Mycobacterium tuberculosis or Listeria monocytogenes).
The hallmark of Thl cells is high-level expression of the proliferative
cytokine IL-2 and the type II IFN, IFN-y. As pathogen-specific Thl cells
expand to combat infection, these cytokines promote cell-mediated
immunity in the form of CD8-positive cytotoxic T cells that kill infected
host cells and activated macrophages that are more effective at killing
intracellular bacteria. In addition to stimulating cell-mediated immunity,
Thl cells secrete cytokines that cause antigen-activated B cells to produce
IgG1 and IgG3 antibodies capable of opsonizing pathogens (coating with
antibodies to make phagocytosis more effective) and fixing complement.
The Thl-driven antibody response augments cell-mediated immunity.
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FIGURE 6-4 Subpopulations of T cells. Depending on the pathogen encountered, antigen-
presenting cells (APCs) secrete a specific combination of polarizing cytokines that direct
naive Th cells to differentiate into specialized subsets (Th1, Th2, Th17, or Treg). Each T-cell
subpopulation exerts different types of immune functions. The release of effector cytokines
coordinates an appropriate immune response against the pathogen. (Figure courtesy of Dr.
Aaron Glass.)

Interleukin-2 (IL-2)

The alternate name for IL-2, T-cell growth factor, is not fully indicative of
the high degree of pleiotropy exhibited by this essential cytokine. IL-2
drives the growth and differentiation of both T and B cells and enhances the
lytic activity of NK cells. In cooperation with IFN-y, IL-2 causes naive
helper T cells to differentiate into Thl cells, creating a feed-forward
mechanism that can skew the adaptive immune response toward Thl.

The IL-2 receptor (IL-2R) is composed of three protein subunits, called
a, B, and y. Before activation, naive T cells express a low-affinity form of
the IL-2R, which is composed of only the  and y subunits. Activation spurs
the T cell to produce both IL-2 and the a subunit of IL-2R. When all three
receptor subunits are present, a high-affinity IL-2R is formed, imbuing the
T cell with an exquisite sensitivity to IL-2.

Interferon-y (IFN-y)

The primary cytokine of the Thl response, [IFN-y, influences the expression
of more than 200 target-cell genes. Because Thl cytokines are associated
with cell-mediated immunity, IFN-y tends to increase the expression of
genes that shape the responses of T cells and macrophages. For example, a



major function of IFN-y is the enhancement of antigen presentation by class
I and class IT MHC molecules. Increased expression of class I and I MHC
molecules on antigen-presenting cells (APCs) increase the probability that
peptide antigens will be presented to T lymphocytes capable of responding
to the infection. IFN-y is also a potent activator of macrophages,
dramatically increasing their ability to kill ingested microbes. The resulting
“super” macrophages possess enhanced phagocytic and cytotoxic abilities.
IFN-y is involved in the regulation and activation of CD4+ Thl cells, CD8+
cytotoxic T lymphocytes, and NK cells. Thus, IFN-y influences the immune
response in several key ways.

Cytokines Produced by Th2 Cells

As mentioned previously, the cytokines produced by Th2 cells propel the
adaptive response in the direction of antibody-mediated immunity. Perhaps
the most influential of the Th2 cytokines are IL-4 and IL-10. Both of these
cytokines are important regulators of the immune response but have
opposite effects.

Clinical Correlation

The Common Gamma Chain (yc) and Severe Combined Immunodeficiency

The IL-2R shares its y subunit with the receptors for several other cytokines, including
IL-4, IL-7, IL-9, IL-15, and IL-21. Given the structural similarities of these receptors and
their incorporation of the yc, these cytokines comprise a family known as the common y-
chain cytokines.

Individuals who develop or inherit mutations in the yc gene exhibit severe impairment
of immunity. Because the yc gene is carried on the X chromosome, the resultant
immunodeficiency is referred to as X-linked severe combined immunodeficiency
disease, or XSCID (see Chapter 19). The effects of XSCID on the immune system are
so pronounced that without treatment, males who inherit a defective yc gene succumb to
infection before their first birthday. In one famous case of XSCID, David Vetter (known
as the “Bubble Boy”) was raised in a germ-free environment to protect him from the
normally harmless microorganisms that can be lethal to an XSCID patient. Today,
hematopoietic stem cell transfer and bone marrow transplantation can be used to
successfully treat XSCID if a compatible donor is found and the patient is treated in the
first year of life.

The severity of XSCID is attributable to the fact that so many cytokine receptors
incorporate the yc subunit. Among other immune irregularities, XSCID results in
disrupted NK cell development and a lack of functional T and B lymphocytes. Both
innate and adaptive immunity are impacted.




Some strains of laboratory mice also harbor mutations in the yc gene, making them
important immunologic tools. Although susceptible to infection, these animals are unable
to reject foreign tissues because of their lack of functional adaptive immunity. If housed
in a germ-free environment, these animals can be engrafted with cells and tissues from
other animal species, including humans. SCID mice are important experimental models
for understanding human immunity and testing new therapies.

Interleukin-4 (IL-4)

IL-4 is one of the key cytokines regulating Th2 immune activities and helps
drive antibody responses in a variety of diseases. The IL-4 receptor is
expressed on lymphocytes and on numerous nonhematopoietic cell types.
IL-4 activity on naive T cells turns on the genes that generate Th2 cells and
turns off the genes that promote Th1 cells.

Th2 cells are responsible for regulating many aspects of the immune
response, including those related to allergies, autoimmune diseases, and
parasites. IL-4 induces the production of MHC-I, IL-4, IL-5, IL-13, and the
costimulatory molecules CD80 and CD86. IL-4 also stimulates the
production of IgGG2a and IgE and, along with IL-5, drives the differentiation
and activation of eosinophils in both allergic immune responses and
responses to parasitic infections. IL-13 is a cytokine with many of the same
properties as IL-4; both cytokines induce worm expulsion and favor IgE-
class switching. IL-13, however, differs from IL-4 because it also plays an
anti-inflammatory role by inhibiting activation and cytokine secretion by
monocytes.

Interleukin-10 (IL-10)

In contrast to the cytokines previously discussed, IL-10 primarily has
inhibitory effects on the immune system. It is produced by monocytes,
macrophages, CD8+ T cells, and CD4+ Th2 cells and has anti-
inflammatory and suppressive effects on Thl cells. It also inhibits antigen
presentation by macrophages and DCs. In addition, one of the major effects
of IL-10 is inhibition of IFN-y production by suppressing IL-12 synthesis
by accessory cells and promoting a Th2 cytokine pattern. Thus, IL-10
serves as an antagonist of IFN-y —it is a downregulator of the immune
response.

Cytokines Associated With T-Regulatory Cells



Tregs comprise the third major subclass of CD4-positive T cells. Tregs can
be identified by the expression of CD4, CD25 (the IL-2R a subunit), and
the transcription factor FoxP3. Some Tregs are formed during thymic
development, whereas others differentiate from naive T cells in the
periphery. Tregs formed outside of the thymus are sometimes referred to as
induced Tregs (iTregs).

