Abul K. Abbas, MBBS

Professor and Chair

Department of Pathology

University of California-San Francisco
San Francisco, California

Andrew H. Lichtman, MD, PhD

Associate Professor of Pathology
Harvard Medical School
Brigham and Women’s Hospital
Boston, Massachusetts

Shiv Pillai, MBBS, PhD

Associate Professor of Medicine

Harvard Medical School

Massachusetts General Hospital Cancer Center
Boston, Massachusetts

Illustrations by David L. Baker, MA
Alexandra Baker, MS, CNT
DNA Illustrations, Inc.

CELLULAR AND
MOLECULAR
IMMUNOLOGY

ELSEVIER

6TH EDITION

Updated Edition



=0 gl = )

_,.r_ll‘:li_'_j_'fl _,I'_I-.':[J_| l__,_JL‘:_J-IJJHn_Jl |“|JJ |j]|__r1| |_J]

e YL R T, =T ]

:,l.hil
aoaan) 8 eSSy ey K3 Ut 1 'iJuJu/JJ
it id )b ) ) 5o
L)l/ﬂju'”**“]u); /"*"’J/“'JJJ/JJ—’JI'I""
7 v S~ S A 00,50 )

Tel: 498  2/46695 [D{ﬁj‘:ﬂ'ﬂﬂ (669637690 )



www.roshanketab.com




SAUNDERS

ELSEVIER

1600 John E Kennedy Blvd.
Ste 1800
Philadelphia, PA 19103-2899

CELLULAR AND MOLECULAR IMMUNOLOGY, Updated 6/E ISBN: 978-1-4160-3123-9
International Edition ISBN: 978-0-8089-2411-1

Copyright © 2010 by Saunders, an imprint of Elsevier Inc.

All rights reserved. No part of this publication may be reproduced or transmitted in any form or
by any means, electronic or mechanical, including photocopying, recording, or any information
storage and retrieval system, without permission in writing from the publisher.

Permissions may be sought directly from Elsevier’s Health Sciences Rights Department in
Philadelphia, PA, USA: phone: (+1) 215 239 3804, fax: (+1) 215 239 3805, e-mail:
healthpermissions@elsevier.com. You may also complete your request on-line via the Elsevier
homepage (http://www.elsevier.com), by selecting ‘Customer Support’ and then ‘Obtaining
Permissions’.

Notice

Neither the Publisher nor the Authors assume any responsibility for any loss or injury and/or
damage to persons or property arising out of or related to any use of the material contained in
this book. It is the responsibility of the treating practitioner, relying on independent expertise
and knowledge of the patient, to determine the best treatment and method of application for
the patient.

The Publisher

Previous editions copyrighted 2007, 2005, 2003, 2000, 1997, 1994, 1991 by Saunders, an imprint of
Elsevier Inc.

Library of Congress Cataloging-in-Publication Data

Abbas, Abul K.

Cellular and molecular immunology / Abul K. Abbas, Andrew H. Lichtman, Shiv Pillai.—
Updated 6th ed.

p.;cm.

Includes bibliographical references and index.

ISBN 978-1-4160-3123-9

1. Cellular immunity. 2. Molecular immunology. 1. Lichtman, Andrew H. II. Pillai, Shiv.
III. Title.

[DNLM: 1. Immunity, Cellular. 2. Antibody Formation—immunology. 3. Antigens—
immunology. 4. Immune System Diseases—immunology. 5. Lymphocytes—immunology.
QW 568 A122¢ 2010]

QR185.5.A23 2010
616.07'97—dc22

2009008415
Executive Editor: William Schmitt
Managing Editor: Rebecca Gruliow
Publishing Services Manager: Joan Sinclair
Design Direction: Gene Harris
Working together to grow
libraries in developing countries
Printed in China www.elsevier.com | www.bookaid.org | www.sabre.org

BOOK AID

Last digit is the printnumber:9 8 7 6 5 4 3 2 1 ELSEVIER  [iiaions  Sabre Foundation


www.roshanketab.com

Preface

This sixth edition of Cellular and Molecular Immunology includes extensive revisions
of the previous edition, which incorporate new discoveries in immunology and the
constantly growing body of knowledge. It is remarkable and fascinating to us that new
principles continue to emerge from analysis of the complex systems that underlie immune
responses. Perhaps one of the most satisfying developments for students of human disease
is that basic principles of immunology are now being used for rational development of
new immunological therapies. Examples of areas in which our understanding has grown
impressively since the last edition of this book include the recognition of microbial prod-
ucts by cytoplasmic and membrane sensors, the intricate organization of lymphoid
tissues, the functional heterogeneity of subsets of dendritic cells and lymphocytes, and the
roles of regulatory cells and inhibitory pathways in immune regulation. We have added
new information while striving to emphasize important principles, and without increas-
ing the length of the book. We have also changed many sections, when necessary, for
increased clarity, accuracy, and completeness.

We have retained the design elements that have evolved through the previous editions
to make the book easier to read. These include the use of bold italic text to highlight “take-
home messages,” presentation of experimental results in bulleted lists distinguishable
from the main text, and the use of “In-depth” boxes (including several new ones) to present
detailed information about experimental approaches, disease entities, and selected
molecular or biological processes. We also constantly try to further improve the clarity of
illustrations and tables.

Many individuals have made invaluable contributions to this edition. Drs. Michael
Carroll, Jason Cyster, Moh Daha, and Richard Locklsey have been generous with advice
and comments. Our illustrators, David and Alexandra Baker of DNA Tllustrations, remain
full partners in the book and provide invaluable suggestions for clarity and accuracy.
Several members of the Elsevier Science staff have played critical roles. Our editor, Bill
Schmitt, has been a source of support and encouragement. Our Developmental Editor,
Rebecca Gruliow, shepherded the book through its preparation and production. Gene
Harris was responsible for the design. Ellen Sklar took charge of the production and has
been a constant source of good sense and efficiency. Our students were the original inspi-
ration for the first edition of this book, and we remain continually grateful to them,
because from them we learn how to think about the science of immunology, and how to
communicate knowledge in the clearest and most meaningful way.

Abul K. Abbas
Andrew H. Lichtman
Shiv Pillai
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Section |

Introduction to the
Immune System

The first three chapters of this book introduce the nomenclature of immunology
and the components of innate and adaptive immune responses. In
Chapter 1, we describe the types of immune responses and their general
properties and present an overview of immune responses to microbes. In
Chapter 2, we discuss the early innate immune response to infectious
pathogens. Chapter 3 is devoted to a description of the cells and tissues of
the adaptive immune system, with an emphasis on their anatomic organi-
zation and structure-function relationships. This section sets the stage for
more thorough discussion of how the immune system recognizes and
responds to antigens.







Chapter 1

PROPERTIES AND

OVERVIEW OF IMMUNE

RESPONSES

Innate and Adaptive Immunity, 4

Types of Adaptive Immune
Responses, 6

Cardinal Features of Adaptive Immune
Responses, 9

Cellular Components of the Adaptive
Immune System, 11

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

Summary, 16

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

tion from disease and, more specifically, infectious
disease. The cells and molecules responsible for immu-
nity constitute the immune system, and their collective
and coordinated response to the introduction of foreign
substances is called the immune response.

The physiologic function of the immune system is
defense against infectious microbes. However, even
noninfectious foreign substances can elicit immune
responses. Furthermore, mechanisms that normally
protect individuals from infection and eliminate foreign
substances are also capable of causing tissue injury and
disease in some situations. Therefore, a more inclusive
definition of the immune response is a reaction to com-
ponents of microbes as well as to macromolecules, such
as proteins and polysaccharides, and small chemicals
that are recognized as foreign, regardless of the physiolo-
gic or pathologic consequence of such a reaction.
Immunology is the study of immune responses in this
broader sense and of the cellular and molecular events
that occur after an organism encounters microbes and
other foreign macromolecules.

Historians often credit Thucydides, in Athens during
the fifth century Bc, as having first mentioned immunity
to an infection that he called “plague” (but that was
probably not the bubonic plague we recognize today).
The concept of immunity may have existed long before,
as suggested by the ancient Chinese custom of making
children resistant to smallpox by having them inhale
powders made from the skin lesions of patients recover-
ing from the disease. Immunology, in its modern form,
is an experimental science, in which explanations of
immunologic phenomena are based on experimental
observations and the conclusions drawn from them.
The evolution of immunology as an experimental dis-
cipline has depended on our ability to manipulate
the function of the immune system under controlled
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conditions. Historically, the first clear example of this
manipulation, and one that remains among the most
dramatic ever recorded, was Edward Jenner’s successful
vaccination against smallpox. Jenner, an English physi-
cian, noticed that milkmaids who had recovered from
cowpox never contracted the more serious smallpox. On
the basis of this observation, he injected the material
from a cowpox pustule into the arm of an 8-year-old boy.
When this boy was later intentionally inoculated
with smallpox, the disease did not develop. Jenner's
landmark treatise on vaccination (Latin vaccinus, of or
from cows) was published in 1798. It led to the wide-
spread acceptance of this method for inducing immu-
nity to infectious diseases, and vaccination remains the
most effective method for preventing infections (Table
1-1). An eloquent testament to the importance of
immunology was the announcement by the World
Health Organization in 1980 that smallpox was the first
disease that had been eradicated worldwide by a
program of vaccination.

Since the 1960s, there has been a remarkable trans-
formation in our understanding of the immune system
and its functions. Advances in cell culture techniques
(including monoclonal antibody production), immuno-
chemistry, recombinant DNA methodology, x-ray crys-
tallography, and creation of genetically altered animals
(especially transgenic and knockout mice) have changed
immunology from a largely descriptive science into one
in which diverse immune phenomena can be explained
in structural and biochemical terms. In this chapter, we
outline the general features of immune responses and
introduce the concepts that form the cornerstones
of modern immunology and that recur throughout
this book.

INNATE AND ADAPTIVE IMMUNITY

Defense against microbes is mediated by the early reac-
tions of innate immunity and the later responses of
adaptive immunity (Fig. 1-1 and Table 1-2). Innate
immunity (also called natural or native immunity) pro-
vides the early line of defense against microbes. It con-
sists of cellular and biochemical defense mechanisms
that are in place even before infection and are poised to
respond rapidly to infections. These mechanisms react
only to microbes (and to the products of injured cells),
and they respond in essentially the same way to repeated
infections. The principal components of innate immu-
nity are (1) physical and chemical barriers, such as
epithelia and antimicrobial substances produced at
epithelial surfaces; (2) phagocytic cells (neutrophils,
macrophages) and natural killer (NK) cells; (3) blood
proteins, including members of the complement system
and other mediators of inflammation; and (4) proteins
called cytokines that regulate and coordinate many of
the activities of the cells of innate immunity. The mech-
anisms of innate immunity are specific for structures
that are common to groups of related microbes and
may not distinguish fine differences between foreign
substances.

In contrast to innate immunity, there are other
immune responses that are stimulated by exposure to
infectious agents and increase in magnitude and defen-
sive capabilities with each successive exposure to a par-
ticular microbe. Because this form of immunity develops
as a response to infection and adapts to the infection, it
is called adaptive immunity. The defining characteris-
tics of adaptive immunity are exquisite specificity for

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

Disease Maximum number| Number of Percent
of cases (year) cases in 2004| change
Diphtheria 206,939 (1921) 0 -99.99
Measles 894,134 (1941) 37 -99.99
Mumps 152,209 (1968) 236 -99.90
Pertussis 265,269 (1934) 18,957 -96.84
Polio (paralytic) | 21,269 (1952) 0 -100.0
Rubella 57,686 (1969) 12 -99.98
Tetanus 1,560 (1923) 26 -98.33
Haemophilus ~20,000 (1984) 16 -99.92
influenzae type B
Hepatitis B 26,611 (1985) 6,632 -75.08

Weekly Report 53:1213-1221, 2005.

This table illustrates the striking decrease in the incidence of selected infectious diseases
for which effective vaccines have been developed.

Adapted from Orenstein WA, AR Hinman, KJ Bart, and SC Hadler. Immunization. In
Mandell GL, JE Bennett, and R Dolin (eds). Principles and Practices of Infectious Dis-
eases, 4th ed. Churchill Livingstone, New York, 1995, and Morbidity and Mortality
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FIGURE 1-1 Innate and adaptive immunity. The mechanisms of innate immunity provide the initial defense against infections. Adaptive

immune responses develop later and consist of activation of lymphocytes. The kinetics of the innate and adaptive immune responses are
approximations and may vary in different infections

Table 1-2. Features of Innate and Adaptive Immunity

Innate Adaptive
Characteristics
Specificity For structures shared by For antigens of microbes and
groups of related microbes for nonmicrobial antigens
. [ ]
Diversity Limited; germline-encoded Very large; receptors are
produced by somatic
recombination of
! ,‘ | gene segments :
| {
Memory | None Yes
' Nonreactlvny to self Yes | Yes
Components
Cellular and | Skin, mucosal epithelia; Lymphocytes in epithelia;
chemical barriers antimicrobial chemicals antibodies secreted at
| epithelial surfaces
Blood proteins | Complement, others | Antibodies
Cells | Phagocytes (macrophages, . Lymphocytes

neutrophils), natural killer cells |

This table lists the major characteristics and components of innate and adaptive immune
responses. Innate immunity is discussed in much more detail in Chapter 2.
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distinct molecules and an ability to “remember” and
respond more vigorously to repeated exposures to the
same microbe. The adaptive immune system is able to
recognize and react to a large number of microbial and
nonmicrobial substances. In addition, it has an extraor-
dinary capacity to distinguish between different, even
closely related, microbes and molecules, and for this
reason it is also called specific immunity. It is also some-
times called acquired immunity, to emphasize that
potent protective responses are “acquired” by experi-
ence. The main components of adaptive immunity are
cells called lymphocytes and their secreted products,
such as antibodies. Foreign substances that induce spe-
cific immune responses or are the targets of such
responses are called antigens.

Innate and adaptive immune responses are compo-
nents of an integrated system of host defense in which
numerous cells and molecules function cooperatively.
The mechanisms of innate immunity provide an effec-
tive initial defense against infections. However, many
pathogenic microbes have evolved to resist innate
immunity, and their elimination requires the more pow-
erful mechanisms of adaptive immunity. The innate
immune response to microbes also stimulates adaptive

immune responses and influences the nature of the
adaptive responses. We will return to a more detailed
discussion of the mechanisms and physiologic functions
of innate immunity in Chapter 2.

Innate immunity is phylogenetically the oldest
system of host defense, and the adaptive immune
system evolved later (Box 1-1). In invertebrates, host
defense against foreign invaders is mediated largely by
the mechanisms of innate immunity, including phago-
cytes and circulating molecules that resemble the
plasma proteins of innate immunity in vertebrates.
Adaptive immunity, consisting of lymphocytes and anti-
bodies, first appeared in jawed vertebrates and became
increasingly specialized with further evolution.

TYPES OF ADAPTIVE IMMUNE RESPONSES

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

Box 1-1 = IN DEPTH: EVOLUTION OF THE IMMUNE SYSTEM

Mechanisms for defending the host against microbes are
present in some form in all multicellular organisms. These
mechanisms constitute innate immunity. The more spe-
cialized defense mechanisms that constitute adaptive
immunity are found in vertebrates only

Various cells in invertebrates respond to microbes by
surrounding these infectious agents and destroying
them. These responding cells resemble phagocytes and
have been called phagocytic amebocytes in acelomates,
hemocytes in molluscs and arthropods, coelomocytes in
annelids, and blood leukocytes in tunicates. Invertebrates
do not contain antigen-specific lymphocytes and do not
produce immunoglobulin {lg) molecules or complement
proteins. However, they contain a number of soluble mol-
ecules that bind to and lyse microbes. These molecules
include lectin-like proteins, which bind to carbohydrates
on microbial cell walls and agglutinate the microbes,
and numerous lytic and antimicrobial factors such
as lysozyme, which is also produced by neutrophils in
higher organisms. Phagocytes in some invertebrates may
be capable of secreting cytokines that resemble
macrophage-derived cytokines in the vertebrates. Impor-
tantly, all multicellular organisms express cellular recep-
tors resembling Toll-like receptors that sense microbes
and initiate defense reactions against the microbes. Thus,
host defense in invertebrates is mediated by the cells and
molecules that resemble the effector mechanisms of
innate immunity in higher organisms

Many studies have shown that invertebrates are
capable of rejecting foreign tissue transplants, or allo-

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

The hallmark of the vertebrate immune system is the
expression of somatically rearranged antigen receptors
Such receptors appeared in jawed fish. Even some
jawless fish express highly variable receptors that differ
from one cell to another, but these are not generated by
recombination of gene segments. It is believed that a
transposon containing the gene(s) encoding the enzyme
for recombination (RAG, or recombination activating
genes, see Chapter 8) invaded a gene that encoded a

Continued on following page



protein resembling a variable (V) segment of an antibody
molecule. This allowed V and related segments to be
recombined to generate highly diverse and specific
antigen receptors. Not only this feature, but most of the
components of the adaptive immune system, including
lymphocytes, antibodies and T cell receptors, MHC mol-
ecules, and specialized lymphoid tissues (but lacking
germinal centers), all seem to have appeared quite sud-
denly and coordinately in jawed vertebrates {e.g., sharks)
(see Table). A more primitive version of rearranged
antigen receptors exists in jawless fish (lampreys). These

Chapter 1 — PROPERTIES AND OVERVIEW OF IMMUNE RESPONSES

B S

receptors have been called “variable lymphocyte recep-
tors,” and are apparently generated by shuffling DNA
segments in the absence of RAG genes and the more
advanced somatic recombination machinery.

The immune system has also become increasingly
specialized with evolution. For instance, fishes have only
one type of antibody, called IgM; this number increases
to two types in amphibians such as Xenopus and to seven
or eight types in mammals. The presence of more types
of antibodies increases the functional capabilities of the
Immune response.

Innate immunity

Adaptive immunity

| Phagocytes | NK cells | Antibodies

|
L

[Invertebrates

|T and B lymphocytes |

| Protozoa

+
|

Sponges
Annelids
Arthropods
‘Vertebrates

| +| +| +|
+

'Elasmobranchs | + +
(sharks, skates,
rays)

b —

| Teleosts | + L+
(common fish)

 Amphibians
| Reptiles
Birds

Mammals

T+
- -
I
~

Key: +, present; =, absent

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

| + (3 classes)

| + (7 or 8 classes) l +

! + (IE]M only) +

+ (IgM, others?) | +

‘ +(2_c>r 3 classes-) [+
|+

L+ (3 classes) | +

cells, where they are inaccessible to circulating antibod-
ies. Defense against such infections is a function of cell-
mediated immunity, which promotes the destruction of
microbes residing in phagocytes or the killing of infected
cells to eliminate reservoirs of infection.