Tregs are essential for establishing peripheral tolerance to a wide variety
of self-antigens as well as harmless antigens, such as those found in foods
and the environment (see Chapter 15). Clinically, Tregs may be found in
transplanted tissue and help to establish tolerance to the graft. In some
cases, Treg-mediated tolerance to certain antigens can be harmful. For
example, Tregs can protect tumor cells from an immune attack by
dampening the activity of cancer-fighting T cells.

Although Tregs have been studied intensely by immunologists for many
years, the mechanisms underpinning their immune suppression remain
incompletely understood. Some hypotheses for how Tregs suppress
immunity include (1) the production of suppressive cytokines, such as IL-
10 and TGF-fB; (2) disruption of T-cell metabolism; (3) direct cytotoxic
killing of T cells and APCs; and (4) modulation of signaling between APC
and T cells. All these mechanisms, and others not yet considered, likely
contribute to the activity of this essential cell population.

Th17 Cytokines in Innate and Adaptive Immune
Responses

The Th17 subset secretes the IL-17 family of cytokines and plays critical
roles in both innate and adaptive immune responses. Key cytokines that
differentiate T cells to maintain them as Th17 cells are TGF- and IL-6.
Interleukin-23, produced by macrophages and DCs, also plays a role in
finalizing the commitment to Th17 cells.

IL-17A, the first IL-17 identified, is the most studied IL-17 cytokine.
Other IL-17 family members include IL-17B, IL-17C, IL-17D, IL-17E, and
IL-17F. Most of the IL-17 cytokine family members are potent
proinflammatory cytokines and induce expression of TNF-a, IL-1p, and IL-
6 in epithelial cells, endothelial cells, keratinocytes, fibroblasts, and
macrophages.



Th17 cells play an important role in host defense against bacterial and
fungal infections at mucosal surfaces. Upon an encounter with bacteria or
fungi, APCs secrete cytokines, which differentiate Th17 subsets of cells.
Th17 cells invade the infected area and secrete IL-17 cytokines necessary
for the continuous recruitment of neutrophils. Th17 cells in the local tissue
may be important for long-term maintenance of the anti-microbial response
during chronic bacterial infections. Mucosal surfaces, in response to IL-17
cytokine stimulation, secrete anti-microbial peptides. IL-17A and IL-17F
induce epithelial cells, endothelial cells, and fibroblasts to produce CXC
ligand 8 (CXCL-8), which is crucial for the recruitment of neutrophils to
the site of inflammation. IL-17A and IL-17F also act together with
granulocyte—macrophage CSF to produce CXCL-8 in macrophages, which
also signals neutrophils to the site.

The fine regulation of APC cytokines (IL-23 or IL-12) and Thl7
development may also be important for anti-microbial defense.
Dysregulation of Thl7 cell subsets and secreted cytokines has been
implicated in the pathogenesis of multiple inflammatory diseases and
several autoimmune conditions, including RA, MS, inflammatory bowel
disease (IBD), and psoriasis.

IL-17 can produce proinflammatory mediators from myeloid and
synovial fibroblasts and perpetuate the inflammatory process in RA.
Increased numbers of Th17 cells and IL-17A have also been observed in
asthmatic and allergic patients. IL-17A directly induces IgE production by
B cells; higher amounts of IL-17A and IL-17F in patient lungs have been
associated with more severe asthma. Interestingly, removal of Th17 cells
from the peripheral blood mononuclear cells (PBMCs) of allergic asthma
patients has led to decreased levels of IgE.

Hematopoietic Growth Factors

Several cytokines produced during innate and adaptive immune responses
stimulate the proliferation and differentiation of bone marrow progenitor
cells. Thus, the responses that require a supply of leukocytes produce
mediators to provide those cells. The primary mediators of hematopoiesis
are called CSFs because they stimulate the formation of colonies of cells in
the bone marrow. The CSFs include IL-3, erythropoietin (EPO),



granulocyte colony-stimulating factor (G-CSF), macrophage colony-
stimulating factor (M-CSF), and granulocyte—-macrophage colony-
stimulating factor (GM-CSF). In response to inflammatory cytokines such
as IL-1, the different CSFs act on bone marrow cells at different
developmental stages and promote specific colony formation for the various
cell lineages. IL-3 is a multi-lineage CSF that induces bone marrow stem
cells to form T and B cells. In conjunction with IL-3, the CSFs direct
immature bone marrow stem cells to develop into red blood cells (RBCs),
platelets, and the various types of white blood cells (WBCs) (Fig. 6-5). IL-
3 acts on bone marrow stem cells to begin the differentiation cycle; the
activity of IL-3 alone drives the stem cells into the lymphocyte
differentiation pathway.

GM-CSF acts to drive differentiation toward other WBC types. If M-CSF
is activated, the cells become macrophages. M-CSF also increases
phagocytosis, chemotaxis, and additional cytokine production in monocytes
and macrophages. If G-CSF is activated, the cells become neutrophils. G-
CSF enhances the function of mature neutrophils and affects the survival,
proliferation, and differentiation of all cell types in the neutrophil lineage. It
decreases IFN-y production, increases IL-4 production in T cells, and
mobilizes multipotent stem cells from the bone marrow. These stem cells
are used to repair damaged tissues and create new vasculature to reconstruct
the tissues following an infection. However, IL-3, in conjunction with GM-
CSF, drives the development of basophils and mast cells, whereas the
addition of IL-5 to IL-3 and GM-CSF drives the cells to develop into
eosinophils. The net effect is an increase in WBCs to respond to the
ongoing inflammatory processes.

EPO regulates RBC production in the bone marrow, but it is primarily
produced in the kidneys. Recombinant EPO is licensed for clinical use and
is administered to improve RBC counts for individuals with anemia and for
those with cancer who have undergone radiation therapy or chemotherapy.
RBC proliferation induced by EPO improves oxygenation of the tissues and
eventually switches off EPO production. The normal serum EPO values
range from 5 to 28 U/L but must be interpreted in relation to the hematocrit
because levels can increase up to a thousand-fold during anemia.
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FIGURE 6-5 Influence of CSFs on growth and differentiation of blood cells. Growth of
hematopoietic stem cells (HSCs) requires stem cell factor (SCF) with differentiation
determined by IL-7 or thrombopoietin (TPO). Growth of common myeloid progenitors
(CMPs) depends upon IL-3. Differentiation is driven by GM-CSF or EPO. Common
granulocyte/monocyte precursors (GMPs) differentiate into granulocytes in response to G-
CSF. Further specificity is provided by IL-3 or IL-5. M-CSF promotes the development of
monocytes. CLP = common lymphoid progenitor; EB = erythroblast.

Cytokine and Anti-Cytokine Therapies

In addition to being produced in response to infection, cytokines may also
contribute to the pathology of many autoimmune and other inflammatory
diseases. Anti-cytokine therapy is a rapidly growing field that aims to break
the vicious cycle of chronic inflammation by targeting the interaction
between specific cytokines and their cognate receptors. A few examples of
such therapies will be discussed here.

The first anti-cytokine therapeutics used in humans were mostly murine
monoclonal antibodies. However, structural differences between mouse and
human immunoglobulins often resulted in immune responses against the



drugs, rendering the treatment noneffective. Newer anti-cytokine agents
have been greatly improved using recombinant DNA techniques to generate
humanized monoclonal antibodies that are much less immunogenic (Fig. 6—
6). An example is infliximab (e.g., Remicade), a chimeric antibody
containing human constant regions and murine variable regions that bind
specifically to human TNF-a. Infliximab is a valuable treatment option for
patients with Crohn’s disease, RA, ulcerative colitis, and other autoimmune
diseases because it blocks TNF-a activity very rapidly, dramatically
reducing inflammation.

Another approach to anti-cytokine therapy is the development of a class
of hybrid proteins containing cytokine receptor binding sites attached to
immunoglobulin constant regions. Etanercept (e.g., Enbrel), for example, is
a member of this class that has been approved for use in humans.
Etanercept consists of the extracellular domains of the type 2 TNF receptor
fused to the heavy-chain constant region of IgG1. The fusion protein can
bind TNF-a and block its activity. It has a 4.8-day half-life in serum.
Etanercept remains an important, cost-effective treatment option in patients
with RA, ankylosing spondylitis, psoriatic arthritis or psoriasis, and
pediatric arthritis and psoriasis. Etanercept effectively reduces signs and
symptoms, disease activity, and disability and improves health-related
quality of life, and these benefits are sustained during long-term treatment.

The blockade of IL-17 function has also been a therapeutic target. An IL-
17 blocking antibody to prevent IL-17 mediated pathogenesis, known as
ixekizumab, has been approved for the treatment of plaque psoriasis,
psoriatic arthritis, and ankylosing spondylitis. Monoclonal antibodies that
block IL-17 receptors or IL-23, which enhances the differentiation of Th17
lymphocytes, have also been approved for the treatment of psoriasis.

Clinical Assays for Cytokines

Clinical evaluation of the cytokine profile in a patient could be of
prognostic and diagnostic value to the physician when treating autoimmune
diseases, infections, allergic conditions, or other inflammatory disorders.
Several cytokine assay formats are available for basic and clinical research,
including multiplexed enzyme-linked immunosorbent assays (ELISAs),
microbead assays, and ELISpot assays.



Multiplexed ELISAs use several detector antibodies bound to individual
microwells or antibody microarrays and allow for simultaneous detection of
several cytokines from serum or plasma in a single test run. In the
microarray format, each well on the slide contains a microarray of spotted
antibodies, with “spots” for each of the cytokines plus additional “spots” for
positive and negative controls. The replicate spots allow for the acquisition
of reliable quantitative data from a single sample.

Microbead assays allow for the simultaneous detection of multiple
cytokines in a single tube (see Chapter 11). Each bead type has its own
fluorescent wavelength, which, when combined with the fluorescent
secondary antibody bound to a specific cytokine, allows for the detection of
up to 100 different analytes in one tube. The use of a multiplexed bead
array enables simultaneous measurement of a multitude of biomarkers;
these include acute-phase reactants such as CRP; proinflammatory
cytokines; Thl and Th2 distinguishing cytokines such as IFN-y, IL-2, 1L-4,
IL-5, and IL-10; CSFs; and others.

ELISA and microbead assays allow the quantitation of cytokine levels in
a sample of plasma or cell culture supernatant but reveal no information
about the cytokine source. In contrast, ELISpot assays allow the detection
and enumeration of individual cytokine-secreting cells. ELISpot assays
accomplish this feat by employing a modified ELISA technique on immune
cells stimulated in vitro.

Chimeric antibody Hybrid protein
Variable
/ - }regions Extracellular
Light Oy f/ {mouse) region 01/ [
chain / human TNFR” Y'Y
Constant (human)
regions Heavy-
Heavy (human) chain Fc¢

chain — region —
Infliximab (Remicade) Etanercept (Enbrel)

FIGURE 6-6 Anti-cytokine antagonists of TNF-a. Infliximab is a chimeric monoclonal
antibody composed of human constant regions fused to mouse variable regions. The
mouse variable regions bind to TNF-a, preventing it from interacting with the TNF receptor
(TNFR). Etanercept is a hybrid protein consisting of the extracellular (ligand binding)
domains of the human TNFR (green), coupled with a human immunoglobulin constant
region. Etanercept acts as a decoy, sequestering bound TNF-a so that it cannot interact
with TNF receptors on target cells. (Figure courtesy of Dr. Aaron Glass.)
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FIGURE 6-7 The ELISpot assay. (A) PBMCs are loaded into a plate precoated with capture
antibody specific to the target cytokine (IFN-y in this example). The PBMCs are incubated
overnight in the presence of a synthetic peptide antigen, which is processed by monocytes
and presented to T cells. T cells responsive to the peptide antigen are stimulated to secrete
cytokines, including IFN-y. (B) Target cytokine binds to the capture antibody and remains
fixed to the plate even after the cells are washed away. A labeled detection antibody is
added to the plate and binds to the target cytokine (IFN-y), if present. After excess detection
antibody is removed, “spots” indicate the positions where responsive T cells formerly rested
on the microplate bottom. These spots can be quantified to assess the number of T cells in
a given volume of sample that produce IFN-y in response to the peptide antigen. (Figure
courtesy of Dr. Aaron Glass.)

One clinical application that exemplifies ELISpot is the detection of
circulating Th1 cells that secrete IFN-y in response to an antigen (Fig. 6-7).
Thl cells, similar to all T lymphocytes, are highly specific in their



responses—each Thl cell possesses a unique T-cell receptor and recognizes
a discrete polypeptide antigen. Adding a synthetic protein antigen to T cells
co-cultured with APCs will elicit the production of cytokines, including
IFN-y, by Thl cells reactive to peptide fragments derived from the larger
protein.

ELISpot assays are performed using cell culture microplates coated with
cytokine-specific capture antibodies. For example, IFN-y ELISpot assays
use capture antibodies that bind to an epitope found on IFN-y. Samples of
PBMCs are prepared from venous blood by gradient centrifugation.
Because the granulocyte fraction is discarded, PBMCs represent only
circulating lymphocytes and monocytes.

In the first step of an ELISpot protocol, PBMCs are added to the wells of
the antibody-coated microplate and treated with a synthetic protein antigen.
An incubation period allows for uptake and presentation of the antigen by
monocytes, which serve as APCs. In culture, some T cells recognize
peptide fragments derived from the protein antigen and begin producing
cytokines. Most T cells in a given sample, however, have receptor
specificities that do not match epitopes found within the protein antigen and
will not respond.

During the incubation period, antigen-responsive Thl cells secrete
cytokines as they rest at the bottom of the microplate well. Because the T
cells are in close contact with the plate-bound capture antibodies, molecules
of the target cytokine (IFN-y in this example) are rapidly immobilized,
forming a halo of antibody-bound cytokine directly beneath each IFN-y —
secreting T cell.