Protective immunity against a microbe may be
induced by the host’s response to the microbe or by the
transfer of antibodies or lymphocytes specific for the
microbe (Fig. 1-3). The form of immunity that is induced
by exposure to a foreign antigen is called active immu-
nity because the immunized individual plays an active
role in responding to the antigen. Individuals and lym-
phocytes that have not encountered a particular antigen
are said to be naive, implying that they are immunolog-
ically inexperienced. Individuals who have responded to
a microbial antigen and are protected from subsequent
exposures to that microbe are said to be immune.

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

cells

mediated immunity was defined as the form of immu-
nity that can be transferred to naive animals with cells
(T lymphocytes) from immunized animals but not with
plasma or serum.

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

years from the work of Landsteiner and others using
simple chemicals as antigens. Ehrlich’s theories of the
physicochemical complementarity of antigens and anti-
bodies are remarkable for their prescience. This early
emphasis on antibodies led to the general acceptance of
the humoral theory of immunity, according to which
immunity is mediated by substances present in body
fluids.

The cellular theory of immunity, which stated that
host cells were the principal mediators of immunity, was
championed initially by Elie Metchnikoff. His demon-
stration of phagocytes surrounding a thorn stuck into
a translucent starfish larva, published in 1883, was
perhaps the first experimental evidence that cells
respond to foreign invaders. Sir Almroth Wright's obser-
vation in the early 1900s that factors in immune serum
enhanced the phagocytosis of bacteria by coating the
bacteria, a process known as opsonization, lent support
to the belief that antibodies prepared microbes for inges-
tion by phagocytes. These early “cellularists” were unable
to prove that specific immunity to microbes could be
mediated by cells. The cellular theory of immunity
became firmly established in the 1950s, when George
Mackaness showed that resistance to an intracellular
bacterium, Listeria monocytogenes, could be adoptively
transferred with cells but not with serum. We now know
that the specificity of cell-mediated immunity is due to
lymphocytes, which often function in concert with other
cells, such as phagocytes, to eliminate microbes.

In the clinical setting, immunity to a previously
encountered microbe is measured indirectly, either by
assaying for the presence of products of immune
responses (such as serum antibodies specific for micro-
bial antigens) or by administering substances purified

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

CARDINAL FEATURES OF ADAPTIVE
IMMUNE RESPONSES

All humoral and cell-mediated immune responses to
foreign antigens have a number of fundamental proper-
ties that reflect the properties of the lymphocytes that
mediate these responses (Table 1-3).

o Specificity and diversity. Inmune responses are spe-
cific for distinct antigens and, in fact, for different
portions of a single complex protein, polysaccharide,
or other macromolecule (Fig. 1-4). The parts of such
antigens that are specifically recognized by individual
lymphocytes are called determinants or epitopes.
This fine specificity exists because individual lym-
phocytes express membrane receptors that are able
to distinguish subtle differences in structure between
distinct antigens. Clones of lymphocytes with differ-
ent specificities are present in unimmunized individ-
uals and are able to recognize and respond to foreign
antigens. This concept is the basic tenet of the clonal
selection hypothesis, which is discussed in more
detail later in this chapter.
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Table 1-3. Cardinal Features of Adaptive
Immune Responses

Feature Functional significance
Specificity Ensures that distinct antigens
elicit specific responses
Diversity Enables immune system to respond
to a large variety of antigens
Memory Leads to enhanced responses to
repeated exposures to
the same antigens
Clonal Increases number of
expansion antigen-specific lymphocytes to

keep pace with microbes
Specialization | Generates responses that are
optimal for defense against different
types of microbes

Contraction and | Allows immune system to respond

homeostasis to newly encountered antigens
Nonreactivity Prevents injury to the host during
to self responses to foreign antigens

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

The total number of antigenic specificities of the
lymphocytes in an individual, called the lymphocyte
repertoire, is extremely large. It is estimated that the
immune system of an individual can discriminate 107
to 10° distinct antigenic determinants. This property

of the lymphocyte repertoire is called diversity. It is
the result of variability in the structures of the
antigen-binding sites of lymphocyte receptors for
antigens. In other words, there are many different
clones of lymphocytes that differ in the structures of
their antigen receptors and therefore in their speci-
ficity for antigens, contributing to a total repertoire
that is extremely diverse. The molecular mechanisms
that generate such diverse antigen receptors are dis-
cussed in Chapter 8.

Memory. Exposure of the immune system to a foreign
antigen enhances its ability to respond again to that
antigen. Responses to second and subsequent expo-
sures to the same antigen, called secondary immune
responses, are usually more rapid, larger, and often
qualitatively different from the first, or primary,
immune response to that antigen (see Fig. 1-4).
Immunologic memory occurs partly because each
exposure to an antigen expands the clone of lympho-
cytes specific for that antigen. In addition, stimula-
tion of naive lymphocytes by antigens generates
long-lived memory cells (discussed in detail in
Chapter 3). These memory cells have special charac-
teristics that make them more efficient at responding
to and eliminating the antigen than are naive lym-
phocytes that have not previously been exposed to
the antigen. For instance, memory B lymphocytes
produce antibodies that bind antigens with higher
affinities than do antibodies produced in primary
immune responses, and memory T cells react much
more rapidly and vigorously to antigen challenge
than do naive T cells.

Clonal expansion. Lymphocytes undergo consider-
able proliferation following exposure to antigen. The
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term clonal expansion refers to an increase in the
number of cells that express identical receptors for
the antigen and thus belong to a clone. This increase
in antigen-specific cells enables the adaptive immune
response to keep pace with rapidly dividing infectious
pathogens.

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

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

Nonreactivity to self. One of the most remarkable
properties of every normal individual's immune
system is its ability to recognize, respond to, and
eliminate many foreign (nonself) antigens while
not reacting harmfully to that individual’s own (self)
antigenic substances. Immunological unresponsive-
ness is also called tolerance. Tolerance to self anti-
gens, or self-tolerance, is maintained by several
mechanisms. These include eliminating lymphocytes
that express receptors specific for some self antigens
and allowing lymphocytes to encounter other self
antigens in settings that lead to functional inactiva-
tion or death of the self-reactive lymphocytes. The
mechanisms of self-tolerance and discrimination
between self and foreign antigens are discussed in
Chapter 11. Abnormalities in the induction or main-
tenance of self-tolerance lead to immune responses
against self antigens (autologous antigens), often
resulting in disorders called autoimmune diseases.
The development and pathologic consequences of
autoimmunity are described in Chapter 18.

These features of adaptive immunity are necessary if
the immune system is to perform its normal function of
host defense (see Table 1-3). Specificity and memory
enable the immune system to mount heightened
responses to persistent or recurring stimulation with
the same antigen and thus to combat infections that
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are prolonged or occur repeatedly. Diversity is essential
if the immune system is to defend individuals against
the many potential pathogens in the environment.
Specialization enables the host to “custom design”
responses to best combat particular types of microbes.
Contraction of the response allows the system to return
to a state of rest after it eliminates each foreign antigen
and to be prepared to respond to other antigens. Self-
tolerance is vital for preventing harmful reactions against
one’s own cells and tissues while maintaining a diverse
repertoire of lymphocytes specific for foreign antigens.

CELLULAR COMPONENTS OF THE ADAPTIVE
IMMUNE SYSTEM

The principal cells of the immune system are lympho-
cytes, antigen-presenting cells, and effector cells. Lym-
phocytes are the cells that specifically recognize and
respond to foreign antigens and are therefore the medi-
ators of humoral and cellular immunity. There are dis-
tinct subpopulations of lymphocytes that differ in how
they recognize antigens and in their functions (Fig. 1-5).
B lymphocytes are the only cells capable of producing
antibodies. They recognize extracellular (including cell
surface) antigens and differentiate into antibody-
secreting plasma cells, thus functioning as the mediators
of humoral immunity. T lymphocytes, the cells of cell-
mediated immunity, recognize the antigens of intracel-
lular microbes and function to destroy these microbes or
the infected cells. T cells do not produce antibody mol-
ecules. Their antigen receptors are membrane molecules
distinct from but structurally related to antibodies (see
Chapter 7). T lymphocytes have a restricted specificity
for antigens; they recognize only peptide antigens
attached to host proteins that are encoded by genes in
the major histocompatibility complex (MHC) and that
are expressed on the surfaces of other cells. As a result,
these T cells recognize and respond to cell surface-
associated but not soluble antigens (see Chapter 6). T
lymphocytes consist of functionally distinct popula-
tions, the best defined of which are helper T cells and
cytotoxic, or cytolytic, T lymphocytes (CTLs). In
response to antigenic stimulation, helper T cells secrete
proteins called cytokines, whose functions are to stimu-
late the proliferation and differentiation of the T cells
themselves, and activate other cells, including B cells,
macrophages, and other leukocytes. CTLs kill cells that
produce foreign antigens, such as cells infected by
viruses and other intracellular microbes. Some T lym-
phocytes, which are called regulatory T cells, function
mainly to inhibit immune responses. The generation
and physiologic roles of these regulatory T cells are dis-
cussed in Chapter 11, A third class of lymphocytes,
natural killer (NK) cells, is involved in innate immunity
against viruses and other intracellular microbes. We will
return to a more detailed discussion of the properties of
lymphocytes in Chapter 3. Different classes of Iympho-
cytes can be distinguished by the expression of surface
proteins that are named “CD molecules” and numbered
(Chapter 3).
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FIGURE 1-5 Classes of lymphocytes. B lymphocytes recognize soluble antigens and develop into antibody-secreting cells. Helper T lym-
phocytes recognize antigens on the surfaces of APCs and secrete cytokines, which stimulate different mechanisms of immunity and inflam-
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The initiation and development of adaptive immune
responses require that antigens be captured and dis-
played to specific lymphocytes. The cells that serve this
role are called antigen-presenting cells (APCs). The
most specialized APCs are dendritic cells, which capture
microbial antigens that enter from the external environ-
ment, transport these antigens to lymphoid organs, and
present the antigens to naive T lymphocytes to initiate
immune responses. Other cell types function as APCs at

different stages of cell-mediated and humoral immune
responses. We will describe the functions of APCs in
Chapter 6.

The activation of lymphocytes by antigen leads to the
generation of numerous mechanisms that function to
eliminate the antigen. Antigen elimination often re-
quires the participation of cells that are called effector
cells because they mediate the final effect of the
immune response, which is to get rid of the microbe.



Activated T lymphocytes, mononuclear phagocytes, and
other leukocytes function as effector cells in different
immune responses.

Lymphocytes and APCs are concentrated in anatom-
ically discrete lymphoid organs, where they interact with
one another to initiate immune responses. Lymphocytes
are also present in the blood; from the blood, they
can recirculate to lymphoid tissues and to peripheral
sites of antigen exposure to eliminate the antigen (see
Chapter 3).

OVERVIEW OF IMMUNE RESPONSES
T0 MICROBES

Now that we have described the major components of
the immune system and their properties, it is useful
to summarize the principles of immune responses to
different types of microbes. Such a summary will be a
foundation for the topics that are discussed throughout
the book.

The immune system has to combat many and diverse
microbes. As we shall see shortly, some features of
immune responses are common to all infectious
pathogens, and others are unique to different classes of
these microbes. How these adaptive immune reactions
are initiated, orchestrated, and controlled are the fun-
damental questions of immunology. We start with a dis-
cussion of the innate immune response.

The Early Innate Immune Response
to Microbes

The innate immune system blocks the entry of microbes
and eliminates or limits the growth of many microbes
that are able to colonize tissues. The main sites of inter-
action between individuals and their environment—the
skin, and gastrointestinal and respiratory tracts—are
lined by continuous epithelia, which serve as barriers
to prevent the entry of microbes from the external
environment. If microbes successfully breach the
epithelial barriers, they encounter macrophages in the
subepithelial tissue. Macrophages (and other phago-
cytic leukocytes) express on their surfaces receptors that
bind and ingest microbes, and other receptors that
recognize different microbial molecules and activate
the cells.

Activated macrophages perform several functions
that collectively serve to eliminate ingested microbes.
These cells produce reactive oxygen species and lysoso-
mal enzymes, which destroy microbes that have been
ingested. Macrophages secrete cytokines that promote
the recruitment of other leukocytes, such as neutrophils,
from blood vessels to the site of infection. Cytokines are
secreted proteins that are responsible for many of the
cellular responses of innate and adaptive immunity, and
thus function as the “messenger molecules” of the
immune system. The local accumulation of leukocytes,
and their activation to destroy the microbes, is part of
the host response called inflammation. The innate
immune response to some infectious pathogens, partic-
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ularly viruses, consists of the production of anti-viral
cytokines called interferons and activation of NX cells,
which kill virus-infected cells.

Microbes that are able to withstand these defense
reactions may enter the blood stream, where they are
recognized by the circulating proteins of innate immu-
nity. The most important plasma proteins of innate
immunity are the members of the complement system.
Complement proteins may be directly activated by
microbial surfaces (the alternative pathway of activa-
tion), resulting in the generation of cleavage products
that stimulate inflammation, coat the microbes for
enhanced phagocytosis, and create holes in the micro-
bial cell membranes, leading to their lysis. (As we shall
see later, complement can also be activated by anti-
bodies—called the classical pathway, for historical
reasons—with the same functional consequences.)

The reactions of innate immunity are remarkably
effective at controlling, and even eradicating, many
infections. However, a hallmark of pathogenic microbes
is that they have evolved to resist innate immunity and
to successfully invade and replicate in the cells and
tissues of the host. Defense against these pathogens
requires the more powerful and specialized mechanisms
of adaptive immunity.

The Adaptive Immune Response

The adaptive immune system uses three main strategies
to combat most microbes.

Secreted antibodies bind to extracellular microbes,
block their ability to infect host cells, and promote
their ingestion and subsequent destruction by
phagocytes.

Phagocytes ingest microbes and kill them, and helper
T cells enhance the microbicidal abilities of the
phagocytes.

CTLs destroy cells infected by microbes that are inac-
cessible to antibodies.

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

The Capture and Display of
Microbial Antigens

Because the number of naive lymphocytes specific for
any antigen is very small (on the order of 1 in 10° or
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10° lymphocytes) and the quantity of the available
antigen may also be small, special mechanisms are
needed to capture microbes, concentrate them in the
correct location, and deliver their antigens to specific
lymphocytes.

Dendritic cells are the APCs that display microbial
peptides to naive CD4" and CD8* T lymphocytes and ini-
tiate adaptive immune responses to protein antigens.
Dendritic cells located in epithelia and connective
tissues capture microbes, digest their proteins into pep-
tides, and express on their surface these peptides bound
to MHC molecules, which are specialized peptide
display molecules. Dendritic cells carry their antigenic
cargo to draining lymph nodes and take up residence in
the same regions of the nodes through which naive T
lymphocytes continuously recirculate. Thus, the chance
of a lymphocyte with receptors for an antigen finding
that antigen is greatly increased by concentrating the
antigen in recognizable form in the correct anatomic
location. Dendritic cells also display the peptides of
microbes that enter other lymphoid tissues, such as the
spleen.

Intact microbes or microbial antigens that enter
lymph nodes and spleen are recognized in unprocessed
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specialized APCs that display antigens to B lymphocytes.

Antigen Recognition by Lymphocytes

Lymphocytes specific for a large number of antigens
exist prior to exposure to the antigen, and when an
antigen enters, it selects the specific cells and activates
them (Fig. 1-7). This fundamental concept is called the
clonal selection hypothesis. It was first suggested by
Niels Jerne in 1955, and most clearly enunciated by
Macfarlane Burnet in 1957, as a hypothesis to explain
how the immune system could respond to a large
number and variety of antigens. According to this
hypothesis, antigen-specific clones of lymphocytes
develop before and independent of exposure to antigen.
The cells constituting each clone have identical antigen
receptors, which are different from the receptors on the
cells of all other clones. It is estimated that there are
>10° different specificities in T and B lymphocytes, so
that at least this many antigenic determinants can be
recognized by the adaptive immune system. We will
return to a more detailed discussion of clonal selection
in Chapter 3.
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effector cells, but the same principle applies
to T lymphocytes

The activation of naive T lymphocytes requires recog-
nition of peptide-MHC complexes presented on den-
dritic cells. The nature of the antigen that activates T
cells (i.e., peptides bound to MHC molecules) ensures
that these lymphocytes can interact only with other cells
(since MHC molecules are cell surface proteins) and not
with free antigen. This, of course, is predictable, because
all the functions of T lymphocytes are dependent on
their physical interactions with other cells. In order to
respond, the T cells need to recognize not only antigens
but also other molecules, called costimulators, that are
induced on the APCs by microbes. Antigen recognition
provides specificity to the immune response, and the
need for costimulation ensures that T cells respond to
microbes (the inducers of costimulatory molecules) and
not to harmless substances.

B lymphocytes use their antigen receptors
(membrane-bound antibody molecules) to recognize
antigens of many different chemical types.

Engagement of antigen receptors and other signals
trigger lymphocyte proliferation and differentiation. The
reactions and functions of T and B lymphocytes differ in
important ways and are best considered separately.

Cell-Mediated Immunity: Activation of
T Lymphocytes and Elimination of
Intracellular Microbes

Activated CD4" helper T lymphocytes proliferate and
differentiate into effector cells whose functions are

4 W y gl S
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mediated largely by secreted cytokines. One of the
earliest responses of CD4" helper T cells is secretion of
the cytokine interleukin-2 (IL-2). IL-2 is a growth factor
that acts on the antigen-activated lymphocytes and
stimulates their proliferation (clonal expansion). Some
of the progeny differentiate into effector cells that
can secrete different sets of cytokines, and thus perform
different functions. These effector cells leave the lym-
phoid organs where they were generated and migrate
to sites of infection and accompanying inflamma-
tion. When these differentiated effectors again
encounter cell-associated microbes, they are activated
to perform the functions that are responsible for elimi-
nation of the microbes. Some effector T cells of the CD4"
helper cell lineage secrete the cytokine interferon-y,
which is a potent macrophage activator and induces
production of microbicidal substances in macrophages.
Thus, these helper T cells can recognize microbial anti-
gens on macrophages that have phagocytosed the
microbes and help the phagocytes to kill the infectious
pathogens. Other CD4" effector T cells secrete cytokines
that stimulate the production of a special class of
antibody called immunoglobulin E (Igk) and activate
leukocytes called eosinophils, which are able to kill
parasites that may be too large to be phagocytosed. As
we discuss below, CD4" helper T cells also stimulate B
cell responses.