Following the incubation period, PBMCs and any soluble substances,
such as cytokines, are washed from the microplate wells, leaving only the
target cytokine bound to capture antibodies. Next, a detection antibody,
specific to the target cytokine, is added to the wells. In our example, the
detection antibody binds to IFN-y at an epitope different from that bound by
the capture antibody, allowing molecules of IFN-y to be sandwiched
between the plate-bound capture antibody and the detection antibody.
Depending on the ELISpot protocol, detection antibodies may feature a
biotin-streptavidin labeling system or may be covalently conjugated to an
enzyme or fluorophore (see Chapter 11).

Regardless of the specifics of individual protocols, the role of the
ELISpot detection antibody is to produce a visual signal indicating where



target cytokine is bound to capture antibody. The “spots” represent tiny,
elliptical silhouettes of captured IFN-y speckling the plate bottom where
antigen-responsive Thl cells once resided. The spots can be counted with a
microscope or with an automated ELISpot instrument.

Clinical Correlation

T-SPOT.TB Test

The T-SPOT.TB Test is an ELISpot method used to evaluate the cell-mediated immune
response to Mycobacterium tuberculosis. In this test, PBMCs from a patient are
incubated in microtiter wells that have been coated with M. tuberculosis-specific
antigens. Cells from patients who have been exposed to M. tuberculosis are stimulated
to release IFN-7, and dark blue spots are produced in the locations of the IFN-7-
secreting cells following addition of the detection antibody. Clinical significance is
determined by the number of spots produced, in comparison with controls (see Chapter
14).

One drawback of protein-based technologies is the short half-life of
certain cytokines. This can be overcome by looking at RNA expression in
cells using reverse-transcription polymerase chain reaction (PCR). The PCR
product is made using a fluorescent-labeled primer and can be hybridized to
either solid-phase or liquid microarrays. Solid-phase arrays have up to
40,000 spots containing specific single-stranded DNA (ssDNA)
oligonucleotides representing individual genes. Clinically useful arrays
generally have substantially fewer genes represented. Fluorescence of a
spot indicates that the gene was expressed in the cell and that the cell was
producing the cytokine.

The liquid arrays use the same beads as the antibody microbead arrays
discussed earlier. However, instead of antibodies, these beads have
oligonucleotides on their surfaces and allow up to 100 different
complementary DNAs (cDNAs) to be identified. The combination of the
bead fluorescence and the fluorescence of the labeled cDNA produces an
emission spectrum that identifies the cytokine gene that was expressed in
the cells.

Real-time PCR has emerged as a means of detecting cytokine responses
at the level of gene expression. This type of testing is much faster than
traditional PCR. See Chapter 12 for a discussion of molecular techniques.



SUMMARY

* Cytokines are small, soluble proteins secreted by immune cells and a
variety of other cells. They act as chemical messengers to regulate the
immune system.

* Cytokine production is induced in response to specific, stimuli such as
bacterial LPS, flagellin, or other bacterial products.

* The effects of cytokines in vivo include regulation of growth,
differentiation, and gene expression by many different cell types.

« If a cytokine has an autocrine effect, it affects the same cell that
secreted it.

* A cytokine can have a paracrine effect when it affects a target cell in
close proximity. Occasionally, cytokines will exert systemic or
endocrine activities.

* Individual cytokines do not act alone but in conjunction with many
other cytokines that are induced during the process of immune
activation. The combined cytokines produce a spectrum of activities
that lead to the rapid generation of innate and adaptive immune
responses.

* Massive overproduction of cytokines is called a “cytokine storm” that
leads to shock, multiorgan failure, or even death, thus contributing to
pathogenesis.

* The pleiotropic nature of cytokine activity relates to the ability of a
cytokine to affect many different types of cells.

* Redundancy refers to the ability of several different cytokines to
activate some of the same cells.

* The major cytokines involved in the initial stages of the inflammatory
response are IL-1, IL-6, TNF-a, and the chemokines. These cytokines
are responsible for many of the physical symptoms attributed to
inflammation, such as fever, swelling and pain, as well as cellular
infiltrates moving into damaged tissues.

* Naive T cells can differentiate into Th1, Th2, Treg, or Th17 cell
lineages, with the help of cytokines involved in the adaptive immune
response.

» The Th1 lineage is driven by the expression of IL-12 by DCs and is
primarily responsible for cell-mediated immunity.

* Th2 cells drive antibody-mediated immunity and are regulated by 1L-4.



* Treg cells are derived from naive T cells in response to IL-10 and TGF-
B and help to regulate the activities of other T cells.

* Th17 cells produce IL-17, a proinflammatory cytokine that induces
expression of TNF-a, IL-1pB, and IL-6. IL-17 also recruits neutrophils to
an infected area.

» CSFs are responsible for inducing differentiation and growth of all
WBC types.

* Anti-cytokine therapies are aimed at disrupting the interaction between
cytokines and their specific receptors in autoimmune inflammatory
diseases such as RA, Crohn’s disease, and plaque psoriasis.

 Cytokine assay formats available for basic and clinical research include
ELISpot assays, multiplexed ELISAs, and microbead assays.

* ELISpot assays are ELISAs on in vitro stimulated T cells that allow
quantitation of the number of T cells that secrete specific cytokines in
response to a protein antigen.

» Multiplexed ELISAs and microbead assays can simultaneously detect
several cytokines in a sample.



Study Guide: Cytokines Associated With Innate Immunity

CYTOKINE
Interleukin-1B (IL-1B)

Tumor necrosis factor-
alpha (TNF-a)

Interleukin-6 (IL-6)

Transforming growth
factor-beta (TGF-(3)

Interferon-alpha (IFN-a),
Interferon-beta (IFN-)

SECRETED BY

Monocytes, macrophages, DCs

Monocytes, macrophages,
neutrophils, NK cells, activated T
cells

Monocytes, macrophages,
endothelial cells, Th2 cells

T cells, macrophages, other cell
types

Macrophages, DCs, virally infected
cells

ACTIONS

Inflammation, fever,
initiation of the acute-
phase response

Inflammation, initiation of
the acute-phase
response, death of
tumor cells

Initiation of the acute-
phase response,
activationof Band T
cells

Inhibition of both T- and
B-cell proliferation,
induction of IgA,
inhibition of
macrophages

Protects cells against
viruses, increases class
| MHC expression,
activates NK cells



Study Guide: Cytokines Associated With Adaptive Immunity
CYTOKINE SECRETED BY ACTIONS

Interleukin-2 (IL-2) T cells Growth and proliferation
of T and B cells, NK
activation and
proliferation

Interleukin-4 (IL-4) Th2 cells, mast cells Promotion of Th2
differentiation,
stimulation of B cells to
switch to IgE production

Interleukin-5 (IL-5) Th2 cells Eosinophil generation and
activation, B-cell
differentiation

Interleukin-10 (IL-10) Th2 cells, monocytes, Suppression of Th2 cells,
macrophages inhibition of antigen
presentation, inhibition
of IFN-y

Interferon-gamma (IFN-y) Th1 cells, CD8+ T cells, NK cells  Activation of
macrophages,
increased expression of
class |l and Il MHC
molecules, increased
antigen presentation

CASE STUDY

A 55-year-old woman being treated for acute lymphocytic leukemia
(ALL) was not responding well to chemotherapy. Her physicians felt that
increasing the dosage of her chemotherapy drugs was necessary to
eliminate the cancer. However, laboratory results showed the patient was
severely neutropenic (477 neutrophils/mL) because of the drugs. The
medical team could not risk further lowering of the neutrophil count
because of the increased risk of infection. Therefore, it was necessary to
treat the patient for neutropenia in order to continue with chemotherapy.
The patient was also enrolled in a research study designed to look at
cytokine expression in ALL patients with neutropenia. The study used a
liquid bead array to detect the CSFs and the cytokines typically seen in
the innate immune response and in Th1l and Th2 responses.