Activated CD8* lymphocytes proliferate and differen-
tiate into CTLs that kill cells harboring microbes in the
cytoplasm. These microbes may be viruses that infect
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many cell types, or bacteria that are ingested by
macrophages but have learned to escape from phago-
cytic vesicles into the cytoplasm (where they are inac-
cessible to the killing machinery of phagocytes, which is
largely confined to vesicles). By destroying the infected
cells, CTLs eliminate the reservoirs of infection.

Humoral Immunity: Activation of
B Lymphocytes and Elimination of
Extracellular Microbes

Upon activation, B lymphocytes proliferate and differ-
entiate into cells that secrete different classes of anti-
bodies with distinct functions. Many polysaccharide and
lipid antigens have multiple identical antigenic deter-
minants that are able to engage many antigen receptor
molecules on each B cell and initiate the process of B cell
activation. The response of B cells to protein antigens
requires activating signals (“help”) from CD4* T cells
(which is the historical reason for calling these T cells
“helper” cells). B cells ingest protein antigens, degrade
them, and display peptides bound to MHC molecules for
recognition by helper T cells, which then activate the B
cells.

Some of the progeny of the expanded B cell clones dif-
ferentiate into antibody-secreting plasma cells. Each
plasma cell secretes antibodies that have the same
antigen binding site as the cell surface antibodies (B cell
receptors) that first recognized the antigen. Polysaccha-
rides and lipids stimulate secretion mainly of the anti-
body class called IgM. Protein antigens, by virtue
of helper T cell actions, induce the production of
antibodies of different classes (IgG, IgA, IgE). This pro-
duction of functionally different antibodies, all with
the same specificity, is called heavy chain class switch-
ing; it provides plasticity in the antibody response,
enabling it to serve many functions. Helper T cells also
stimulate the production of antibodies with increased
affinity for the antigen. This process, called affinity mat-
uration, improves the quality of the humoral immune
response.

The humoral immune response combats microbes in
many ways. Antibodies bind to microbes and prevent
them from infecting cells, thus “neutralizing” the
microbes, In this way, antibodies are able to prevent
infections. In fact, antibodies are the only mechanisms
ol adaptive immunity that block an infection before it is
established; this is why eliciting the production of potent
antibodies is a key goal of vaccination. IgG antibodies
coat microbes and target them for phagocytosis, since
phagocytes (neutrophils and macrophages) express
receptors for the tails of IgG. 1gG and IgM activate the
complement system, by the classical pathway, and com-
plement products promote phagocytosis and destruc-
tion of microbes. Some antibodies serve special roles at
particular anatomic sites. IgA is secreted from mucosal
epithelia and neutralizes microbes in the lumens of the
respiratory and gastrointestinal tracts (and other
mucosal tissues). IgG is actively transported across the
placenta, and protects the newborn until the immune
system becomes mature. Most antibodies have half-lives

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

Immunological Memory

An effective immune response eliminates the microbes
that initiated the response. This is followed by a con-
traction phase, in which the expanded lymphocyte
clones die and homeostasis is restored.

The initial activation of lymphocytes generates long-
lived memory cells, which may survive for years after the
infection. Memory cells are more effective in combating
microbes than are naive lymphocytes because as men-
tioned earlier, memory cells represent an expanded pool
of antigen-specific lymphocytes (more numerous than
naive cells specific for the antigen), and memory cells
respond faster and more effectively against the antigen
than do naive cells. This is why generating memory
responses is the second important goal of vaccination.
We will discuss the properties of memory lymphocytes
in more detail in Chapter 3.

In Sections II, III, and IV, we describe in detail the
recognition, activation, regulation, and effector phases
of adaptive immune responses. The principles intro-
duced in this chapter recur throughout the book.

SUMMARY

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

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

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

The immune system possesses several properties
that are of fundamental importance for its normal



functions. These include specificity for different
antigens, a diverse repertoire capable of recogniz-
ing a wide variety of antigens, memory of anti-
gen exposure, the capacity for rapid expansion
of clones of antigen-specific lymphocytes in
response to the antigen, specialized responses to
different microbes, maintenance of homeostasis,
and the ability to discriminate between foreign
antigens and self antigens.

Lymphocytes are the only cells capable of specifi-
cally recognizing antigens and are thus the princi-
pal cells of adaptive immunity. The two major
subpopulations of lymphocytes are B cells and T
cells, and they differ in their antigen receptors and
functions. Specialized antigen-presenting cells
capture microbial antigens and display these anti-
gens for recognition by lymphocytes. The elimina-
tion of antigens often requires the participation of
various effector cells.

The adaptive immune response is initiated by the
recognition of foreign antigens by specific lym-
phocytes. Lymphocytes respond by proliferating
and by differentiating into effector cells, whose
function is to eliminate the antigen, and into
memory cells, which show enhanced responses on
subsequent encounters with the antigen. The acti-
vation of lymphocytes requires antigen and addi-
tional signals that may be provided by microbes or
by innate immune responses to microbes.
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CD4"* helper T lymphocytes help macrophages to
eliminate ingested microbes and help B cells to
produce antibodies. CD8* CTLs kill cells harboring
intracellular pathogens, thus eliminating reser-
voirs of infection. Antibodies, the products of B
lymphocytes, neutralize the infectivity of microbes
and promote the elimination of microbes by
phagocytes and by activation of the complement
system.
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Innate immunity is the first line of defense against infec-
tions. The mechanisms of innate immunity exist before
encounter with microbes and are rapidly activated by
microbes before the development of adaptive immune
responses (see Chapter 1, Fig. 1-1). Innate immunity is
also the phylogenetically oldest mechanism of defense
against microbes and co-evolved along with microbes to
protect all multicellular organisms, including plants and
insects, from infections. Adaptive immunity mediated
by T and B lymphocytes appeared in jawed vertebrates
and is superimposed on innate immunity to improve
host defense against microbes. In Chapter 1, we intro-
duced the concept that the adaptive immune response
enhances some of the antimicrobial mechanisms of
innate immunity and provides both memory of antigen
encounter and specialization of effector mechanisms. In
this chapter, we describe the components, specificity,
and functions of the innate immune system.

[nnate immunity serves two important functions.

© Innate immunity is the initial response to microbes

that prevents, controls, or eliminates infection of the
host. The importance of innate immunity in host
defense is illustrated by studies showing that inhibit-
ing or eliminating any of several mechanisms of
innate immunity markedly increases susceptibility to
infections, even when the adaptive immune system is
intact and functional. We will review examples of such
studies later in this chapter and in Chapter 15 when
we discuss immunity to different types of microbes.
Many pathogenic microbes have evolved strategies to
resist innate immunity, and these strategies are
crucial for the virulence of the microbes. In infection
by such microbes, innate immune defenses may keep
the infection in check until the adaptive immune
responses are activated. Adaptive immune responses,
being more potent and specialized, are able to elimi-
nate microbes that resist the defense mechanisms of
innate immunity.

© Innate immunity to microbes stimulates adaptive

immune responses and can influence the nature of
the adaptive responses to make them optimally effec-
tive against different types of microbes. Thus, innate
immunity not only serves defensive functions early
after infection but also provides the “warning” that
an infection is present against which a subsequent
adaptive immune response has to be mounted. More-
over, different components of the innate immune
response often react in distinct ways to different
microbes (e.g., bacteria versus viruses) and thereby
influence the type of adaptive immune response that
develops. We will return to this concept at the end of
the chapter.

Some components of innate immunity are function-
ing at all times, even before infection; these components
include barriers to microbial entry provided by epithe-
lial surfaces, such as the skin and lining of the gastro-
intestinal and respiratory tracts. Other components
of innate immunity are normally inactive but poised
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to respond rapidly to the presence of microbes; these
components include phagocytes and the complement
system. We begin our discussion of innate immunity by
describing, in general terms, how the innate immune
system recognizes microbes and then proceed to the
individual components of innate immunity and their
functions in host defense.

FEATURES OF INNATE IMMUNE RECOGNITION

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

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

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

Table 2-1. Specificity of Innate and Adaptive Immunity

Innate immunity

Adaptive immunity

Specificity For structures shared by classes of
microbes ("pathogen-associated
molecular patterns")

Different
microbes
Identical

mannose
receptors

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

Toll-like
receptor | methionyl Mannose
receptor ~ receptor

Distribution Nonclonal: identical receptors on

of receptors all cells of the same lineage

Discrimination
between self

and nonself immune reactions

E gt n e (e e v ]

B Eprar s e e (R v e )

Yes; host celis are not recognized or they
may express molecules that prevent innate

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

antigens
Different |
microbes{ @ 7N *
[t P D i
N ;
=

0 -

Distinct
antibody
molecules

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

) N
S B

Scavenger
receptor

Clonal: clones of lymphocytes
with distinct specificities express
different receptors

Yes; based on selection against
self-reactive lymphocytes; may
be imperfect (giving rise to

autoimmunity)



Chapter 2— INNATE IMMUNITY

Table 2-2. Examples of Recognition Molecules of Innate Immunity and the Molecular Patterns of
Microbes They Recognize

Cell-associated pattern | Location
recognition receptors

Specific examples and their PAMP ligands

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

Toll-like recepto_rs

. TLRs 1-9: Various bacterial and viral molecules
(see Fig. 2-2)

C-type lectins

Scavenger receptors
NLRs

N-formyl Met-Leu-Phe
receptors

Plasma membranes
of phagocytes

Plasma membranes
of phagocytes

Cytoplasm of phagocytes
and other cells

Plasma membranes
of phagocytes

Mannose receptor: Microbial surface carbohydrates with
terminal mannose and fructose

Dectin: Glucans present in fungal cell walls

CD36: microbial diacylglycerides
Nod1, Nod2 and NALP3: bacterial peptidoglycans

FPR and FPRL1: peptides containing
N-formylmethiony! residues

Soluble recognition Location Specific examples and their PAMP ligands

molecules

Pentraxins Plasma C reactive protein (CRP): Microbial phosphorylcholine
and phosphatidylethanolamine

Collectins Plasma Mannose-binding lectin (MBL): Carbohydrates with
terminal mannose and fructose

Alveoli Surfactant proteins SP-A and SP-D: Various

microbial structures

Ficolins Plasma Ficolin: N-acetylglucosamine and lipoteichoic acid

components of the cell walls of gram-positive bacteria

Abbreviations: TLR, Toll-like receptor: PAMP, pathogen-associated molecular pattern; NLR, Nod-like receptor

charides found in microbial but not in mammalian
glycoproteins.

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

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

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

The pattern recognition receptors of the innate
immune system are encoded in germline DNA. In
contrast, T and B lymphocytes, the principal compo-
nents of adaptive immunity, use somatic gene
rearrangement to generate their antigen receptors
(see Chapter 8). Because many fewer receptors can be
encoded in the germline than can be generated
through gene rearrangements, the innate immune
system has a limited repertoire of specificities. It is
estimated that the innate immune system can recog-
nize about 10° molecular patterns of microbes. In
contrast, the adaptive immune system is capable of
recognizing 107 or more distinct antigens. Further-
more, whereas the adaptive immune system can
distinguish between antigens of different microbes
of the same class and even different antigens of
one microbe, innate immunity can distinguish only
classes of microbes.

In addition to microbial products, the innate
immune system can also recognize stressed or injured
host cells. Stressed or injured cells often express mol-
ecules not found in abundance in healthy cells. These
molecules, including heat shock proteins, certain
class I major histocompatibility complex (MHC)-like
molecules, and altered membrane phospholipids, are
recognized by various innate immune system recep-
tors. Cells that are directly infected or are in the vicin-
ity of other infected cells may increase the expression
of these molecules. In this way, innate immunity can
contribute to the elimination of cells harboring
microbes, even if microbial products are not exposed
on the cell surface.

With this general introduction to innate immunity,
we proceed to a discussion of the major classes of
pattern recognition receptors and then the individual
components of innate immunity and their functions in
host defense.

Cellular Pattern Recognition Receptors

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

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

Toll-like Receptors (TLRs)

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

Surface TLRs
(TLR-2, 4, 5);
Bacterial lipids,
Flagellin, etc.
Endosome Cytoplasm E?ﬁfﬁr&ane

o

. Endosomal TLRs |

(TLR-7, 8, 9);

i % Viral RNA,

‘W, | CpG DNA
4

T A

Sl fLnnons

&

Viral RNA Bacterial

peptoglycans
N

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

CARD-family cytosolic
sensors (RIG-I, others):
Viral RNA

FIGURE 2-1 Cellular locations of pattern recognition molecules
of the innate immune system. Some pattern recognition molecules
of the TLR family (see Fig. 2-7), such as TLRs 2, 4, and 5, are
expressed on the cell surface, where they may bind extracellular
pathogen-associated molecular patterns. Other TLRs are expressed
on endosomal membranes, such as TLRs 3, 7, 8, and 9, all of which
can recognize nucleic acids of microbes that have been phagocy-
tosed by cells. Cells also contain cytoplasmic sensors of microbial
infection (discussed later in the chapter), including the NLR family
of proteins, which recognize bacterial peptidoglycans, and a subset
of CARD family of proteins, which bind viral RNA.
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IN DEPTH: TOLL-LIKE RECEPTOR STRUCTURE AND

SIGNALING PATHWAYS

TLRs are membrane signaling receptors that play essen-
tial roles in innate defense against microbes. TLR genes
have been highly conserved during evolution, and are
found in Caenorhabditis elegans, Drosophila, and mam-
mals. There are 12 mammalian TLR genes {11 expressed

A) (B)TLR signaling

LPSI

TLR structure |
Leucine rich
repeat motifs Bacterial

lipoprotein

Cysteine rich
flanking motif
SR A

L e e ata

TIR domain

MAL

MAP kinase
casc_ade

TRAM 1 (ATRIF

in humans), all of which are type | integral membrane gly-
coproteins that contain leucine-rich repeats flanked by
characteristic cysteine-rich motifs in their extracellular
regions and a cytoplasmic TIR homology domain (see
Figure). TIR domains are also found in the cytoplasmic

LPS binding
protein

Death TIR Adapter
domain domain protein
P
Plasma
membrane
Endosomal

membrane

kB kinase . —
cascade

Transcription

Transcription of NF-xB
responsive genes: IL-6, TNF, IL-1,
IL-12, E-selectin, MCP-1, IL-8, others

of IFN o/f

Continued on following page
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IN DEPTH: TOLL-LIKE RECEPTOR STRUCTURE AND

Box 2-1 =

SIGNALING PATHWAYS (Continued)

tails of the receptors for the cytekines IL-1 and IL-18, and
similar signaling pathways are engaged by TLRs, IL-1, and
IL-18.

The TLR binding sites for microbial ligands are being
studied by x-ray crystallography and mutational analyses.
To date, the structural basis for the different TLR speci-
ficities remains unknown. TLR signaling requires dimer-
ization of TLR proteins in the cell membrane, which
sometimes involves homodimerization of two identical
TLR proteins and sometimes heterodimerization of two
different TLR proteins. The repertoire of specificities of
the TLR system is apparently extended by the ability of
TLRs to heterodimerize with one another. For example,
dimers of TLR2 and TLR6 are required for responses to
peptidoglycan. Specificities of the TLRs are also influ-
enced by various non-TLR accessory molecules. This is
most thoroughly understood for TLR4 and its ligand LPS.
LPS first binds to soluble LPS-binding protein (LBP) in the
blood or extracellular fluid, and this complex serves to
facilitate LPS binding to CD14, which exists as both a
soluble plasma protein and a glycophosphatidylinositol-
linked membrane protein on most cells except endothe-
lium. Once LPS binds to CD14, LBP dissociates, and the
LPS-CD14 complex physically associates with TLR4. An
additional extracellular accessory protein called MD2 also
binds to the complex with CD14. LPS, CD14, and MD2
are all required for efficient LPS-induced signaling, but it
is not yet clear if direct physical interaction of LPS with
TLR4 is necessary. Different combinations of accessory
molecules in TLR complexes may serve to broaden the
range of microbial products that can induce innate
tmmune responses. For example, both CD14 and MD2
are associated with complexes of other TLRs (e.g., TLR2).

The details of TLR signaling are the focus of active
investigation, and new information continues to change
our understanding of the pathways; the following dis-
cussion is an overview of current knowledge. Ligand-
induced TLR dimerization permits the binding of
cytoplasmic adapter proteins to the TLR cytoplasmic tails,
via homotypic interactions of TIR domains found in both
the TLR and the adapter protein. Four of these adapters
are MyD88, Mal (MyD88 adapter-like)/TIRAP (TIR domain-
containing adapter protein), Trif (TIR-domain-containing
adapter inducing interferon-f), and TRAM (Trif-related
adapter molecule). Different combinations of the adapters
are used by different TLRs, as discussed below, which
is the basis for common and unique downstream
effects of the TLRs. In all cases, the adapter proteins are
crucial for the assembly of signaling complexes, which
include protein kinases (usually IRAK family members)
and TRAF

A major downstream effect of TLR signaling is the acti-
vation of the transcription factor NF-xB, which is required
for expression of many genes related to innate immunity

and inflammation. In resting cells, functional NF-xB
dimers are present in an inactive state in the cytoplasm,
bound to inhibitory proteins called IkBs. The activation of
NF-xB is initiated by the signal-induced degradation of IxB
proteins by an enzymatic complex called kB kinase {IKK).
The same TLRs that lead to NF-xB activation often also
lead to activation of another transcription factor called AP-
1. NF-xB and AP-1 activation by TLRs involves a signal
transduction pathway that is dependent on the MyD88
adapter protein (see Figure). All TLRs except TLR3 bind
MyD88, which, in most cases, then interacts with
members of the IL-1 receptor-associated kinase (IRAK)
family, and the IRAK proteins interact with and activate
TNF receptor-associated factor 6 (TRAF-6). TRAF-6,
which promotes ubiquitination of downstream signaling
molecules, activates TGF-B-activated kinase 1 (TAK1),
which in turn initiates the mitogen activated protein
(MAP) kinase and inhibitor of NF-xB (IxB) kinase cas-
cades. The MAP kinase and the kB kinase cascades lead
to activation and nuclear localization of the AP-1 and NF-
kB transcription factors, respectively

TLR4, which responds to bacterial LPS (see Box 15-1,
Chapter 15), engages at least two different signaling path-
ways, each of which utilizes a different pair of TIR family
adapter proteins. In one pathway, MyD88 and Mal/TIRAP
are recruited and lead to NF-xB activation via IRAK, TRAF-
6, and TAK1. In a second pathway, TRAM and Trif are
recruited and lead to activation of interferon response
factor-3 (IRF-3), via TBK1. IRF-3 is a transcription factor
that enhances expression of type 1 interferon genes (IFN-
o and IFN-B). Therefore, TLR4 signaling can also result in
expression of a wide variety of inflammatory and antiviral
genes.

TLR9, which recognizes bacterial and viral unmethy-
lated CpG DNA within endosomes, recruits MyD88,
leading to activation of IRF7, a transcription factor that,
like IRF3, induces type | interferon gene expression. TLR9
signaling also activates NF-kB

A second major downstream effect of TLR signaling is
the activation of IRF-3 and -7, which are transcription
factors required for expression of type | interferon genes
{(IFN-oc and IFN-B). TLR3, the endosomal receptor for viral
double-stranded RNA, activates IRF-3. TLR3 does not
bind MyD88, but utilizes the TRIF adapter protein, which
activates TBK1 (TRAF family member associated NF-xB
activator binding kinase). TRIF then activates the tran-
scription factor IRF-3, which stimulates expression of
type | interferon genes. The type | interferons are
cytokines that block viral replication in cells. Therefore,
molecular patterns that are produced by viruses (e.g.,
double-stranded RNA) engage TLRs that stimulate the
transcription of antiviral cytokines. TRAFG is also recruited
to the signaling complex induced by TLR3 ligands, leading
to NF-xB activation.



essential for signaling (see Box 2-1). The major cell types
on which TLRs are expressed include macrophages, den-
dritic cells, neutrophils, mucosal epithelial cells, and
endothelial cells.

Mammalian TLRs are involved in responses to widely
divergent types of molecules that are commonly
expressed by microbial but not mammalian cells (see
Fig. 2-2). TLRs are found on the cell surface and on intra-
cellular membranes, and are thus able to recognize
microbes in different cellular locations. Some of the
microbial products that stimulate TLR signals include
gram-negative bacterial LPS, gram-positive bacterial

Chapter 2 — INNATE IMMUNITY

peptidoglycan, bacterial lipoproteins, lipoteichoic acid,
lipoarabinomannan, zymosan, the bacterial flagellar
protein flagellin, respiratory syncytial virus fusion
protein, unmethylated CpG motifs, double-stranded
RNA, and single-stranded RNA. TLRs 3, 7, 8, and 9 are
mainly expressed inside cells on endoplasmic reticulum
(ER) and endosomal membranes, where they detect
microbial nucleic acids (see Fig. 2-2). Although the
nucleic acid ligands recognized by these TLRs are not all
uniquely produced by microbes, the nucleic acids made
by host cells are not normally in the endosomal loca-
tions of these TLRs. In other words, TLRs 3, 7, 8, and 9
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FIGURE 2-2 Mammalian TLRs: specificities, basic signaling mechanisms, and cellular responses. Ligands for TLRs are shown together
with dimers of the TLRs that specially bind them. Note that some TLRs are expressed in endosomes and some on the cell surface (see
Fig 2-7) The basic steps in TLR signaling, illustrated only for TLR2 and TLR4, are applicable to all TLRs. Further details about the signaling
pathways are described in Box 2-1
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distinguish self from foreign substances based on cellu-
lar location of the ligands they bind. In addition to TLRs,
there are other intracellular pattern recognition recep-
tors, located in the cytoplasm, that we will discuss later.

Several signaling pathways link TLR recognition of
microbial ligands with activation of transcription
factors, resulting in expression of genes important for
innate immune responses (see Box 2-1). These signaling

pathways are initiated by ligand binding to the TLR at
the cell surface or in the ER or endosomes, leading to
dimerization of the TLR proteins. TLR dimerization is

followed by recruitment of TIR domain-containing
adapter proteins, which facilitate the recruitment and
activation of various protein kinases, leading to the acti-
vation of different transcription factors. The major tran-
scription factors that are activated by TLR signaling
pathways are nuclear factor kB (NF-kB), AP-1, IRF-3, and
IRF-7. NF-xB and/or AP-1 stimulate the expression of
genes encoding many of the molecules in the innate
immune response, which we will discuss later in the
chapter, including inflammatory cytokines (e.g. TNF and
IL-1), chemokines (e.g. CCL2), and endothelial adhesion
molecules (e.g. E-selectin). IRF-3 and IRF-7 promote
expression of interferon (IFN)-o/B genes, important for
innate immune responses to viruses. The use of differ-
ent adapter proteins by different TLRs provides some
variability in the type of cellular response that is stimu-
lated by distinct microbial products.

Other Pattern Recognition Receptors

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

C-type lectins are a large family of calcium-
dependent carbohydrate-binding molecules ex-
pressed on the plasma membranes of macrophages,
dendritic cells, and other leukocytes. There are
several types of C-type lectins with different specifici-
ties, and only partially understood functions. Some of
these lectins recognize carbohydrate structures found
on the cell walls of microorganisms but not mam-
malian cells. The best known is the mannose recep-
tor, which plays a role in phagocytosis of microbes,
discussed later. Another C-type lectin called Dectin1,
which binds B-1,3- and B-1,6-linked glucans present
in fungal cell walls, generates signals that intersect
with TLR signaling pathways.

Scavenger receptors comprise a structurally and
functionally diverse group of molecules with the
common characteristic of mediating the uptake of
oxidized lipoproteins into cells. Some of the major
scavenger receptors that are expressed on phagocytes
are CD36, CD68, and SRB1. Scavenger receptors play
pathologic roles in the generation of cholesterol-

laden foam cells in atherosclerosis; they also recog-
nize and mediate the uptake of microbes into phago-
cytes as part of innate immune responses.

N-formyl Met-Leu-Phe receptors, including FPR
and FPRLI, recognize short peptides containing
N-formylmethionyl residues. FPR and FPRL1 are
expressed by neutrophils and macrophages, respec-
tively. Because all bacterial proteins and few mam-
malian proteins (only those synthesized within
mitochondria) are initiated by N-formylmethionine,
FPR and FPRL1 allow phagocytes to detect and
respond to bacterial proteins. The ligands that bind
these receptors are some of the first identified and
most potent chemoattractants for leukocytes. FPR
and FPRLI belong to the seven-transmembrane, gua-
nosine triphosphate (GTP)-binding (G) protein-
coupled receptor superfamily. Like chemokine recep-
tors, these receptors initiate intracellular responses
through associated trimeric G proteins. In a resting
cell, the receptor-associated G proteins form a stable
inactive complex containing guanosine diphosphate
(GDP) bound to Go subunits. Occupancy of the
receptor by ligand results in an exchange of GTP for
GDP. The GTP-bound form of the G protein activates
numerous cellular enzymes, including an isoform of
phosphatidylinositol-specific phospholipase C that
functions to increase intracellular calcium and acti-
vate protein kinase C. The G proteins also stimulate
cytoskeletal changes, resulting in increased cell
motility.

NLRs (NACHT-LRRs) are a family of cytoplasmic mol-
ecules, defined by the presence of certain conserved
domain structures, which serve as intracellular
sensors of bacterial infection. Several members of this
family are known to bind specific ligands inside cells
and initiate signaling cascades that activate inflam-
matory responses. One subset of the NLRs is called
Nods (Nucleotide-binding oligomerization domain),
and another subfamily is called NALPs (NACHT-,
LRR- and pyrin domain-containing proteins). Three
NLRs, including Nod1, Nod2, and NALP3, recognize
derivatives of peptidoglycan, a common component
of bacterial cell walls. After recognizing peptido-
glycan, they recruit the protein kinase RICK, which
links to downstream signaling pathways that lead to
activation of NF-kB and AP-1, and production of
cytokines and other mediators of innate immunity.
It is likely that NLRs bind other microbial products
as well.

Caspase activation and recruitment domain
(CARD)-containing proteins, including retinoic acid
inducible gene-I (RIG-I) and melanoma differentia-
tion-associated gene 5 (MDA5), are cytoplasmic
receptors that bind viral RNA. Via their CARD
domains, RIG-I and MDAS engage signaling cascades
that involve TBKI1, similar to the TLR3 signaling
pathway discussed earlier. Ultimately these pathways
activate the IRF-3 and NF-«B transcription factors,
which stimulate the expression of antiviral type I
interferons.
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Table 2-3. Components of Innate Immunity

Components

Principal Functions

Barriers

Epithelial layers

Prevent microbial entry

Def s/cathelicidin

Microbial killing

Intraepithelial lymphocytes

Microbial killing

Circulating effector cells

Neutrophils

Early phagocytosis and killing of microbes

Macrophages

Efficient phagocytosis and killing of microbes,
secretion of cytokines that stimulate inflammation

NK cells

Lysis of infected cells, activation of macrophages

Circulating effector proteins

Complement

Killing of microbes, opsonization of microbes,
activation of leukocytes

Mannose-binding
lectin (collectin)

Opsonization of microbes, activation of complement
(lectin pathway)

C-reactive pfotein (pentraxin)

Opsonization of microbes, activation of complement

Cytokines

ITNF—', IL-1, chemokines Inflammation

‘ IFN-o, -B . Resistance_,\ to viral infection

IFN-y Macrophage activation

IL-12 IFN-y production by NK cells and T cells
| IL-15 | Proliferation of NK cells
| IL-10, TGF-B Control of inflammation

[_Abbreviations: IFN, interferon; IL, interleukin; NK, natural killer; TGF-,
transforming growth factor-f, TNF, tumor necrosis factor

COMPONENTS OF THE INNATE
IMMUNE SYSTEM

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

tissues. If microbes enter the circulation, they are com-
bated by various plasma proteins. The major circulating
proteins of innate immunity are the proteins of the com-
plement system and other plasma proteins that recog-
nize microbial structures, such as mannose-binding
lectin. In the following sections, we describe the proper-
ties and functions of each of these components of innate
immunity.

Epithelial Barriers

Intact epithelial surfaces form physical barriers
between microbes in the external environment and
host tissue (Fig. 2-3). The three main interfaces between
the environment and the host are the skin and the
mucosal surfaces of the gastrointestinal and respi-
ratory tracts. All three are protected by continuous
epithelia that prevent the entry of microbes, and loss of
integrity of these epithelia commonly predisposes to
infection.
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FIGURE 2-3 Epithelial barriers. Epithelia at the portals of entry
of microbes provide physical barriers, produce antimicrobial sub-
stances, and harbor intraepithelial lymphocytes that are believed to
kill microbes and infected cells

Epithelia, as well as some leukocytes, produce pep-
tides that have antimicrobial properties. Two struc-
turally distinct families of antimicrobial peptides are the
defensins and the cathelicidins. Defensins are small
cationic peptides, 29 to 34 amino acids long, that
contain three intrachain disulfide bonds. Three families
of defensins, named o, B, and ®, are distinguished by
the location of these bonds. Defensins are produced
by epithelial cells of mucosal surfaces and by granule-
containing leukocytes, including neutrophils, NK cells,
and cytotoxic T lymphocytes. The set of defensin mole-
cules produced differs between different cell types. A
major producer of a defensins are Paneth cells within
the crypts of the small bowel. Paneth cell defensins are
sometimes called crypticidins and serve to limit the
amount of microbes in the lumen. Defensins are also
produced elsewhere in the bowel, in respiratory mucosal
cells, and in the skin. Some defensins are constitutively
produced by some cell types, but their secretion may be
enhanced by cytokines or microbial products. In other
cells, defensins are produced in responses to cytokines
and microbial products. The protective actions of the
defensins include both direct toxicity to microbes,
including bacteria and fungi, and the activation of cells
involved in the inflammatory response to microbes. The
mechanisms of direct microbicidal effects are poorly
understood.

Cathelicidins are expressed by neutrophils and
various barrier epithelia, including skin, gastrointestinal
mucosal cells, and respiratory mucosal cells. An 18-kD
two-domain precursor cathelicidin protein is tran-
scribed and is proteolytically cleaved into two peptides,
each with protective functions. Both precursor synthesis
and proteolytic cleavage may be stimulated by inflam-
matory cytokines and microbial products. The C-
terminal fragment, called LL-37 because it has two
leucine residues at its N terminus, has multiple functions

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



Natural antibodies serve as a preformed defense mech-
anism against microbes that succeed in penetrating
epithelial barriers.

A third population of cells present under many
epithelia and in serosal cavities are mast cells. Mast cells
respond directly to microbial products by secreting
cytokines and lipid mediators that promote inflamma-
tion. We will return to a discussion of mast cells in
Chapter 19.

Phagocytes and Inflammatory Responses

The most numerous effector cells of the innate immune
system are bone marrow-derived cells that circulate in
the blood and migrate into tissues. These include cells of
the myeloid lineage, including neutrophils, mononu-
clear phagocytes, and dendritic cells, which we will
discuss in this section, and cells of the lymphocyte
lineage, including natural killer cells, which will be
described later, as well as ¥8 T cells and B-1 B cells, which
were described above.

Phagocytes, including neutrophils and macrophages,
are cells whose primary function is to identify, ingest,
and destroy microbes. The functional responses of
phagocytes in host defense consist of sequential steps:
active recruitment of the cells to the sites of infection,
recognition of microbes, ingestion of the microbes by
the process of phagocytosis, and destruction of ingested
microbes. In addition, phagocytes produce cytokines
that serve many important roles in innate and adaptive
immune responses and tissue repair. These effector
functions of phagocytes are important not only in innate
immunity, but also in the effector phases of adaptive
immune responses. For example, as we will discuss in
Chapter 13, in T cell-mediated immunity, antigen-
stimulated T cells can activate macrophages to become
more efficient at killing phagocytosed microbes. In
humoral immunity, antibodies coat, or opsonize,
microbes and promote the phagocytosis of the microbes
through macrophage surface receptors for antibodies
(see Chapter 14). These are examples that illustrate two
ways by which adaptive immunity works by enhancing
the anti-microbial activities of a cell type of innate
immunity (the macrophage). In the following discus-
sion, we will describe the phagocytes that are important
in innate immunity.

Neutrophils

Neutrophils, also called polymorphonuclear leukocytes,
are the most abundant population of circulating white
blood cells and mediate the earliest phases of inflam-
matory responses. Neutrophils circulate as spherical
cells about 12 to 15um in diameter with numerous
membranous projections. The nucleus of a neutrophil is
segmented into three to five connected lobules, hence
the synonym polymorphonuclear leukocyte (Fig. 2-4).
The cytoplasm contains granules of two types. The
majority, called specific granules, are filled with enzymes
such as lysozyme, collagenase, and elastase. These gran-
ules do not stain strongly with either basic or acidic dyes
(hematoxylin and eosin, respectively), which distin-
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guishes neutrophil granules from those of basophils and
eosinophils, respectively. The remainder of the granules
of neutrophils, called azurophilic granules, are lyso-
somes containing enzymes and other microbicidal
substances, including defensins and cathelicidins.
Neutrophils are produced in the bone marrow and arise
from a common lineage with mononuclear phagocytes.
Production of neutrophils is stimulated by granulocyte
colony-stimulating factor (G-CSF). An adult human pro-
duces more than 1 x 10! neutrophils per day, each of
which circulates in the blood for only about 6 hours.
Neutrophils may migrate to sites of infection within a
few hours after the entry of microbes. If a circulating
neutrophil is not recruited into a site of inflammation
within this period, it undergoes apoptosis and is usually
phagocytosed by resident macrophages in the liver or
spleen. Even after entering tissues, neutrophils function
for a few hours and then die.

Mononuclear Phagocytes

The mononuclear phagocyte system consists of cells that
have a common lineage whose primary function is
phagocytosis, and that play central roles in innate and
adaptive immunity. The cells of the mononuclear
phagocyte system originate in the bone marrow, circu-
late in the blood, and mature and become activated in
various tissues (Fig. 2-5). The first cell type that enters
the peripheral blood after leaving the marrow is incom-
pletely differentiated and is called the monocyte. Mono-
cytes are 10 to 15um in diameter, and they have
bean-shaped nuclei and finely granular cytoplasm con-
taining lysosomes, phagocytic vacuoles, and cytoskele-
tal filaments (Fig. 2-6). Once they enter tissues, these
cells mature and become macrophages. Macrophages
may assume different morphologic forms after activa-
tion by external stimuli, such as microbes. Some develop
abundant cytoplasm and are called epithelioid cells
because of their resemblance to epithelial cells of the
skin. Activated macrophages can fuse to form multi-
nucleate giant cells. Macrophages in different tissues
have been given special names to designate specific
locations. For instance, in the central nervous system,
they are called microglial cells; when lining the vascular
sinusoids of the liver, they are called Kupffer cells; in pul-
monary airways, they are called alveolar macrophages;

FIGURE 2-4 Morphology of neutrophils. The light micrograph of
a blood neutrophil shows the multilobed nucleus, because of which
these cells are also called polymorphonuclear leukocytes, and the
faint cytoplasmic granules
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FIGURE 2-5 Maturation of mononuclear phagocytes. Mononuclear phagocytes develop in the bone marrow, circulate in the blood as
monocytes, and are resident in all tissues of the body as macrophages. They may differentiate into specialized forms in particular tissues

CNS, central nervous system.

and multinucleate phagocytes in bone are called
osteoclasts.

Macrophage-like cells are phylogenetically the oldest
mediators of innate immunity. Drosophila responds to
infection by surrounding microbes with “hemocytes,”
which are similar to macrophages, and these cells
phagocytose the microbes and wall off the infection by
inducing coagulation of the surrounding hemolymph.
Similar phagocyte-like cells have been identified even in
plants.

Macrophages typically respond to microbes nearly as
rapidly as neutrophils do, but macrophages survive
much longer at sites of inflammation. Unlike neu-
trophils, macrophages are not terminally differentiated
and can undergo cell division at an inflammatory site.
Therefore, macrophages are the dominant effector cells
of the later stages of the innate immune response, 1 or
2 days after infection.

Dendritic Cells

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

in lymphoid tissues, mucosal epithelium, and organ
parenchyma. Dendritic cells are derived from bone-
marrow precursors, and most are related in lineage to
mononuclear phagocytes. They express pattern recogni-
tion receptors and respond to microbes by secreting
cytokines. One subpopulation of dendritic cells, called
plasmacytoid dendritic cells, are specialized early cellu-
lar responders to viral infection. They recognize endo-
cytosed viruses and produce type I interferons, which
have potent antiviral activities (see Chapter 12). Den-
dritic cells serve a critical function in adaptive immune
responses by capturing and displaying microbial anti-
gens to T lymphocytes. We will discuss dendritic cells in
this context in Chapter 6.