Questions
a. What CSF should the physicians prescribe to overcome the
neutropenia?

b. What are some of the cytokines that might be detected in a Thl-
type response?

c. What are some of the cytokines that might be detected in a Th2-
type response?

REVIEW QUESTIONS

1. The ability of a single cytokine to alter the expression of several
genes is called

a. redundancy.

b. pleiotropy.

¢. autocrine stimulation.
d. the endocrine effect.

2. Which of the following effects can be attributed to IL-1?

a. Mediation of the innate immune response
b. Differentiation of stem cells

c. Halted growth of virally infected cells

d. Stimulation of mast cells

3. Which of the following precursors is a target cell for IL-3?

a. Myeloid precursors
b. Lymphoid precursors
c. Erythroid precursors
d. All of the above

4. A lack of IL-4 may result in which of the following effects?

a. Inability to fight off viral infections
b. Increased risk of tumors




c. Lack of IgM
d. Decreased eosinophil count

5. Which of the following cytokines is also known as the 7-cell growth
factor?
a. [FN-y
b. IL-12
c. [L-2
d. IL-10

6. Which of the following represents an autocrine effect of IL-2?

a. Increased IL-2 receptor expression by the Th cell producing it
b. Macrophages signaled to the area of antigen stimulation

c. Proliferation of antigen-stimulated B cells

d. Increased synthesis of acute-phase proteins throughout the body

7. IFN-a and IFN- differ in which way from IFN-y?

a. IFN-a and IFN-f are called immune IFNs, and IFN-y is not.

b. IFN-a and IFN-f primarily activate macrophages, whereas [FN-y
halts viral activity.

c. [IFN-a and IFN-B are made primarily by activated T cells, whereas
[FN-y is made by fibroblasts.

d. IFN-a and IFN-f inhibit viral replication, whereas I[FN-y
stimulates antigen presentation by class II MHC molecules.

8. A patient in septic shock caused by a gram-negative bacterial
infection exhibits the following symptoms: high fever, very low
blood pressure, and disseminated intravascular coagulation. Which
cytokine is the most likely contributor to these symptoms?

a.[L-2
b. TNF
c. IL-12
d. IL-7




10.

11.

12.

13.

14.

. IL-10 acts as an antagonist to what cytokine?

a.IL-4
b. TNF-a
c. IFN-y
d. TGF-

Which would be the best assay to measure a specific cytokine?

a. Blast formation

b. T-cell proliferation

c. Measurement of leukocyte chemotaxis
d. ELISA testing

Selective destruction of Th cells by the HIV virus contributes to
immune suppression by which means?

a. Decrease in 1L-1
b. Decrease in 1L-2
¢. Decrease in IL-8
d. Decrease in IL-10

Why might a CSF be given to a cancer patient?

a. Stimulate activity of NK cells

b. Increase the production of certain types of leukocytes
¢. Decrease the production of TNF

d. Increase the production of mast cells

Which of the following would result from a lack of TNF?

a. Decreased ability to fight gram-negative bacterial infections
b. Increased expression of class I MHC molecules

c¢. Decreased survival of cancer cells

d. Increased risk of septic shock

Which cytokine acts to promote differentiation of T cells to the Thl
subclass?




15.

16.

a.IL-4
b. IFN-y
c. IL-12
d.IL-10

What is the major function of Treg cells?

a. Suppression of the immune response by producing TNF
b. Suppression of the immune response by inducing IL-10
c. Proliferation of the immune response by producing IL-2
d. Proliferation of the immune response by inducing I1L-4

Th17 cells affect the innate immune response by inducing production
of which cytokines?

a. [IFN-y and IL-2

b. IL-4 and IL-10

c. [L-2 and 1L-4

d. TNF-a and IL-6
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The Complement System

Bradley Dixon, MD, and Ashley Frazer-Abel, PhD, D(ABML)I)

LEARNING OUTCOMES

After finishing this chapter, you should be able to:

1. Describe the roles of the complement system.

2. Differentiate between the classical, alternative, and lectin pathways
and indicate the proteins and activators involved in each.

3. Discuss the formation of the three principal units of the classical
pathway: recognition, activation, and membrane attack units.

4. Explain how C3 plays a key role in all three pathways of complement
activation.

5. Discuss regulators of the complement system and their roles in
inhibiting the complement pathways.

6. Describe deficiencies of complement components and the diseases
they cause.

7. Describe potential disease manifestations of improper complement
regulation.

8. Differentiate tests for functional activity of complement from
measurement of individual complement components.

9. Analyze laboratory findings to indicate disease implications in
relation to complement abnormalities.

10. Discuss clinical applications of complement therapeutics and their
effects on laboratory tests for complement.
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KEY TERMS

Activation unit

Alternative pathway

Anaphylatoxin

Atypical hemolytic uremic syndrome (aHUS)
Bystander lysis

C1 inhibitor (C1-INH)

C3 glomerulopathies (C3G)
C4-binding protein (C4BP)
Chemotaxin

Classical pathway

Complement receptor type 1 (CR1)
Decay-accelerating factor (DAF)
Factor H

Factor |

Hemolytic titration (CH50) assay
Hemolytic uremic syndrome (HUS)
Hereditary angioedema (HAE)
Immune adherence

Lectin pathway

Mannose-binding lectin (MBL)
Membrane attack complex (MAC)
Membrane cofactor protein (MCP)
Opsonins

Paroxysmal nocturnal hemoglobinuria (PNH)
Properdin

Recognition unit

S protein

As we described in Chapter 2, complement is a complex series of more than
50 proteins of the innate immune system. These soluble and cell-bound



proteins have an important role in responding to infection, but they are also
important for their strong proinflammatory properties. Complement can
lyse foreign cells, opsonize and tag foreign invaders for clearance, and
direct the adaptive immune system to the site of infection. Complement
activation can also have proinflammatory effects because of its ability to
increase vascular permeability, recruit monocytes and neutrophils to the
area of antigen concentration, and trigger secretion of immunoregulatory
molecules that amplify the immune response. In their proinflammatory role,
complement proteins serve as an important link between innate and
adaptive immunity, but these properties are increasingly recognized for their
role in a growing list of disease pathologies. In such circumstances,
complement activates the host’s immune system, often through a lack of
proper control, leading to several potential outcomes that stretch far beyond
infection.