Recruitment of Leukocytes to Sites of Infection

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

FIGURE 2-6 Morphology of menonuclear phagocytes. A Light micrograph of a monocyte in a peripheral blood smear. B. Electron micro-
graph of a peripheral blood monocyte. (Courtesy of Dr. Noel Weidner, Department of Pathology, University of California, San Diego ) C. Elec-
tron micrograph of an activated tissue macrophage showing numerous phagocytic vacuoles and cytoplasmic organelles. (From Fawcett DW
Bloom & Fawcett's Textbook of Histology, 12th ed Chapman & Hall, 1994 With kind permission of Springer Science and Business Media.)
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FIGURE 2-7 Recruitment of leukocytes. At sites of infection, macrophages that have encountered microbes produce cytokines (such as
TNF and IL-1) that activate the endothelial cells of nearby venules to produce selectins, ligands for integrins, and chemokines. Selectins
mediate weak tethering and rolling of blood leukocytes, such as neutrophils on the endothelium; integrins mediate firm adhesion of neu-
trophils; and chemokines increase the affinity of neutrophil integrins and stimulate the migration of the cells through the endothelium to the
site of infection. Blood neutrophils, monocytes, and activated T lymphocytes use essentially the same mechanisms to migrate o sites of
infection

lial cells in postcapillary venules and migration through
the vessel wall (Fig. 2-7). Each step is orchestrated by
several different types of molecules.

and the carbohydrate ligands for P- and E-selectins at
the tips of their microvilli, facilitating interactions
with molecules on the endothelial cell surface.

1. Selectin-mediated rolling of leukocytes on endothe- Selectin-selectin ligand interactions are of low-affin-

lium. In response to microbes and cytokines pro-
duced by cells (e.g. macrophages) that encounter the
microbes, endothelial cells lining postcapillary
venules at the site of infection rapidly increase
surface expression of proteins called selectins (Box
2-2). Cytokines are discussed in more detail in
Chapter 12; the most important ones for activating
the endothelium are tumor necrosis factor (TNF) and
interleukin-1 (IL-1). The two types of selectins
expressed by endothelial cells are P-selectin, which is
stored in cytoplasmic granules and is rapidly redis-
tributed to the surface in response to microbial prod-
ucts and cytokines, and E-selectin, which is
synthesized in response to IL-1 and TNF as well as
microbial products, and is expressed on the cell
surface within 1 to 2 hours. A third selectin, called L-
selectin (CD62L), is expressed on lymphocytes and
other leukocytes. It serves as a homing receptor for
naive T lymphocytes and dendritic cells to lymph
nodes, mediating the binding of T cells to high
endothelial venules (see Chapter 3). On neutrophils,
it serves to bind these cells to endothelial cells that are
activated by cytokines (TNE IL-1, and IFN-y) found at
sites of inflammation. Leukocytes express L-selectin

ity (K, ~100 mm) with a fast off-rate, and they are
easily disrupted by the shear force of the flowing
blood. As a result, the leukocytes repetitively detach
and bind again and thus roll along the endothelial
surface. This slowing of leukocytes on the endothe-
lium allows the next set of stimuli to act on the leuko-

cytes.

. Chemokine-mediated increase in affinity of inte-

grins. Chemokines are small polypeptide cytokines
produced by tissue macrophages, endothelial cells,
and several other types of cells in response to micro-
bial products and IL-1 and TNE cytokines that are
associated with infections. The major function of
chemokines is to stimulate chemotaxis of cells
(“chemokines” is a contraction of “chemoattractant
cytokines”). The chemokines produced at an infec-
tion site are transported to the luminal surface of the
endothelial cells of post capillary-venules, where they
are bound by heparan sulfate glycosaminoglycans,
and are displayed at high concentrations. At this loca-
tion the chemokines bind to specific chemokine
receptors on the surface of the rolling leukocytes.
Leukocytes express a family of adhesion molecules
called integrins (Box 2-3), which are in a low-affinity
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Box 2-2 = [N DEPTH: SELECTINS AND SELECTIN LIGANDS

The selectin family of molecules consists of three sepa-
rate but closely related proteins that mediate adhesion of
leukocytes to endothelial cells (see Table). One member
of this family of adhesion molecules is expressed on
leukocytes, and the other two members are expressed
on endothelial cells, but all three participate in the process
of leukocyte-endothelium attachment. Each of the
selectin molecules is a single-chain transmembrane gly-
coprotein with a similar modular structure. The amino ter-
minus, expressed extracellularly, is related to mammalian
carbohydrate-binding proteins known as C-type lectins.
Like other C-type lectins, ligand binding by selectins is
calcium dependent (hence the name C-type). The lectin
domain is followed by domains homologous to those
found in epidermal growth factors and others found in
proteins of the complement system, and then a
hydrophobic transmembrane region and a short cyto-
plasmic carboxy-terminal region. The genes for the three
selectins are located in tandem on chromosome 1 in both
mice and humans. The differences among the three
selectins serve to confer differences both in binding
specificity and in tissue expression. However, all three
selectins mediate rapid low-affinity attachment of leuko-
cytes to endothelium, an early and important step in
leukocyte homing

L-selectin (CD62L) is expressed on lymphocytes and
other leukocytes. It serves as a homing receptor for naive
T tymphocytes and dendritic cells to lymph nodes, medi-
ating the binding of T cells to HEVs (see Chapter 3). On
neutrophils, it serves to bind these cells to endothelial
cells that are activated by cytokines (TNF-a, IL-1, and IFN-
) found at sites of inflammation. L-selectin is located on
the tips of microvillus projections of leukocytes, facilitat-
ing its interaction with ligands on endothelium.,

At least three endothelial cell ligands can bind L-
selectin:  glycan-bearing cell adhesion molecule-1
(GlyCAM-1), a secreted proteoglycan found on HEVs of
lymph node; MadCAM-1, expressed on endothelial cells
in gut-associated lymphoid tissues; and CD34, a proteo-
glycan on endothelial cells {and bone marrow cells).

E-selectin, also known as endothelial leukocyte adhe-
sion molecule-1 (ELAM-1) or CDB2E, is expressed exclu-
sively by cytokine-activated endothelial cells, hence the
designation E. E-selectin recognizes complex sialylated
carbohydrate groups related to the Lewis X or Lewis A
family found on various surface proteins of granulocytes,
monocytes, and some previously activated effector and
memory T cells. E-selectin is important in migration of

leukocytes, including neutrophils and of effector and
memory T cells to some peripheral sites of inflammation.
On a subset of T cells, the carbohydrate ligand for E-
selectin is called CLA-1; this molecule mediates homing
of the T cells to the skin.

P-selectin (CD62P) was first identified in the secretory
granules of platelets, hence the designation P. It has since
been found in secretory granules of endothelial cells,
which are called Weibel-Palade bodies. \When endothelial
cells or platelets are stimulated, P-selectin is translocated
within minutes to the cell surface as part of the exocytic
secretory process. On reaching the endothelial cell
surface, P-selectin mediates binding of neutrophils, T
lymphocytes, and monocytes. In mice, P-selectin expres-
sion is regulated by cytokines, similar to the regulation of
E-selectin. The carbohydrate ligands recognized by P-
selectin are similar to those recognized by E-selectin. A
protein called P-selectin glycoprotein ligand-1 (PSGL-1) is
posttranslationally modified in leukocytes to express
functional ligands for P-selectin. This modification
involves both sulfation and fucosylation

The synthesis of selectin ligands is regulated in dif-
ferent ways in different leukocytes, reflecting variations
in the expression of glycosyl transferase enzymes that
attach carbohydrates to the protein backbone of the
ligands. For example, naive T cells express virtually no E-
and P-selectin ligands, and Ty1 cells express significantly
more than do T,2 cells

The physiologic roles of selectins have been demon-
strated by studies of gene knockout mice. L-selectin-
deficient mice have small, poorly formed lymph nodes
and defective induction of T cell-dependent immune
responses and inflammatory reactions, Mice lacking
either E-selectin or P-selectin have only mild defects
in leukocyte recruitment, suggesting that these two
molecules are functionally redundant. Double knockout
mice lacking both E-selectin and P-selectin have signifi-
cantly impaired leukocyte recruitment and increased sus-
ceptibility to infections. Similarly, mice lacking the
glycosyltransferase enzymes, such as fucosyltransferase-
VII, which are required to synthesize the carbohydrate
ligands that bind to selectins, have marked defects in T
cell migration and cell-mediated immune responses
Humans who lack one of the enzymes needed to express
the carbohydrate ligands for E-selectin and P-selectin on
neutrophils have similar problems, resulting in a syn-
drome called type 2 leukocyte adhesion deficiency (LAD-
2} (see Chapter 20).

[Selectin l Size Distribution

| Ligand

| L-selectin | 90-110 kD (variation | Leukocytes (high expression on naive
| (CDs&2L) | due to glycosylation) | T cells, low expression on activated effector  MadCAM-1, others

and memory cells)

E-selectin| 110 kD

Endothelium activated by cytokines

| Sialyl-Lewis X on GlyCAM-1, CD34,

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

CD62E (TNF, IL-1) various glycoproteins

€b628) | | (™R I

j P-selectin| 140 kD Storage granules and surface of 1 Sialyl-Lewis X on PSGL-1 and
(CD62P) ' endothelium and platelets | other glycoproteins

Abf_:ur;w'anons:_ CLA;1_, _c_utanez)us Iympthyte antigen-1; Glycm-t glycan-bearing cell adhesion molecule-1;
IL-1, interleukin-1; MadCAM-1, mucosal addressin cell adhesion molecule-1: PSGL-1. P-selectin glycoprotein ligand-1;
| TNF, tumor necrosis factor




Box 2-3 = IN DEPTH: INTEGRINS

The adhesion of cells to other cells or to extracellular
matrices is a basic component of cell migration and
recognition and underlies many biologic processes,
including embryogenesis, tissue repair, and immune and
inflammatory responses. [t is therefore not surprising that
many different genes have evolved that encode proteins
with specific adhesive functions. The integrin superfam-
ily consists of about 30 structurally homologous proteins
that promote cell-cell or cell-matrix interactions (see
Table). The name of this family of proteins derives from
the idea that they coordinate (i.e., "integrate”) signals
generated when they bind extracellular ligands with
cytoskeleton-dependent motility, shape change, and
phagocytic responses.

All integrins are heterodimeric cell surface proteins
composed of two noncovalently linked polypeptide
chains, o and B. The o chain varies in size from 120 to
200kD, and the B chain varies from 90 to 110kD. The
amino terminus of each chain forms a globular head that
contributes to interchain linking and to ligand binding.
These globular heads contain divalent cation-binding
domains, which are essential for integrin receptor func-
tion. Stalks extend from the globular heads to the plasma
membrane, followed by transmembrane segments and
cytoplasmic tails, which are usually less than 50 amino
acid residues long. The extracellular domains of the two
chains bind to various ligands, including extracellular
matrix glycoproteins, activated complement compo-
nents, and proteins on the surfaces of other cells. Several
integrins bind to Arg-Gly-Asp (RGD) sequences in
fibronectin and vitronectin molecules. The cytoplasmic
domains of the integrins interact with cytoskeletal com-
ponents (including vinculin, talin, actin, o-actinin, and
tfropomyosin)

Integrins are classified into several subfamilies based
on the B chains in the heterodimers; the major members
of these subfamilies are listed in the table.

The B;-containing integrins are also called VLA mole-
cules, referring to “very late antigens”, because a3, and
o,B; were shown to be expressed on T cells 2 to 4 weeks
after repetitive stimulation in vitro. In fact, other VLA inte-
grins, including VLA-4, are constitutively expressed on
some T cells and rapidly induced on others. The f; inte-
grins are also called CD49a-fCD29, CD49a-f referring to
different a chains (o to o) and CD29 referring to the
common B, subunit. Most of the B, integrins are widely
expressed on leukocytes and nonhematopoietic cells and
mediate attachment of cells to extracellular matrix
ligands, such as fibronectin (VLA-4 and VLA-5) and laminin
(VLA-6). VLA-4 (01,3, or CD49dCD29) is expressed only on
leukocytes and can mediate attachment of these cells to
endothelium by interacting with VCAM-1. VLA-4 is one of
the principal surface proteins that mediate homing of lym-
phocytes and other leukocytes to endothelium at periph-
eral sites of inflammation.

The B, integrins, also known as the LFA-1 family, were
identified by monoclonal antibodies that blocked
adhesion-dependent lymphocyte functions such as killing
of target cells by CTLs. LFA-1 plays an important role in
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the adhesion of lymphocytes with other cells, such as
APCs and vascular endothelium. This family is also called
CD11a-cCD18, CD11 referring to different o chains and
CD18 to the common B, subunit. LFA-1 itself is termed
CD11aCD18. Other members of the family include
CD11bCD18 (Mac-1 or CR3) and CD11¢CD18 (p150,95 or
CR4), both of which have the same [ subunit as LFA-1.
CD11bCD18 and CD11cCD18 both mediate leukocyte
attachment to endothelial cells and transmigration. One
ligand for LFA-1 (CD11aCD18) is ICAM-1 (CD54), a mem-
brane glycoprotein expressed on a variety of hematopoi-
etic and nonhematopoietic cells, including B and T cells,
dendritic cells, macrophages, fibroblasts, keratinocytes,
and endothelial cells. Two other ligands for LFA-1 are
ICAM-2, which is expressed on endothelial cells, and
ICAM-3, which is expressed on lymphocytes. ICAM-1, -
2, and -3 are members of the Ig superfamily. CD11bCD18
also functions as a fibrinogen receptor and as a comple-
ment receptor on phagocytic cells, binding particles
opsonized with a product of complement activation called
the inactivated C3b (iC3b) fragment (Chapter 14). An
autosomal-recessive inherited deficiency in LFA-1, Mac-
1, and p150,95 proteins, called type 1 leukocyte adhesion
deficiency (LAD-1), has been identified in a few families
and is characterized by recurrent bacterial and fungal
infections, lack of polymorphonuclear leukocyte accu-
mulations at sites of infection, and profound defects in
adherence-dependent lymphocyte functions. The disease
is a result of mutations in the CD18 gene, which encodes
the B chain of LFA-1 subfamily molecules.

An important feature of integrins is their ability to
respond to intracellular signals by rapidly increasing their
avidity for their ligands. This is referred to as “activation,”
and occurs in response to signals generated from
chemokine binding to chemokine receptors, and in lym-
phocytes by intracellular signals generated when antigen
binds to antigen receptors. The process of changes in the
binding functions of the extracellular domain of integ-
rins induced by intracellular signals is called “inside-out
signaling.” Chemokine- and antigen-receptor-induced
inside-out signaling involves several different guanosine
triphosphatase-regulated pathways, eventually leading to
the association of RAP family molecules and cytoskele-
tal-interacting proteins with the cytoplasmic tails of the
integrin proteins. The resulting avidity changes are a con-
sequence of clustering of the integrins in the leukocyte
membrane, which increases the effective valency of
ligand binding, and conformational changes in the extra-
cellular domains that enhance affinity of binding. In the
low affinity state, the stalks of the extracellular domains
of each integrin subunit appear to be bent over, and the
ligand-binding globular heads are close to the membrane.
In response to alterations in the cytoplasmic tail, the
stalks extend in switch-blade fashion, bringing the globu-
lar heads away from the membrane to a position where
they more effectively interact with their ligands.

Upon ligand binding integrins also deliver stimulatory
signals to cells on which they are expressed. The mech-
anism of signaling involves tyrosine phosphorylation of

Continued on following page
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Box 2-3 = IN DEPTH: INTEGRINS (Continued)

[Subunlts Name Major ngands Functions
B1| oy VLA A-1 (CD49aCD29) | Collagens ' Cell- matrix adhesion
I ol VLA 2 (CD49bCD29) Collagens CeII matrlx adheS|on
‘ o3 VLA 3 (CD4QCCD29) Laminin Cell matrix adhe3|on |
| oq | VLA4 (CD49dCD29) | VCAM-1, MadCAM-1 Cell-matrix adhesion; homing: '
T cell costlmulatlon’? |
| o5 | VLA-5 (CD49eCD29) | Fibronectin CeII matrix adhesmn
| Og | VLA-6 (CD49fCD29) | Laminin | CeII matrix adhesion
o7 CD4QgCD29 Laminin CeII matrix adhesion
I og CD51CD29 Fibronectin Cell matrix adhesion
Oly CD51CD29 Fibronectin CeII-matrlx adhesion
Ba | oL CD11aCD18 (LFA 1) ICAM-1, ICAM-2, ICAM-3 Leukocyte adhesion to endothelium;
| T ceII—APC adhesmn T cell costimulation?
oM | CD11bCD18 (MAC-1, |03b fibronectin, FactorX ICAM- 1| Leukocyte adhesmn and phagocytosis;
' CR3) ceII matrix adhesion ]
ox |CD11cCD18 (p150, | iC3b; flbronectln Leukocyte adhesion and phagocytosis;
' I 95; CR4) ceII matrix adhesion
| . e S S - = _
| 0g | CD11dCD18 VCAM 1, ICAM 3 | Leukocyte adhesion to endothellum
e — — — —_— S— S— —
B3 | Olib GPlib/llla Flbrlnogen, von | Platelet adhesion and aggregation '
(CD41CD861) Willebrand factor,
‘ thrombospondin
oy | Vitronectin receptor | Fibronectin, vitronectin, von Cell-matrix adhesion
(CD51CD61) | Willebrand factor, thrombospondin
IR | [ — _ | m___ _ . —_—
' [34 | 06 | CD49fCD104 Lam|n|n Cell- matrlx adheS|on
| [35 Oly ‘ 'Vltronectin  Cell- matnx adhes«on
Be .' Oy Flbronectm Ceil-matrix adhesnon
B7 ' o4 [ LPAM-1 VCAM 1 MadCAM-1 Lymphocyte homlng to mucosal
Iymphoid tissues
OE HML 1 E cadherln Retentlon of intraepithelial T cells

Abbrewatlons APC, antigen- presentlng cell;

iC3b, C3b inactivated:; ICAM |ntercellular adhesnon molecule;

LFA, leukocyte function-associated antigen; MadCAM-1, mucosal addressin cell adhesion molecule 1:

VCAM-1, vascular cell adhesion molecule 1.

| Adapted from Hynes RO. Integrins: versatility, modulation, and signaling in cell adhesion. Cell 69:11-25, 1992. © Cell Press.‘

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

reorganization required for motility and phagocytosis,
reactive oxygen species generation, inflammatory gene
expression, and apoptosis. In T lymphocytes, ICAM-1
binding to B, integrins may provide costimulatory signals
that enhance cytokine gene expression, although this
activity of integrins is probably less important than their
role in cell-cell adhesion.



state in unactivated cells and ineffective in mediating
adhesion interactions. Two consequences of
chemokine receptor signaling are enhanced affinity
of leukocyte integrins for their ligands, and mem-
brane clustering of the integrins, resulting in
increased avidity of integrin-mediated binding of the
leukocytes to the endothelial surface.