The interplay of complement with disease is also seen when the
important “housekeeping” roles of complement are lost. Complement
recognizes cellular debris, such as apoptotic cells and immune complexes,
tagging it for removal by innate immune cells. The loss of these functions is
part of the link between complement and rheumatological diseases. Because
of its potential for far-reaching effects, complement activation needs to be
carefully regulated. The need for tight control has been recognized by the
medical field, as exemplified by the advent of therapeutics directed at
regulating various components of the complement system.

Pathways of the Complement System

The complement system can be activated in three different ways. The first
pathway described, the classical pathway, involves nine proteins that are
triggered primarily by antigen—antibody complexes. In the 1950s, Pillemer
and colleagues discovered an antibody-independent pathway that plays a
major role as a natural defense system. This second pathway is called the
alternative pathway. The third pathway, likely the most ancient of the
three, is the lectin pathway, and it is another antibody-independent means
of activating complement proteins. In this pathway, mannose- (or mannan-)
binding lectin (MBL) in the serum adheres to mannose sugar in the cell
walls or outer coating of bacteria, viruses, yeast, and protozoa. Similarly,



the ficolins and collectins can bind to pathogen-associated molecular
patterns to activate the lectin pathway. Although each of these pathways
will be considered separately, activation typically involves more than one
pathway.

Most plasma complement proteins are synthesized in the liver, with the
exception of Cl components, which are mainly produced by intestinal
epithelial cells, and Factor D, which is made in adipose tissue. Other cells,
such as monocytes and macrophages, are additional sources of early
complement components, including C1, C2, C3, and C4. Most of these
proteins are inactive precursors, or zymogens, which are converted to active
enzymes in a very precise order. Table 7—1 lists the characteristics of the
main complement proteins.

The Classical Pathway

The classical pathway, the first activation cascade described, is the main
antibody-directed mechanism for triggering complement activation.
However, not all immunoglobulins are able to activate this pathway. The
immunoglobulin (Ig) classes that can activate the classical pathway are
IgM, IgGl1, 1gG2, and IgG3, but not 1gG4, IgA, or IgE. IgM is the most
efficient of the activating immunoglobulins because it has multiple binding
sites for complement; thus, it takes only one molecule attached to two
adjacent antigenic determinants to initiate the cascade (Fig. 7-1). Two IgG
molecules must attach to antigen within 30 to 40 nm of each other before
complement can bind; it may take at least 1,000 IgG molecules to ensure
that there are two close enough to initiate such binding. Research has
demonstrated that a raft of six IgG molecules is ideal for interacting with
Clq to initiate the classical pathway. Some epitopes, notably the Rh group,
are too far apart on the cell for this to occur; therefore, they are unable to fix
complement. Within the IgG group, 1gG3 is the most effective, followed by
IgG1 and then IgG2.



Proteins of the Complement System

SERUM

PROTEIN

(molecular CONCENTRATION

weight) (Mg/mL)

Classical Pathway

C1q (410 kDa) 150

C1r (85 kDa) 50

C1s (85 kDa) 50

C4 (205 kDa) 300-600

C2 (102 kDa) 25

Lectin Pathway

MBL (200-600 0.0002-10
kDa)

MASP-1 (93 kDa) 1.5-12

MASP-2 (76 kDa) Unknown

Alternative Pathway

Factor B (93 kDa) 200

Factor D (24 kDa) 2

Properdin (55 15-25
kDa)

Terminal Pathway

C3 (190 kDa) 1, 200

FUNCTION

Binds to Fc region
of IgM and IgG,
synaptic pruning

Activates C1s

Cleaves C4 and
Cc2

Part of C3
convertase (C4b)

Binds to C4b—
forms C3
convertase

Binds to mannose

Unknown

Cleaves C4 and
Cc2

Binds to C3b to
form C3
convertase

Cleaves Factor B

Stabilizes C3bBb—
C3 convertase

Key intermediate
in all pathways

DISEASE
ASSOCIATION

SLE; recurrent
infections

Often asymptomatic;
RA, SLE, or
infection

SLE, recurrent
infection, may be
asymptomatic

Mostly asymptomatic,
bacterial infection,
some autoimmunity

3MC syndrome

Mostly asymptomatic,
respiratory infections

Neisseria and
pneumococcal
infections; aHUS
with gain of function

Bacterial infection

Severe recurrent
infection

Severe recurrent
infection; aHUS,
C3G, AMD with gain
of function



C5 (190 kDa) 80 Initiates MAC Neisseria infection

C6 (110 kDa) 45 Binds to C5b in
MAC

C7 (100 kDa) 90 Binds to C5bC6 in
MAC

C8 (150 kDa) 55 Starts pore
formation on
membrane

C9 (70 kDa) 60 Polymerizes to No known disease
cause cell lysis association

aHUS = atypical hemolytic uremic syndrome; AMD = age-related macular degeneration;
C1-INH = C1 inhibitor; C3G = C3 glomerulopathy; DAF = decay-accelerating factor; Fc =
fragment crystallizable; Ig = immunoglobulin; MAC = membrane attack complex; MASP-1
and -2 = MBL-associated serine proteases; MBL = mannose-binding lectin; RA =
rheumatoid arthritis; SLE = systemic lupus erythematosus.

Specific IgG
antibodies

1 {
U ( |

FIGURE 7-1 Binding of C1q to IgG (2 molecules required) and IgM (1 molecule required).

Discovery of Complement and Its Properties

Jules Bordet was awarded the Nobel Prize in 1919 for his role in elucidating the nature
of complement. Complement was originally recognized in the 1890s; Paul Ehrlich coined
the term complement because the proteins complement the action of antibody in
destroying microorganisms. Present as a substance in normal nonimmune serum,
complement is part of the innate immune system. Complement is considered an acute-
phase reactant because levels rise during an infection. It also has a unique property of
being easily inactivated (i.e., heat-labile) by heating serum to 56°C for 30 minutes. Refer
to Chapter 2 for a further description of the innate immune system.

In addition to antibodies, a few substances can bind complement directly
to initiate the classical cascade. These include C-reactive protein (CRP),



several viruses, mycoplasmas, some protozoa, and certain gram-negative
bacteria such as Escherichia coli. However, most infectious agents can
directly activate only the alternative or lectin pathways.

Complement activation can be divided into three main stages, each
involving a combination of specific complement components to form a
functional complex. The first stage involves the formation of the
recognition unit, which, in the case of the classical pathway, is C1. Once
C1 is bound, the next components activated are C4, C2, and C3, known
collectively as the activation unit of the classical pathway (and the lectin
pathway). C5 through C9 comprise the membrane attack complex
(MACQ); this last unit completes the lysis of foreign particles. Each of these
is discussed in detail in the following sections. Figure 7-2 depicts a
simplified scheme of the entire pathway. Note that the complement proteins
were named as they were discovered, before the sequence of activation was
known—hence the irregularity in the numbering system.

The first complement component of the classical pathway to bind is C1, a
molecular complex of 740 kDa. It consists of three subunits—C1q, Clr, and
Cls—which require the presence of calcium to maintain structure. The
complex 1s made up of one Clq subunit, two Clr subunits, and two Cls
subunits (Fig. 7-3). Although the C1q unit is the part that binds to antibody
molecules, the Clr and Cls subunits generate enzyme activity to begin the
cascade.