3. Stable integrin-mediated adhesion of leukocytes
to endothelium. In parallel with the activation of
integrins and their conversion to the high-affinity
state, cytokines (TNF and IL-1) also enhance
endothelial expression of integrin ligands, mainly
vascular cell adhesion molecule-1 (VCAM-1, the
ligand for the VLA-4 integrin) and intercellular
adhesion molecule-1 (ICAM-1, the ligand for the
LFA-1 and Mac-1 integrins) (see Box 2-3). The net
result of these changes is that the leukocytes attach
firmly to the endothelium, their cytoskeleton is
reorganized, and they spread out on the endothe-
lial surface.

4. Transmigration of leukocytes through the endothe-
lium. Chemokines then act on the adherent leuko-
cytes and stimulate the cells to migrate through
interendothelial spaces along the chemical con-
centration gradient (i.e., toward the infection site).
Other proteins expressed on the leukocytes and
endothelial cells, notably CD31, play a role in this
migration through the endothelium. The leuko-
cytes presumably produce enzymes that enable
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them to pass through the vessel wall, and they ulti-
mately accumulate in the extravascular tissue
around the infectious microbes.

Leukocyte accumulation in tissues is a major compo-
nent of inflammation. It is typically elicited by microbes,
but it may be seen in response to a variety of noninfec-
tious stimuli as well. There is some specificity in this
process of leukocyte migration based on the expression
of distinct combinations of adhesion molecule and
chemokine receptors on neutrophils versus monocytes.
For example, neutrophil migration relies mainly on
LFA-1-ICAM-1 interactions in combination with the
chemokines receptors CXCR1 and CXCR2 binding the
chemokines CXCL8, while monocytes mainly utilize VLA-
4-VCAM-1 interactions together with the chemokine
CCL2 binding to the chemokine receptor CCR2. Tempo-
rally distinct patterns of expression of adhesion mole-
cules and chemokines at infectious sites typically result
in early neutrophil recruitment (hours to days) followed
later by monocyte recruitment (days to weeks). As we will
see in Chapter 3, yet other combinations of adhesion
molecules and chemokines control the migration of lym-
phocytes into lymphoid and nonlymphoid tissues.

Phagocytosis of Microbes

Neutrophils and macrophages ingest bound microbes
into vesicles by the process of phagocytosis (Fig. 2-8).
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FIGURE 2-8 Phagocytosis and intracellular destruction of microbes. Microbes may be ingested by different membrane receptors of
phagocytes; some directly bind microbes, and others bind opsonized microbes. (Note that the Mac-1 integrin binds microbes opsonized with
complement proteins, not shown.) The microbes are internalized into phagosomes, which fuse with lysosomes to form phagolysosomes,
where the microbes are killed by reactive oxygen and nitrogen intermediates and proteolytic enzymes. NO, nitric oxide; ROS, reactive oxygen

species
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Phagocytosis is an active, energy-dependent process of
engulfment of large particles (>0.5 pm in diameter).
Microbial killing takes place in the vesicles formed by
phagocytosis, and in this way, the mechanisms of killing,
which could potentially injure the phagocyte, are iso-
lated from the rest of the cell.

The first step in phagocytosis is the recognition of
the microbe by the phagocyte. Neutrophils and
macrophages are constantly exposed to normal cells,
which they ignore, but will specifically ingest various
microbes and particles. This specificity is due to the fact
that neutrophils and macrophages express receptors
that specifically recognize microbes, and these receptors
are functionally linked to the mechanisms of phagocy-
tosis. Some of these receptors are pattern recognition
receptors, including C-type lectins and scavenger recep-
tors, as we discussed previously. Pattern recognition
receptors can contribute to phagocytosis only of organ-
isms that express particular molecular patterns, such as
mannose. Another group of receptors on phagocytes
recognize certain host proteins that coat microbes.
These proteins are called opsonins, and include anti-
bodies, complement proteins, and lectins. The process
of coating a microbe to target it for phagocytosis is called
opsonization.

Phagocytes have high-affinity receptors that specially
bind to antibody molecules, complement proteins, and
lectins; these receptors are critical for phagocytosis of
many different microbes. One of the most efficient
systems for opsonizing microbes is coating them with
antibodies. Antibody molecules have antigen-binding
sites at one end, and the other end, called the Fc region,
the antibody interacts with effector cells and molecules
of the innate immune system. There are several types of
antibodies, which we will discuss in detail in Chapters 4
and 14. Phagocytes express high-affinity Fc receptors
called FcyRI specific for one type of antibody called IgG
(see Chapter 14). Thus, if an individual responds to an
infection by making IgG antibodies against microbial
antigens, the IgG molecules bind to these antigens, the
Fc ends of the bound antibodies can interact with FcyRI
on phagocytes, and the end result is efficient phagocy-
tosis of the microbes. Because many different antibod-
ies may be produced that bind to many different
microbial products, antibody-mediated opsonization
contributes to the phagocytosis of a broader range of
microbes than do pattern recognition receptors.
Although IgG antibodies are essential for efficient
phagocytosis of many organisms, they are really a
product of the adaptive immune system (B lympho-
cytes) that engages innate immune system effector cells
(phagocytes) to perform their protective functions.
Various soluble pattern recognition receptors and effec-
tor molecules of the innate immune system, including
complement and lectins, are also important opsonins.
These opsonins are present in the blood, they bind to
microbes, and phagocytes express receptors for these
opsonins. We will discuss these soluble effectors of the
innate immune system later in this chapter.

Once a microbe or particle binds to receptors on a
phagocyte, the plasma membrane in the region of the

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

Killing of Phagocytosed Microbes

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

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

Activated macrophages and neutrophils convert
molecular oxygen into reactive oxygen species (ROS),
which are highly reactive oxidizing agents that
destroy microbes (and other cells). The primary free
radical-generating system is the phagocyte oxidase
system. Phagocyte oxidase is a multisubunit enzyme
that is assembled in activated phagocytes mainly in
the phagolysosomal membrane. Phagocyte oxidase is
induced and activated by many stimuli, including
IFN-y and signals from TLRs. The function of this
enzyme is to reduce molecular oxygen into ROS
such as superoxide radicals, with the reduced form
of nicotinamide adenine dinucleotide phosphate
(NADPH) acting as a cofactor. Superoxide is enzy-
matically dismutated into hydrogen peroxide, which
is used by the enzyme myeloperoxidase to convert
normally unreactive halide ions into reactive hypo-
halous acids that are toxic for bacteria. The process by
which ROS are produced is called the respiratory
burst. Although the generation of toxic ROS is com-
monly viewed as the major function of phagocyte
oxidase, another function of the enzyme is to produce
conditions within phagocytic vacuoles that are nec-



essary for the activity of the proteolytic enzymes dis-
cussed earlier. The oxidase acts as an electron pump,
generating an electrochemical gradient across the
vacuole membrane, which is compensated for by
movement of ions into the vacuole. The result is an
increase in pH and osmolarity inside the vacuole,
which are necessary for elastase and cathepsin G
activity. A disease called chronic granulomatous
disease is caused by an inherited deficiency
of one of the components of phagocyte oxidase; this
deficiency compromises the capacity of neutrophils
to kill certain species of gram-positive bacteria (see
Chapter 20).

© In addition to ROS, macrophages produce reactive
nitrogen intermediates, mainly nitric oxide (NO), by
the action of an enzyme called inducible nitric oxide
synthase (iNOS). iNOS is a cytosolic enzyme that is
absent in resting macrophages but can be induced in
response to microbial products that activate TLRs,
especially in combination with IFN-y. iNOS catalyzes
the conversion of arginine to citrulline, and freely dif-
fusible nitric oxide gas is released. Within phagolyso-
somes, nitric oxide may combine with hydrogen
peroxide or superoxide, generated by phagocyte
oxidase, to produce highly reactive peroxynitrite rad-
icals that can kill microbes. The cooperative and
redundant function of ROS and nitric oxide is demon-
strated by the finding that knockout mice lacking
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both iNOS and phagocyte oxidase are more suscepti-
ble to bacterial infections than single phagocyte
oxidase or iNOS knockout animals are.

When neutrophils and macrophages are strongly
activated, they can injure normal host tissues by release
of lysosomal enzymes, ROS, and NO. The microbicidal
products of these cells do not distinguish between self
tissues and microbes. As a result, if these products enter
the extracellular environment, they are capable of
causing tissue injury.

Other Functions of Activated Macrophages

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

Natural Killer (NK) Cells

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

Recognition of Infected and Stressed Cells by
Natural Killer Cells

NK cell activation is regulated by a balance between
signals that are generated from activating receptors and
inhibitory receptors (Fig. 2-10). There are several fami-
lies of these receptors, which are described in detail
in Box 2-4. Most of these receptors are complexes of
ligand-binding subunits, which recognize molecules on
the surface of other cells, and signaling subunits, which
transduce activating or inhibitory signals into the cell.
When an NK cell interacts with another cell, the
outcome is determined by an integration of signals gen-
erated from an array of inhibitory and activating recep-
tors that may be simultaneously expressed by the NK cell
and simultaneously interact with ligands on the other
cell. In general, activating signals must be blocked by
inhibitory signals in order to prevent NK cell activation
and attack of normal cells. Many of these receptors on
NK cells recognize class I MHC molecules or proteins
that are structurally homologous to class I MHC mole-
cules. Class I MHC molecules display peptides derived
from cytoplasmic proteins, including microbial pro-
teins, on the cell surface for recognition by CD8" T cells.
We will describe the structure and function of MHC mol-
ecules in relation to T cell antigen recognition in more
detail in Chapters 5 and 6. For now, it is important to
understand that NK cells use fundamentally different
types of receptors than do T cells to recognize class I or
class I-like MHC molecules.
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FIGURE 2-10 Activating and inhibitory receptors of NK cells. A
Activating receptors of NK cells recognize ligands on target cells and
activate protein tyrosine kinase (PTK), whose activity is inhibited by
inhibitory receptors that recognize class | MHC molecules and acti-
vate protein tyrosine phosphatase (PTP). NK cells do not efficiently
Kill class | MHC-expressing healthy cells. B. If a virus infection or
other stress inhibits class | MHC expression on infected cells, and
induces expression of additional activating ligands, the NK cell
inhibitory receptor is not engaged and the activating receptor func-
tions unopposed to trigger responses of NK cells, such as killing of
target cells and cytokine secretion.

Activating receptors on NK cells recognize a heteroge-
neous group of ligands that are expressed on cells that
have undergone stress, cells that are infected with
viruses or other intracellular microbes, or cells that are
malignantly transformed. One of the better studied acti-
vating receptors is called NKG2D (see Box 2-4), which
binds a family of structurally related class I MHC-like
proteins that are found on virally infected cells and
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IN DEPTH: INHIBITORY AND ACTIVATING RECEPTORS OF

NATURAL KILLER CELLS

NK cells recognize and kill infected or malignantly trans-
formed cells, but they do not usually harm normal cells.
This ability to distinguish potentially dangerous targets
from healthy self is dependent on the expression of both
inhibitory and activating receptors. Inhibitory receptors on
NK cells recognize class | MHC molecules, which are con-
stitutively expressed on most healthy cells in the body
but are often not expressed by cells infected with virus
or cancer cells. Activating receptors on NK cells may rec-
ognize structures that are present on both NK- suscepti-
ble target cells and normal cells, but the influence of the
inhibitory pathways dominates when class | MHC is rec-
ognized. In some cases, if the ligands for the activating
receptors are newly induced or up-regulated in infected
or transformed cells, the increased density of these
ligands permits the activating receptors to overcome the
action of the inhibitory receptors, thereby enabling the NK
cell to kil cells expressing class | MHC. Some activating
receptors recognize class | MHC-like molecules that are
expressed only on stressed or transformed cells. Differ-
ent families of NK cell receptors exist, and many of these
receptors have evolved recently, as indicated by their
absence in rodents and their structural divergence
between chimpanzees and humans. The following dis-
cussion focuses on the properties of human NK cell
inhibitory and activating receptors, with only brief con-
sideration of murine NK receptors.

INHIBITORY RECEPTORS Inhibitory NK receptors fall
into three main families (see Figure). A common feature
of members of all three families is the presence of
immunoreceptor tyrosine-based inhibition motifs
(ITIMs} in their cytoplasmic tails. The signaling functions
of ITIMs are discussed below. The first family to be dis-
covered is named the KIR (killer cell Ig-like receptor) family
because its members contain two or three extracellular
Ig-like domains. The KIRs recognize different alleles of
HLA-A, -B, and -C molecules. Structural and binding
studies indicate that the sequence of the peptides bound
to the MHC molecules is important for KIR recognition of
MHC molecules. HLA class | molecule binding to KIRs is
characterized by very fast on-rates and off-rates, which
would be consistent with the ability of NK cells to rapidly
“test” for the presence of MHC expression on many cells
in a short time. Furthermore, the inhibitory signals gener-
ated in an NK cell by KIR recognition of an MHC molecule
are not long lived, and the same NK cell can quickly go
on to kill an MHC-negative target cell. Some members of
the KIR family have short cytoplasmic tails without ITIMs,
and these function as activating receptors, as discussed
in more detail below. Mice do not express KIRs, but
instead use the Ly49 family of C-type lectin proteins,
which have similar class | MHC specificities and ITIMs in
their cytoplasmic tails.

A second family of inhibitory receptors consists of Ig-
like transcripts {ILTs) {also named LIR or CD85), which
also contain Ig-like domains. One member of this family,
ILT-2, has a broad specificity for many class | MHC alleles
and contains four ITIMs in its cytoplasmic tail. Interest-
ingly, cytomegalovirus encodes a molecule called UL18

that is homologous to human class | MHC and that can
bind to ILT-2. This may represent a decoy mechanism by
which the virus engages an inhibitory receptor and pro-
tects its cellular host from NK cell-mediated killing.

The third NK inhibitory receptor family consists of
heterodimers composed of the C-type lectin NKG2A
covalently bound to CD94. NKG2A has two ITIMs in its
cytoplasmic tail. The CD94/NKG2A receptors bind HLA-
E, a nonclassical MHC class | molecule. Stable expres-
sion of HLA-E on the surface of cells depends on the
binding of signal peptides derived from HLA-A, -B, -C, or
-G. Therefore, the CD94/NKG2A inhibitory receptors
perform a surveillance function for the absence of HLA-
E, classical class | MHC, and HLA-G molecules. As is the
case for the KIR receptors, some CD94/NKG2 receptors
do not have cytoplasmic ITIM motifs, and these function
as NK-activating receptors, as discussed below.

The ITIMs in the cytoplasmic tails of inhibitory
receptors are essential for the signaling functions of
these molecules. {TIMs recruit phosphatase enzymes
that counteract the effect of kinases in the signaling cas-
cades initiated by activating receptors. ITIMs are com-
posed of the sequence lle/Val/Leu/Ser-x-Tyr-x-x-Leu/Val,
where x denotes any amino acid, and are present in
several different inhibitory receptors in the immune
system. Upon binding class | MHC molecules to the
extracellular regions of NK inhibitory receptors, the tyro-
sine residue in the ITIMs of the cytoplasmic tails are
phosphorylated, and then phosphatases are recruited,
including the protein-tyrosine phosphatases SHP (SH2-
containing protein-tyrosine phosphatase)-1 and SHP-2,
or the phospholipid-phosphatase SHIP (SH2-containing
inositol polyphosphate 5-phosphatase). SHP-1 and SHP-2
remove phosphates from several signaling proteins,
whereas SHIP degrades phosphatidylinositol-3,4,5-
trisphosphate (PI-3,4,5-P3). The end result is reduced sig-
naling by activating receptors, which are coupled to
kinases that add phosphates to several intracellular sub-
strates

ACTIVATING RECEPTORS The activating receptors on
NK cells include several structurally distinct groups of
molecules, and only some of the ligands they bind are
known. CD16, one of the first activating receptors identi-
fied on NK cells, is a low-affinity IgG Fc receptor that asso-
ciates with FceRly and £ proteins and is responsible for
NK cell-mediated antibody-dependent cellular cytotoxic-
ity. A more recently discovered group of human NK-acti-
vating receptors, called natural cytotoxicity receptors,
includes NKp46, NKp30, and NKp44. These are members
of the Ig superfamily. NKp46 and NKp30 associate with
FeeRlyand £ proteins, and NKp44 associates with DAP12
Although their ligands are not yet known, antibody-
blocking studies suggest that they play a dominant role in
NK-mediated killing of various tumor target cells. Ligand
binding to activating NK cell receptors leads to cytokine
production, enhanced migration to sites of infection, and
killing activity against the ligand-bearing target cells.

A common feature of NK cell activating receptors is
the presence of noncovalently linked subunits (e.g.,

Continued on following page
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Box 2-4

IN DEPTH: INHIBITORY AND ACTIVATING RECEPTORS OF

NATURAL KILLER CELLS (Continued)
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Examples of inhibitory and activating NK cell receptors and their ligands. CD16 and the natural cytotoxic receptors (NCRs) associate

with § chain homodimers, FcRy homodimers, or
specificities

FceRly, £, and DAP12 proteins), whose cytoplasmic tails
recruit kinases involved in signaling. CD16 and some
other activating receptors associate with subunits that
contain immunoreceptor tyrosine-based activation
motifs (ITAMs) in their cytoplasmic tails. ITAMs are com-
posed of a conserved sequence of amino acids, including
two Tyrx-x-Leu/lle elements (where x is any amino acid)

{-FcRy heterodimers There are multiple different KIRs, with varying ligand

separated by six to eight amino acid residues. Upon
ligand binding to the extracellular portion of these recep-
tors, the tyrosine residues in the ITAMs become phos-
phorylated by cytoplasmic Src family kinases, and the
phosphorylated ITAMs then bind other protein tyrosine
kinases, such as Syk and ZAP-70, which act on additional
substrates in a signaling cascade. These signaling events

Continued on following page



are very similar to those that occur in T and B lympho-
cytes after antigen recognition, and we will discuss them
in more detail in Chapters 8 and 9. The NKG2D receptor
(which is only distantly related to NKG2A or NKG2C) asso-
ciates with a signaling subunit named DAP10, which has
a Tyr-x-x-Met motif in its cytoplasmic domain. Upon phos-
phorylation, this motif binds phosphatidylinositol-3 kinase
(PI3K) and Grb2, which initiates a different signaling
cascade from that initiated by ITAM phosphorylation.