Formation of the Recognition Unit

Clq has a molecular weight of 410 kDa and is composed of six globular
heads with a collagen-like tail portion. This structure has been likened to a
bouquet of tulips with six blossoms extending outward (see Fig. 7-3). As
long as calcium is present in the serum, Clr and Cls remain associated with
Clq.

Clq binds to the Fc regions from two (or ideally six) adjacent antibody
molecules, and at least two of the globular heads of C1q must be bound to
initiate the classical pathway. Clr and Cls are serine protease proenzymes,
or zymogens. As binding of Clq occurs, both are converted into active
enzymes. Autoactivation of Clr results from a conformational change that
takes place as Clq is bound. Once activated, Clr cleaves a thioester bond
on Cls, which, in turn, activates it. Activated Clr is extremely specific
because its only known substrate is Cls. Likewise, Cls has a limited



specificity, with its only substrates being C4 and C2. Once Cls is activated,
the recognition stage ends.

Recognition
o

Activation

y
i"-—-v C3a

C5

.9
“a—v Csa
Membrane

attack complex ~ ©6
C7

c8
c9

C5b6789

FIGURE 7-2 The classical complement cascade. C1qrs is the recognition unit that binds to
the Fc portion of two antibody molecules. C1s is activated and cleaves C4 and C2 to form
C4bC2a, also known as C3 convertase. C3 convertase cleaves C3 to form C4b2a3b, known
as C5 convertase. The combination of C4bC2aC3b is the activation unit. C5 convertase
cleaves C5. C5b attracts C6, C7, C8, and C9, which bind together, forming the MAC. C9
polymerizes to cause lysis of the target cell.

Formation of the Activation Unit

Phase two, the activation phase, begins when Cls cleaves C4 and ends with
the production of the enzyme C3 convertase (Fig. 7-4). C4 is the second
most abundant complement protein, with a serum concentration of
approximately 600 pg/mL. Cls cleaves C4 to release a 77-amino acid
fragment called C4a. In the process, it opens a thioester-containing active
site on the remaining part, C4b. C4b must bind to protein or carbohydrate
within a few seconds, or it will react with water molecules to form 1C4b,
which is rapidly degraded. Thus, C4b binds mainly to antigen in clusters
that are within a 40-nm radius of C1. This represents the first amplification
step in the cascade because for every C1 molecule attached, approximately
30 molecules of C4 are split and attached.
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FIGURE 7-3 Structure of C1grs. When two or more globular heads of C1q attach to bound
immunoglobulin molecules, the collagen-like stalks change their configuration. The resulting
shape change causes C1r to become a serine protease, which cleaves a small fragment of
C1s, uncovering the C1s protease, whose only targets are C4 and C2.

C2 is the next component to be activated. When combined with C4b in
the presence of magnesium ions, C2 is cleaved by Cls to form the
fragments, C2a (which has a molecular weight of 70 kDa) and C2b (which
has a molecular weight of 34 kDa) (see Fig. 7—4A). This is the only case in
which the letter “a” has been designated for the larger cleavage piece with
enzyme activity. The short life of these reactive species serves as a
mechanism of control, keeping the reaction localized.

The combination of C4b and C2a is known as C3 convertase (see Fig. 7—
4B). The C4bC2a complex is an active enzyme. This complex is not very
stable. The half-life is estimated to be between 15 seconds and 3 minutes,
so C3 must be bound quickly. If binding does occur, C3 is cleaved into two
fragments, C3a and C3b.

C3, the major and central constituent of the complement system, is
present in the plasma in a concentration of 1 mg/mL to 1.5 mg/mL. It serves
as the pivotal point of convergence of all three complement pathways. The
cleavage of C3 to C3b represents the most significant step in the entire
process of complement activation. The C3 molecule has a molecular weight



of 190 kDa and consists of two polypeptide chains, alpha (o) and beta (B).
The o chain contains a highly reactive thioester group. When C3a is
removed by cleavage of a single bond in the a chain, the thioester is
exposed; the remaining piece, C3b, is then capable of binding to hydroxyl
groups on carbohydrates and proteins in the immediate vicinity. C3b is
estimated to have a half-life of 60 microseconds if not bound to antigen.
Therefore, only a small percentage of cleaved C3 molecules bind to
adjacent surfaces; most are hydrolyzed by water molecules and decay in the
fluid phase.
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FIGURE 7-4 Formation of the activation unit. (A) Activated C1qrs cleaves C4 and C2, with
the larger pieces, C4b and C2a, binding to the target-cell surface and forming the enzyme
C3 convertase. (B) Each C3 convertase cleaves ~200 C3 molecules into C3a and C3b. C3b
is a powerful opsonin that binds to the target in many places. (C) Some C3b associates with
C4bC2a, forming C4bC2aC3b, also known as C5 convertase. This convertase cleaves C5
into the anaphylatoxin, C5a, and C5b, which binds to the target cell.

The cleavage of C3 represents a second and major amplification process
because about 200 molecules are split for every molecule of C4bC2a. In



addition to being required for the activation of the terminal pathway, C3b
also serves as a powerful opsonin. Macrophages have specific receptors for
C3b (discussed later in the chapter) and are primed to phagocytize antigen
that has bound C3b. Large numbers of molecules are needed for this to
occur, hence the need for amplification.

If C3b is bound within 40 nm of the C4bC2a, a new enzyme known as
C5 convertase (C4bC2aC3b) is created. Figure 7—4C depicts this last step in
the formation of the activation unit. The cleaving of C5 with deposition of
C5b at another site on the cell membrane constitutes the beginning of the
MAC.

The Membrane Attack Complex (MAC)

C5 consists of two polypeptide chains, a and B, which are linked by
disulfide bonds to form a molecule with a molecular weight of about 190
kDa. C5 convertase, consisting of C4bC2aC3b, splits C5 into two
fragments, a 74-amino acid fragment known as C5a, which is released into
the circulation, and C5b, which attaches to the cell membrane, forming the
beginning of the MAC. The splitting of C5 and the cleavage of C3 represent
the most significant biological consequences of the complement system, as
explained in the section on biological manifestations of complement
activation. However, C5b is extremely labile and is rapidly inactivated
unless binding to C6 occurs.

Once C6 is bound to C5b, subsequent binding of C7, C8, and multiple
molecules of C9 occurs. The complex of C5b-C6-C7-C8 and C9 1s known
as C5b-9 or the MAC. None of these proteins has enzymatic activity; they
are all present in much smaller amounts in serum than the preceding
components. C6 and C7 have similar physical and chemical properties. C8
is made up of three dissimilar chains, a, 3, and v, joined by disulfide bonds.
C9 is a single polypeptide chain. The carboxy-terminal end of C9 is
hydrophobic, whereas the amino-terminal end is hydrophilic. The
hydrophobic part serves to anchor the MAC within the target membrane.
Formation of the membrane attack unit is pictured in Figure 7-5. If the
complex is soluble in circulation, it is known as sC5b-9. Measurement of
the level of sC5b6-9 is an indicator of the amount of terminal pathway
activation that is occurring. When formed, the MAC produces a pore of 70
to 100A that allows ions to pass in and out of the membrane. Destruction of
target cells actually occurs through an influx of water and a corresponding



loss of electrolytes. The presence of C9 greatly accelerates lysis. However,
sufficient perturbation of the membrane can occur in the absence of C9 so
that deficiencies in C9 appear largely benign.

FIGURE 7-5 Formation of the MAC. C5b binds to the target cell, and C6 and C7 attach to
C5b. C8 binds to these associated molecules and begins (along with C7) to penetrate the
cell membrane. Multiple C9 molecules bind to C5bC6C7C8 and polymerize to form a
transmembrane channel, the MAC, which causes lysis of the cell.

The Lectin Pathway

The lectin pathway represents another means of activating complement.
Instead of activation through antibody binding, the lectin pathway is
activated by direct recognition of surface moieties that are found on
pathogens. This pathway provides an additional link between the innate and
acquired immune response because it involves nonspecific recognition of
carbohydrates that are common constituents of microbial cell walls and that
are distinct from those found on human cell surfaces. The lectin pathway
also plays an important role as a defense mechanism in infancy, during the
interval between the loss of maternal antibody and the acquisition of a full-
fledged antibody response to pathogens. Although this pathway is the most
recently described of the three activation pathways of complement, it is
probably the most ancient.

The early lectin pathway molecules are structurally similar to those of the
classical pathway; the classical and lectin pathways even share the
components C4 and C2. Once C4 and C2 are cleaved, the rest of the



pathway is identical to the classical pathway. The role Clq serves in the
classical pathway is filled by three classes of recognition molecules in the
lectin pathway: lectins, ficolins, and collectins. The structure of all three
classes of recognition molecules is similar to that of C1q. One key protein,
called mannose-binding lectin (MBL), binds to mannose or related sugars in
a calcium-dependent manner to initiate this pathway. These sugars are
found in glycoproteins or carbohydrates of a wide variety of
microorganisms, such as bacteria, yeasts, viruses, and some parasites. MBL
is considered an acute-phase protein because it is produced in the liver and
is normally present in the serum but increases during an initial
inflammatory response.

After MBL binds to mannose on the surface of microorganisms, serine
proteases called MBL-associated serine proteases (MASPs) associate with
the complex. The enzymatic function of the MASPs is triggered,
resembling the roles of Clr and Cls in the classical pathway. There are
currently three MASPs identified: MASP-1, MASP-2, and MASP-3.
Although the recognition molecules are different for the lectin pathway,
activation soon converges on the same C4 and C2 molecules that are
involved in the classical pathway. From this point, activation of the lectin
and classical pathways is indistinguishable. One difference is that there is
mounting evidence for a possible bypass for the lectin pathway, where C3 is
activated in the absence of C4 and C2 activation.

The Alternative Pathway

First described by Pillemer and his associates in the early 1950s, the
alternative pathway was originally named for the protein properdin, a
protein in normal serum with a concentration of approximately 5 to 15
ug/mL. Although the alternative pathway can be activated on its own, it
appears that it functions largely as an amplification loop for activation
started from the classical or lectin pathways. In addition to properdin, two
other serum proteins, Factor B and Factor D, are unique to the alternative
pathway. The alternative pathway is summarized in Figure 7-6.

Activation of the pathway begins with C3. Triggering substances for the
alternative pathway include bacterial cell walls, especially those containing
lipopolysaccharide; fungal cell walls; yeast; viruses; virally infected cells;
tumor cell lines; and some parasites, especially trypanosomes. All these can



serve as sites for binding the complex C3bBb, one of the key products of
this pathway.

The alternative pathway also acts as a monitoring system, with a
continual baseline level of activation, which must be kept in check. This
continual low-level activation occurs through the fact that native C3 is not
stable in plasma. Water is able to hydrolyze the C3 thioester bond, thus
spontaneously activating a small number of these molecules. A C3b-like
molecule, often referred to as C3p,o 1s formed by this spontaneous

hydrolysis and can start activation of the alternative pathway, similar to the
crossover activation initiated in the classical or lectin pathways. Once
formed, the C3b or C3p,q acts as the seed of activation of the alternative

pathway. C3b binds to Factor B, which has a molecular weight of 93 kDa
and is fairly abundant in the serum, at a level of around 200 pg/ mL. Once
bound to C3b, Factor B can be cleaved by Factor D. The role of Factor B is
thus analogous to that of C2 in the classical pathway because it forms an
integral part of a C3 convertase.
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FIGURE 7-6 The alternative pathway.

Factor D is a plasma protein that goes through a conformational change
when it binds to Factor B. The concentration of Factor D in the plasma is
the lowest of all the complement proteins, approximately 2 pg/mL. Factor
D is a serine protease that cleaves Factor B into two pieces: Ba (with a
molecular weight of 33 kDa) and Bb (with a molecular weight of
approximately 60 kDa). Bb remains attached to C3b, forming the initial C3
convertase of the alternative pathway. Bb is rapidly inactivated unless it
becomes bound to a site on one of the triggering cellular antigens.

As the alternative pathway convertase, C3bBb is then capable of cleaving
additional C3 into C3a and C3b. Some C3b attaches to cellular surfaces and
acts as a binding site for more Factor B, resulting in an amplification loop;
activation initiated by the classical or lectin pathways is amplified to levels
of biological consequence. All C3 present in plasma would be rapidly
converted by this method were it not for the fact that the enzyme C3bBb is
extremely unstable unless properdin binds to the complex. Binding of
properdin increases the half-life of C3bBb from 90 seconds to several



minutes. In this manner, optimal rates of alternative pathway activation are
achieved.

C3bBb can also cleave C5, but it is much more efficient at cleaving C3.
If, however, some of the C3b produced remains bound to the C3 convertase
in combination with properdin, the complex is stabilized. The resulting
enzyme, C3bBbC3bP, has a high affinity for C5 and exhibits C5 convertase
activity. Thus, C5 is cleaved to produce C5b, the first part of the MAC.
From this point on, the alternative, lectin, and classical pathways are
identical. Figure 7-7 shows the convergence of all three pathways.

System Controls

Activation of complement could cause tissue damage and have devastating
systemic effects if it were allowed to proceed uncontrolled. To ensure that
infectious agents and not self-antigens are destroyed and that the reaction
remains localized, several plasma proteins act as system regulators. In
addition, there are specific receptors on certain cells that also exert a
controlling influence on the activation process. In fact, approximately one-
half of the complement components serve as controls for critical steps in the
activation process. Because activation of C3 is the pivotal step in all
pathways, the majority of the control proteins are aimed at halting
accumulation of C3b. However, there are controls at all crucial steps along
the way. Regulators will be discussed according to their order of appearance
in each of the three pathways. A brief summary of these is found in Table
7-2.

Regulation of the Classical and Lectin Pathways

C1 inhibitor (C1-INH) inhibits activation at the first stages of both the
classical and lectin pathways. Its main role is to inactivate C1 by binding to
the active sites of Clr and Cls. Therefore, Clr and Cls become instantly an