As mentioned, some members of the KIR and CD94/
NKG2 families of MHC-specific receptors do not contain
ITIMs but rather associate with ITAM-bearing accessory
molecules (such as DAP12) and deliver activating signals
to NK cells. These include KIR2DS, KIR3DS, and
CD94/NKG2C. Some of these receptors are known to
recognize normal class | MHC molecules, and it is
not clear why these potentially dangerous receptors
exist on NK cells. These activating receptors bind class
| MHC molecules with lower affinities than the
structurally related inhibitory receptors, and it is possible
that the activating receptors actually bind MHC-related
molecules specifically associated with pathological con-
ditions

tumor cells. Experimental evidence in mice has shown
that NKG2 ligands are important for controlling viral
infections and growth of tumors. Another type of acti-
vating receptor on NK cells, called CD16 (FcyRlIlla), is a
low-affinity receptor for the Fc portions of IgG1 and IgG3
antibodies. As a result of this recognition, NK cells kill
target cells that have been coated with antibody mole-
cules. This process, called antibody-dependent cell-
mediated cytotoxicity, will be described in more detail in
Chapter 14 when we consider the effector mechanisms
of humoral immunity. Kinase-dependent signaling cas-
cades are initiated when activating receptors on NK cells
bind their ligands, rapidly leading to cytotoxic activity
against the target cells bearing the ligands and the pro-
duction of cytokines. These signaling pathways are
similar to those in T lymphocytes (see Chapter 9).

The inhibitory receptors on NK cells bind to class 1
MHC molecules, which are normally expressed on most
healthy, uninfected cells. The binding of these inhibi-
tory receptors to their ligands triggers phosphatase-
dependent signaling cascades, which counteract the
effect of kinases in the signaling cascades initiated by
activating receptors. Because of specificity of inhibitory
receptors for self-class [ MHC, normal host cells are pro-
tected from NK-mediated killing. Infection of the host
cells, especially by some viruses, often leads to reduced
expression of class I MHC molecules, and therefore the
ligands for the inhibitory NK cell receptors are lost. As a
result, the NK cells are released from their normal state
of inhibition. At the same time, ligands for activating
receptors are expressed, and thus the infected cells are
killed. This unusual specificity of the NK cell inhibitory
receptors for normal class T MHC allows the innate
immune system to attack virally infected cells that might
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NKG2D, which is expressed on NK cells, as well as on
T cells, recognizes the MICA, MICB, and ULBP molecules
in humans and the RAE-1, MULT1, and H60 molecules in
mice. All these NKG2D ligands have domains homolo-
gous to class | MHC o and B domains, but do not display
peptides or associate with B-microglobulin. These NKG2
ligands are not abundantly expressed on normal cells but
are up-regulated by stress or DNA damage and are often
found on tumor cells and virus-infected cells. Thus, NK
cells may use these receptors to eliminate stressed
(injured) host cells and tumor cells

Most of the activating receptors on NK cells are also
expressed on certain subsets of T cells, including ¥8T
cells and CD8" T cells. However, the expression of these
receptors on T cells is induced only after T cell activation
by antigen, while expression of the receptor on NK cells
is constitutive. This highlights an important distinction
between innate and adaptive immunity—the effector
cells of innate immunity, such as NK cells, are fully dif-
ferentiated and ready to respond immediately to infec-
tions, while adaptive immune effector cells are generated
from naive precursors only after antigen exposure.

be invisible to T cells, which require MHC expression for
recognition. The largest group of NK inhibitory receptors
are the killer cell immunoglobulin-like receptors (KIRs).
These are members of the immunoglobulin superfamily,
and they bind a variety of class I MHC molecules that
otherwise function to present peptide antigens to CD8"
T cells (see Box 2-4). A second important NK inhibitory
receptor is CD94/NKG2A, which is a dimer of C-type
lectins and recognizes a class I MHC molecule called
HLA-E. Interestingly, HLA-E displays peptides derived
from other class I MHC molecules, so in essence,
CD94/NKG2 is a surveillance receptor for several dif-
ferent class I MHC molecules. A third family of NK
inhibitory receptors, called the leukocyte Ig-like recep-
tors (LIRs), are also Ig superfamily members that bind
class I MHC molecules, albeit with lower affinity than the
KIRs, and are more highly expressed on B cells than on
NK cells.

The expansion and activities of NK cells are also stim-
ulated by cytokines, mainly IL-15 and IL-12. IL-15,
which is produced by macrophages and many other cell
types, is a growth factor for NK cells, and knockout mice
lacking IL-15 or its receptor show a profound reduction
in the number of NK cells. The macrophage-derived
cytokine IL-12 is a powerful inducer of NK cell IFN-y pro-
duction and cytotoxic activity. IL-18 may augment these
actions of IL-12. IL-12 and IL-18 also stimulate IFN-y
production by T cells (see Chapter 13) and are thus
central participants in IFN-y production and the subse-
quent [FN-y-mediated activation of macrophages in
both innate and adaptive immunity. The type I IFNs,
IFN-a and IFN-B, also activate the cytotoxic potential of
NK cells, perhaps by increasing the expression of IL-12
receptors and therefore responsiveness to IL-12. IL-15,
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IL-12, and type I IFNs are produced by macrophages in
response to infection, and thus all three cytokines acti-
vate NK cells in innate immunity. High concentrations
of IL-2 also stimulate the activities of NK cells, and
culture in IL-2 is sometimes used to enhance NK cell
killing.

Effector Functions of Natural Killer Cells

The effector functions of NK cells are to kill infected cells
and to activate macrophages to destroy phagocytosed
microbes (Fig. 2-11). The mechanism of NK cell-medi-
ated cytotoxicity is essentially the same as that of CTLs
(described in detail in Chapter 13). NK cells, like CTLs,
have granules that contain proteins which mediate
killing of target cells. When NK cells are activated,
granule exocytosis releases these proteins adjacent to
the target cells. One NK cell granule protein, called per-
forin, facilitates the entry of other granule proteins,

called granzymes, into the cytoplasm of target cells. The
granzymes are enzymes that initiate apoptosis of the
target cells. By killing cells infected by viruses and intra-
cellular bacteria, NK cells eliminate reservoirs of infec-
tion. Some tumors, especially those of hematopoietic
origin, are targets of NK cells, perhaps because the
tumor cells do not express normal levels or types of class
I MHC molecules. NK cell-derived IFN-v serves to acti-
vate macrophages, like IFN-y produced by T cells, and

increases the capacity of macrophages to kill phagocy-
tosed bacteria (see Chapter 13).

NK cells play several important roles in defense
against intracellular microbes. They kill virally infected
cells before antigen-specific CTLs can become fully
active, that is, during the first few days after viral infec-
tion. Early in the course of a viral infection, NX cells are
expanded and activated by cytokines of innate immu-
nity, such as IL-12 and IL-15, and they kill infected cells,
especially those that display reduced levels of class I
MHC molecules. In addition, the IFN-y secreted by NK
cells activates macrophages to destroy phagocytosed
microbes. This IFN-y-dependent NK cell-macrophage
reaction can control an infection with intracellular bac-
teria such as Listeria monocytogenes for several days or
weeks and thus allow time for T cell-mediated immunity
to develop and eradicate the infection. Depletion of NK
cells leads to increased susceptibility to infection by
some viruses and intracellular bacteria. In mice lacking
T cells, the NK cell response may be adequate to keep
infection with such microbes in check for some time,
but the animals eventually succumb in the absence
of T cell-mediated immunity. NK cells may also kill
infected cells that attempt to escape CTL-mediated
immune attack by reducing expression of class 1 MHC
molecules.

Because NK cells can kill certain tumor cells in vitro,
it has also been proposed that NK cells serve to kill
malignant clones in vivo.

Circulating Proteins
of Innate Immunity

In addition to cell-associated molecules, several differ-
ent soluble proteins found in plasma and extracellular
fluids also recognize pathogen-associated molecular
patterns and serve as effector molecules of the innate
immune system. Other soluble molecules serve as
opsonins, targeting microbes for phagocytosis by neu-
trophils or macrophages. The soluble pattern recogni-
tion proteins and associated effector molecules are
sometimes called the humoral branch of innate immu-
nity, analogous to the humoral branch of adaptive
immunity mediated by antibodies. The major compo-
nents of the humoral innate immune system are the
complement system, the collectins, the pentraxins, and
the ficolins.

The Complement System

The complement system consists of several plasma pro-
teins that are activated by microbes and promote
destruction of the microbes and inflammation. Recog-
nition of microbes by complement occurs in three
ways (Fig. 2-12). The classical pathway, so called
because it was discovered first, uses a plasma protein
called C1 to detect IgM, IgGl, or IgG3 antibodies
bound to the surface of a microbe or other structure. The
alternative pathway, which was discovered later but is
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FIGURE 2-12 Pathways of complement activation. The activation of the complement system may be initiated by three distinct pathways,
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tions, and regulation of the complement system are discussed in much more detait in Chapter 14

phylogenetically older than the classical pathway, is
triggered by direct recognition of certain microbial
surface structures and is thus a component of innate
immunity. The lectin pathway is triggered by a plasma
protein called mannose-binding lectin (MBL), which
recognizes terminal mannose residues on microbial gly-
coproteins and glycolipids. MBL bound to microbes
activates one of the proteins of the classical pathway, in
the absence of antibody, by the action of an associated
serine protease.

Recognition of microbes by any of these pathways
results in sequential recruitment and assembly of addi-
tional complement proteins into protease complexes.
The central protein of the complement system, C3, is
cleaved, and its larger C3b fragment is deposited on the
microbial surface where complement is activated. C3b
becomes covalently attached to the microbes and serves
as an opsonin to promote phagocytosis of the microbes.
A smaller fragment, C3a, is released and stimulates
inflammation by acting as a chemoattractant for neu-
trophils. C3b binds other complement proteins to form
a protease that cleaves a protein called C5, generating a
secreted peptide (C5a) and a larger fragment (C5b) that
remains attached to the microbial cell membranes. C5a
stimulates the influx of neutrophils to the site of infec-
tion as well as the vascular component of acute inflam-
mation. C5b initiates the formation of a complex of the
complement proteins C6, C7, C8, and C9, which are
assembled into a membrane pore that causes lysis of the
cells where complement is activated. Mammalian cells
express several regulatory proteins that block comple-
ment activation and thus prevent injury to normal host
cells. The complement system will be discussed in more
detail in Chapter 14.

Pentraxins

Several plasma proteins that recognize microbial struc-
tures and participate in innate immunity belong to the
pentraxin family, which is a phylogenetically old group
of structurally homologous pentameric proteins. Promi-
nent members of this family include the short pentrax-
ins C-reactive protein (CRP) and serum amyloid P (SAP)
and the long pentraxin PTX3. Plasma concentrations of
CRP are very low in healthy individuals, but can increase
up to 1000-fold during infections and in response to
other inflammatory stimuli. The increased levels of CRP
are a result of increased synthesis by the liver induced by
the cytokines IL-6 and IL-1, which are produced by
phagocytes as part of the innate immune response. Liver
synthesis and plasma levels of several other proteins,
including SAP and others unrelated to the pentraxins,
also increase in response to IL-1 and IL-6, and as a group
these plasma proteins are called acute-phase reactants.
Both CRP and SAP bind to several different species of
bacteria and fungi. The molecular ligands recognized by
CRP and SAP include phosphorylcholine and phos-
phatidylethanolamine, respectively, which are phospho-
lipid headgroups found on bacterial membranes and on
apoptotic cells, but are not exposed on the surface of
healthy eukaryotic cells. CRP functions as an opsonin by
binding C1q and interacting with phagocyte Clq recep-
tors or by binding directly to IgG Fc receptors. CRP may
also contribute to complement activation through its
attachment to Clq and activation of the classical
pathway. PTX3 is produced by several cell types, includ-
ing dendritic cells, endothelial cells, and macrophages,
in response to TLR ligand and the innate immune
system cytokine TNE but it is not an acute-phase reac-
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tant. PTX3 binds to several ligands, including C1q, apop-
totic cells, and certain microorganisms. Studies with
knockout mice reveal that PTX3 provides protection
against some microbes, including the fungus Aspergillus
fumigatus.

Collectins and Ficolins

The collectins are a family of proteins that contain a
collagen-like tail connected by a neck region to a
calcium-dependent (C-type) lectin head. Three members
of this family serve as soluble pattern recognition mole-
cules in the innate immune system; these include MBL
and pulmonary surfactant proteins SP-A and SP-D.

Mannose-binding lectin, which was mentioned
earlier in relation to the complement system, is a plasma
protein that functions as an opsonin. Plasma MBL, like
the macrophage mannose receptor, binds carbohy-
drates with terminal mannose and fucose, which are
typically found in microbial cell surface glycoproteins
and glycolipids. Thus, MBL is a soluble pattern recogni-
tion receptor that binds to microbial but not mam-
malian cells. MBL is a hexamer that is structurally similar
to the Clq component of the complement system. MBL
binds to a macrophage surface receptor that is called the
Clq receptor because it also binds Clq. This receptor
mediates the phagocytosis of microbes that are
opsonized by MBL. Moreover, MBL can activate the
complement system, as discussed earlier. The gene
encoding MBL is polymorphic, and certain alleles are
associated with impaired hexamer formation and
reduced blood levels. Low MBL levels are associated with
increased susceptibility to a variety of infections, espe-
cially in combination with other immunodeficiency
states.

Surfactant protein-A (SP-A) and surfactant-D (SP-D)
are collectins with lipophilic surfactant properties
shared by other surfactants, and are found in the alveoli
of the lungs. Their major functions appear to be as mod-
ulators of innate immune responses in the lung. They
bind to various microorganisms and act as opsonins,
facilitating ingestion by alveolar macrophages. SP-A and
SP-D can directly inhibit bacterial growth, and they also
interact with and activate macrophages. SP-A- and SP-
D-deficient mice have impaired abilities to resist a
variety of pulmonary infections.

Ficolins are plasma proteins that are structurally
similar to collectins, possessing a collagen-like domain,
but instead of a C-type lectin domain, they have a
fibrinogen-type carbohydrate recognition domain.
Ficolins have been shown to bind several species of
bacteria, opsonizing them and activating complement
in a manner similar to that of MBL. The molecular
ligands of the ficolins include N-acetylglucosamine and
the lipoteichoic acid component of the cell walls of
gram-positive bacteria.

Cytokines of the Innate Immune System

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

increases in the synthesis of effector cells and proteins
that potentiate antimicrobial responses. In innate
immunity, the principal sources of cytokines are
macrophages, neutrophils, and NK cells, but endothelial
cells and some epithelial cells such as keratinocytes
produce many of the same proteins. As in adaptive
immunity, cytokines serve to communicate information
among inflammatory cells and between inflammatory
cells and responsive tissue cells, such as vascular
endothelial cells.

The cytokines of innate immunity will be described
further in Chapter 12. They include cytokines that
control viral infections, namely, IFN-oc and IFN-B;
cytokines that mediate inflammation, namely, TNE IL-1,
and chemokines; cytokines that stimulate the prolifera-
tion and activity of NK cells, namely, IL-15 and [L-2;
cytokines that activate macrophages, especially NK
cell-derived IFN-y; and cytokines that serve to limit
macrophage activation, especially 1L-10. In addition,
some cytokines of innate immunity, such as IL-6,
increase bone marrow production of neutrophils and
the synthesis of various proteins involved in host
defense, such as CRP,

ROLE OF INNATE IMMUNITY IN STIMULATING
ADAPTIVE IMMUNE RESPONSES

The innate immune response provides signals that func-
tion in concert with antigen to stimulate the prolifera-
tion and differentiation of antigen-specific T and B
lymphocytes. As the innate immune response is provid-
ing the initial defense, it also sets in motion the adaptive
immune response. The activation of lymphocytes
requires two distinct signals, the first being antigen and
the second being components of innate immune
responses to microbes or injured cells (Fig. 2-13). This
idea is called the two-signal hypothesis for lymphocyte
activation. The requirement for antigen (so-called signal
1) ensures that the ensuing immune response is specific.
The requirement for additional stimuli triggered by
microbes or innate immune reactions to microbes
(signal 2) ensures that adaptive immune responses are
induced when there is a dangerous infection and not
when lymphocytes recognize harmless antigens, includ-
ing self antigens. The molecules produced during innate
immune reactions that function as second signals for
lymphocyte activation include costimulators (for T
cells), cytokines (for both T and B cells), and comple-
ment breakdown products (for B cells). We will return to
the nature of second signals for lymphocyte activation
in Chapters 9 and 10.

The second signals generated during innate immune
responses to different microbes not only enhance the
magnitude of the subsequent adaptive immune
response but also influence the nature of the adaptive
response. A major function of T cell-mediated immunity
is to activate macrophages to kill intracellular microbes.
Infectious agents that engage TLRs will tend to stimulate
T cell-mediated immune responses. This is because TLR
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FIGURE 2-13 Stimulation of adaptive immunity by innate
immune responses. Antigen recognition by lymphocytes provides
signal 1 for the activation of the lymphocytes, and molecules
induced on host cells during innate immune responses to microbes
provide signal 2. In this illustration, the lymphocytes are B cells, but
the same principles apply to T lymphocytes The nature of second
signals differs for B and T cells and is described in later chapters

signaling enhances the ability of antigen-presenting
cells to induce the differentiation of T cells into effector
cells called Tyl cells. Ty1 cells produce the cytokine IFN-
v, which can activate macrophages to kill microbes that
might otherwise survive within phagocytic vesicles. Ty1
cells and cell-mediated immunity are discussed in detail
in Chapter 13. In contrast, many extracellular microbes
that enter the blood activate the alternative complement
pathway, which in turn enhances the production of
antibodies by B lymphocytes. This humoral immune
response serves to eliminate extracellular microbes. The
role of complement in enhancing B cell activation is dis-
cussed in Chapter 14.

The role of innate immunity in stimulating adaptive
immune responses is the basis of the action of adju-
vants, which are substances that need to be adminis-
tered together with protein antigens to elicit maximal
T cell-dependent immune responses (see Chapter 6).
Adjuvants are useful in experimental immunology and
in clinical vaccines. Many adjuvants in experimental use
are microbial products, such as killed mycobacteria and
LPS, that engage TLRs and elicit strong innate immune
responses at the site of antigen entry.

SUMMARY

© The innate immune system provides the first line
of host defense against microbes. The mechanisms
of innate immunity exist before exposure to
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microbes. The components of the innate immune
system include epithelial barriers, leukocytes
(neutrophils, macrophages, and NK cells), circu-
lating effector proteins (complement, collectins,
pentraxins), and cytokines (e.g., TNE IL-1,
chemokines, IL-2, type I IFNs, and IFN-7).

The innate immune system uses cell-associated
pattern recognition receptors to recognize struc-
tures called pathogen-associated molecular pat-
terns (PAMPs), which are shared by microbes, are
not present on mammalian cells, and are often
essential for survival of the microbes, thus limiting
the capacity of microbes to evade detection by
mutating or losing expression of these molecules.
TLRs are the most important family of pattern
recognition receptors, recognizing a wide variety
of ligands, including microbial nucleic acids,
sugars, glycolipids, and proteins.

Neutrophils and macrophages are phagocytes that
kill ingested microbes by producing ROS, nitric
oxide, and enzymes in phagolysosomes.
Macrophages also produce cytokines that stimu-
late inflammation and promote tissue remodeling
at sites of infection. Phagocytes recognize and
respond to microbial products by several different
types of receptors, including TLRs, C-type lectins,
scavenger receptors, and N-formyl Met-Leu-Phe
receptors.

Neutrophils and monocytes (the precursors of
tissue macrophages) migrate from blood into
inflammatory sites during innate immune
responses. Cytokines, including IL-1 and TNE pro-
duced at these sites in response to microbial prod-
ucts induce the expression of adhesion molecules
on the endothelial cells of local venules. These
adhesion molecules mediate the attachment of the
circulating leukocytes to the vessel wall. The
process of leukocyte migration involves sequential
steps, starting with low affinity leukocyte binding
to and rolling along the endothelia surface (medi-
ated by endothelial selectins and leukocyte
selectin ligands). Next, the leukocytes become
firmly bound, via interactions of leukocyte inte-
grins binding to Ig-superfamily ligands on the
endothelium. Intergrin binding is strengthened by
chemokines, produced at the site of infection,
which bind to receptors on the leukocytes.
Chemokines also stimulate directed migration of
the leukocytes through the vessel wall into the site
of infection.

NK cells are lymphocytes that defend against intra-
cellular microbes by killing infected cells and pro-
viding a source of the macrophage-activating
cytokine IFN-y. NK cell recognition of infected cells
is regulated by a combination of activating and
inhibitory receptors. Inhibitory receptors recog-
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nize class I MHC molecules, because of which NK
cells do not kill normal host cells but do kill cells in
which class I MHC expression is reduced, such as
virus-infected cells.

The complement system is activated by microbes,
and products of complement activation promote
phagocytosis and killing of microbes and stimulate
inflammation.

The innate immune system includes other soluble
pattern recognition and effector molecules
found in the plasma, including pentraxins (e.g.,
CRP), collectins (e.g., MBL), and ficolins. These
molecules bind microbial ligands and enhance
clearance by complement-dependent and
-independent mechanisms.

Different cytokines of innate immunity recruit and
activate leukocytes (e.g., TNE IL-1, chemokines),
enhance the microbicidal activities of phagocytes
(IFN-y), and stimulate NK cell and T cell responses
(IL-2). In severe infections, excess systemic cyto-
kine production is harmful and may even cause
death of the host.

Molecules produced during innate immune
responses stimulate adaptive immunity and influ-
ence the nature of adaptive immune responses.
Macrophages activated by microbes and by IFN-y
produce costimulators that enhance T cell activa-
tion and IL-2, which stimulates IFN-y production
by T cells and the development of IFN-y-producing

effector T cells. Complement fragments generated
by the alternative pathway provide second signals
for B cell activation and antibody production.
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The cells of the adaptive immune system are normally
present as circulating cells in the blood and lymph, as
anatomically defined collections in lymphoid organs,
and as scattered cells in virtually all tissues. The
anatomic organization of these cells and their ability to
circulate and exchange among blood, lymph, and tissues

are of critical importance for the generatio;

responses. The immune system faces numerous chal-
lenges to generate effective protective respo igainst
infectious pathogens. First, the system must be able to
respond to small numbers of many different microbes
that may be introduced at any site in the;i__l_;.‘d&y.- Second,
very few naive lymphocytes specifically recognize
and respond to any one antigen. Third, the effector
mechanisms of the immune system (antibodies and
effector T cells) may have to locate and destroy microbes
at sites that are distant from the site of initial infection.
The ability of the immune system to meet these chal-
lenges and to perform its protective functions optimally
is dependent on several properties of its cells and
tissues.

© Specialized tissues, called peripheral lymphoid
organs, function to concentrate antigens that are
introduced through the common portals of entry
(skin and gastrointestinal and respiratory tracts).
The capture of antigen and its transport to lymphoid
organs are the first steps in adaptive immune
responses. Antigens that are transported to lymphoid
organs are displayed by antigen-presenting cells
(APCs) for recognition by specific lymphocytes.

© Naive lymphaocytes (lymphocytes that have not previ-
ously encountered antigens) migrate through these
peripheral lymphoid organs, where they recognize
antigens and initiate immune responses. The
anatomy of lymphoid organs promotes cell-cell inter-
actions that are required for the antigen recognition
and activation phases of adaptive immune responses.
Effector and memory lymphocytes develop from the
progeny of antigen-stimulated naive cells.

© Effector and memory lymphocytes circulate in the
blood, home to peripheral sites of antigen entry, and
are efficiently retained at these sites. This ensures that
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immunity is systemic (i.e., that protective mecha-
nisms can act anywhere in the body).

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

CELLS OF THE ADAPTIVE IMMUNE SYSTEM

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

the body. these cell types in the blood are listed in Table 3-1.
Prlmary (ge;i_eratwe) *Source of lymphocyte
lymphoid organs progenitors
*Maturation of B lymphocytes
Bone *Site of residence of long lived '
Naive marrow plasma cells
lymphocytes N
ymp \yt r;(  Lymphocyte
. / O, J progenitor
- [ Antigens/
’ Antigen microbes
B cells Thymus -~ presenting cell s v
) LOUOC -
& W ‘@
T cells /
Maturation of Entry of
infectious

T lymphocytes
Secondary (peripheral)|

agents and/or
environmental

Lym}ohatic/

lymphoid organs antigens
g | blood vessel |

o o ¢ \ | Mucosa/skin _
Activation of . — y R FIGURE 3-1 Overview of lym-
lymphocytes and Collection of phocyte generation and immune
initiation of adaptive | , antigens from _ responses In vivo. Lymphocytes
immune responses .~ tissues via Iymbh mature in the bone marrow (B cells)
I-@- D g and thymus (T cells), and enter sec-
E S, o g | . ondary (peripheral) lymphoid organs
lEffeCI:OVT Collection as “naive” lymphocytes Antigens
ymp og:yte§ \ W - of antigens | are captured from their site of entry
and antibodies e via blood by dendritic cells and concentrated
A 4 in lymph nodes, where they acti-
*‘" ‘g""{“ . e 4 vate naive lymphocytes that
’i‘-\ < | " s migrate to the nodes through blood
[y Lymph vessels. Effector and memory T
I/ node cells develop in the nodes and enter

the circulation, from which they
may migrate to peripheral tissues
Antibodies are produced in lym-
phoid organs and enter the circula-

Activation of
lymphocytes and
initiation of adaptive

microbes immune responses
Mucosa/skin ﬁq ﬁ'ﬁ‘ =

- .Antlgens/

tion, from which they may locate
antigens at any site. Memory cells
also enter the circulation and may
reside in lymphoid organs and other
tissues. This illustration depicts the
key events in an immune response
to a protein antigen in a lymph
node; responses in other peripheral
lymphoid organs are similar



Table 3-1. Normal Blood Cell Counts

Mean number | Normal
per microliter | range
| White blood cells | 7400 | 4500-11,000 |
(leukocytes) @
| N_eut_rophils 4400 | 1800-7700
Eosinophils | 200 .. 0-450
| Basophils 40 '5.0—200
| Lymphocytes | 2500 | 1000-4800
_ Monocytes ' 300 ": 0-800

Although these cells are found in the blood, their
responses to antigens are localized to lymphoid and
other tissues and are generally not reflected in changes
in the total numbers of circulating leukocytes. The cells
involved in innate immunity were described in detail in
Chapter 2.

Lymphocytes

Lymphocytes are the only cells in the body capable of
specifically recognizing and distinguishing different
antigenic determinants and are responsible for the two
defining characteristics of the adaptive immune
response, specificity and memory. Several lines of evi-
dence have established the role of lymphocytes as the
cells that mediate adaptive immunity.

Protective immunity to microbes can be adoptively
transferred from immunized to naive individuals only
by lymphocytes or their secreted products.

Some congenital and acquired immunodeficiencies
are associated with reduction of lymphocytes in the
peripheral circulation and in lymphoid tissues. Fur-
thermore, depletion of lymphocytes with drugs, irra-
diation, and cell type-specific antibodies, and by
targeted gene disruptions in mice, leads to impaired
adaptive immune responses.

Stimulation of lymphocytes by antigens in culture
leads to responses in vitro that show many of the
characteristics of immune responses induced under
more physiologic conditions in vivo.

Most important, specific receptors for antigens are
produced by lymphocytes but not by any other types
of cells.

Subsets of Lymphocytes

Lymphocytes consist of distinct subsets that are different
in their functions and protein products but are mor-
phologically very similar (Table 3-2). This heterogeneity
of lymphocytes was introduced in Chapter 1 (see Fig.
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1-5). B lymphocytes, the cells that produce antibodies,
were so called because in birds they were found to
mature in an organ called the bursa of Fabricius. In
mammals, no anatomic equivalent of the bursa exists,
and the early stages of B cell maturation occur in the
bone marrow. Thus, “B” lymphocytes refers to bursa-
derived lymphocytes or bone marrow-derived lym-
phocytes. T lymphocytes, the mediators of cellular
immunity, were named because their precursors, which
arise in the bone marrow, migrate to and mature in the
thymus; “T” lymphocytes refers to thymus-derived lym-
phocytes. B and T lymphocytes each consist of subsets
with distinct phenotypic and functional characteristics.
The major subsets of B cells are follicular B cells, mar-
ginal zone B cells, and B-1 B cells, each of which is found
in distinct anatomic locations within lymphoid tissues.
The two major T cell subsets are helper T lymphocytes
and cytotoxic T lymphocytes (CTLs), which express an
antigen receptor called the af receptor. CD4" regulatory
T cells are now recognized as a third unique subset of T
cells expressing the of receptor. Another population of
T cells called ¥ T cells expresses a similar but struc-
turally distinct type of antigen receptor. The different
functions of these classes of B and T cells will be dis-
cussed in later chapters.

B and T lymphocytes have clonally distributed
antigen receptors, meaning that there are many clones
of these cells with different antigen specificities, and all
the members of each clone express antigen receptors of
the same specificity that are different from the receptors
of other clones. The genes encoding the antigen recep-
tors of B and T lymphocytes are formed by recombina-
tions of DNA segments during the maturation of
these cells. There is a random aspect to these somatic
recombination events, which results in the generation
of millions of different receptor genes and a highly
diverse repertoire of antigen specificities among differ-
ent clones of lymphocytes (see Chapter 8). Some subsets
of lymphocytes, including ¥8 T cells, marginal zone B
cells, and B-1 B cells, are restricted in their use of DNA
segments that contribute to their antigen receptor
genes, and the repertoires of these lymphocyte subsets
are very limited.

In addition to B and T cells, there exist other popula-
tions of cells that are called lymphocytes based on mor-
phology and certain functional and molecular criteria,
but which are not readily categorized as T or B cells.
Natural killer (NK) cells, which were described in
Chapter 2, have similar effector functions as CTLs, but
their receptors are distinct from B or T cell antigen
receptors and are not encoded by somatically recom-
bined genes. NKT cells are a numerically small popula-
tion of lymphocytes that share characteristic of both
NK cells and T cells. They express aff antigen receptors
that are encoded by somatically recombined genes, but
like v8 T cells and B-1 B cells, they lack diversity. NKT
cells, 78 T cells, and B-1 B cells may all be considered as
part of both adaptive and innate immune systems.

Membrane proteins may be used as phenotypic
markers to distinguish functionally distinct populations
of lymphocytes (see Table 3-2). For instance, most
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Table 3-2. Lymphocyte Classes

Class Functions Antigen Selected Percent of total
receptor and markers lymphocytes (human)
specificity

Blood Lymph Spleen
op T lymphocytes node
CD4+ helper B cell differentiation | o heterodimers CD3*, CD4*, |50-60*| 5060 |50-60
T lymphocytes | (humoral immunity) Diverse specificities | ©P8~
Macrophage activation for peptide-class I
(cell-mediated immunity) MHC complexes
CD8+ cytotoxic | Killing of cell infected of heterodimers CD3*, CD4—, |20-25 |15-20 |10-15
T lymphocytes ‘Q’:}h mlc;robes, i Diverse specificities | CP8"
illing of tumor cells for peptide-class |
MHC complexes
Regulatory Suppress function of of heterodimers CD3*, CD4*, |Rare 10 10
T cells other T cells (regulation of CD25*
immune responses, (Most common,
maintenance of but other
self-tolerance) phenotypes
as well)
v T lymphocytes | Helper and ¥5 heterodimers CD3+, CD4,
cytotoxic functions Limited specificities and CD8
(innate immunity) for peptide and variable
| nonpeptide antigens
B lymphocytes | Antibody production Surface antibody Fc receptors; [10-15 | 20-25 |40-45
(humoral immunity) Diverse specificiti class Il MHC;
pecificities :
for all types of ‘ CD19; CDh21
molecules
Natural killer cells | Killing of virus-infected Various activating and | CD16 10 Rare 10
or damaged cells inhibitory receptors (Fc receptor
(innate immunity) Limited specificities | " 19G)
for MHC or MHC-like
molecules
NKT celis Suppress or activate of heterodimers | CD16 10 Rare 10
innate and adaptive Limited specificit (Fc receptor
immune responses f(or glycoligid-CD1y for IgG); CD3
complexes)

*In most cases, the ratio of CD4+CD8~ to CD8+CD4~ cells is about 2:1.
Abbreviations: IgG, immunoglobulin G; MHC, major histocompatibility complex

helper T cells express a surface protein called CD4,
and most CTLs express a different surface protein called
CD8. Antibodies that are specific for such markers,
labeled with probes that can be detected by various
methods, are often used to identify and isolate various
lymphocyte populations. (Techniques for detecting
labeled antibodies are described in Appendix I11.) Many
of the surface proteins that were initially recognized as
phenotypic markers for various lymphocyte subpopula-
tions have turned out, on further analysis, to play impor-
tant roles in the activation and functions of these cells.
The accepted nomenclature for lymphocyte markers

uses the CD number designation. CD stands for “cluster
of differentiation,” a historical term referring to a cluster
(or collection) of monoclonal antibodies that are specific
for a particular marker of lymphocyte differentiation.
The CD system provides a uniform way to identify cell
surface molecules on lymphocytes, APCs, and many
other cell types in the immune system (Box 3-1).
Examples of some CD proteins are mentioned in Table
3-2, and the biochemistry and functions of the most
important ones are described in later chapters. A current
list of CD markers for leukocytes that are mentioned in
the book is provided in Appendix II.
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IN DEPTH: LYMPHOCYTE MARKERS AND THE CD NOMENCLATURE

SYSTEM

From the time that functionally distinct classes of lym-
phocytes were recognized, immunologists have at-
tempted to develop methods for distinguishing them. The
basic approach was to produce antibodies that would
selectively recognize different subpopulations. This was
initially done by raising alloantibodies (i.e., antibodies that
might recognize allelic forms of cell surface proteins) by
immunizing inbred strains of mice with lymphocytes from
other strains. Such techniques were successful and led
to the development of antibodies that reacted with
murine T cells (anti-Thy1 antibodies) and even against
functionally different subsets of T lymphocytes (anti-Lyt1
and anti-Lyt2 antibodies). The limitations of this approach
are obvious, however, because it is useful only for cell
surface proteins that exist in different allelic forms. The
advent of hybridoma technology gave such analyses a
tremendous boost, with the production of monoclonal
antibodies that reacted specifically and selectively with
defined populations of lymphocytes, first in humans and
subsequently in many other species. (Alloantibodies and
monoclonal antibodies are described in Chapter 4.)
Functionally distinct classes of lymphocytes express
distinct types of cell surface proteins. Immunologists
often rely on monoclonal antibody probes to detect these
surface molecules. The cell surface molecules recognized
by monoclonal antibodies are called “antigens” because
antibodies can be raised against them, or “markers,”
because they identify and discriminate between (“mark”)
different cell populations. These markers can be grouped
into several categories; some are specific for cells of a
particular lineage or maturational pathway, and the
expression of others varies according to the state of acti-
vation or differentiation of the same cells. Biochemical
analyses of cell surface proteins recognized by different
monoclonal antibodies demonstrated that these antibod-
ies, in many instances, recognized the equivalent protein
in different species. In the past, considerable confusion
was created because these surface markers were initially
named according to the antibodies that reacted with
them. To resolve this, a uniform nomenclature system

Development of Lymphocytes

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

The origin of lymphocytes from bone marrow pro-
genitors was first demonstrated by experiments with
radiation-induced bone marrow chimeras. Lympho-
cytes and their precursors are radiosensitive and are
killed by high doses of y-irradiation. If a mouse of one
inbred strain is irradiated and then injected with bone
marrow cells, or small numbers of hematopoietic
stem cells (HSCs), of another strain that can be dis-
tinguished from the host, all the lymphocytes that
develop subsequently are derived from the bone
marrow cells or HSCs of the donor. Such approaches
RoshanKetab 021-66950639

was adopted, initially for human leukocytes. According to
this system, a surface marker that identifies a particular
lineage or differentiation stage, that has a defined struc-
ture, and that is recognized by a group {“cluster”) of mon-
oclonal antibodies is called a member of a cluster of
differentiation (CD). Thus, all leukocyte surface antigens
whose structures are defined are given a CD designation
{e.g., CD1, CD2). Although this nomenclature was origi-
nally used for human leukocyte markers, it is now
common practice to refer to homologous molecules in
other species and on cells other than leukocytes by the
same CD designation. Newly developed monoclonal anti-
bodies are periodically exchanged among laboratories,
and the antigens recognized are assigned to existing CD
structures or introduced as new “workshop” candidates
(CDw).

The classification of lymphocytes by CD antigen
expression is now widely used in clinical medicine and
experimental immunology. For instance, most helper T
lymphocytes are CD3*CD4*CD8-, and most ClLs are
CD3*CD4CD8*. This has allowed immunologists to iden-
tify the cells participating in various immune responses,
isolate them, and individually analyze their specificities,
response patterns, and effector functions. Such antibod-
ies have also been used to define specific alterations in
particular subsets of lymphocytes that might be occurring
in various diseases. For example, the declining number
of blood CD4* T cells is often used to follow the pro-
gression of disease and response to treatment in human
immunodeficiency virus-infected patients. Further inves-
tigations of the effects of monoclonal antibodies on lym-
phocyte function have shown that these surface proteins
are not merely phenotypic markers but are themselves
involved in a variety of lymphocyte responses. The two
most frequent functions attributed to various CD mole-
cules are (1) promotion of cell-cell interactions and adhe-
sion and (2) transduction of signals that lead to
lymphocyte activation. Examples of both types of func-
tions are described throughout this book.

have proved useful for examining the maturation of
lymphocytes and other blood cells (see Chapter 8).

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

lymphocytes go through sequential changes in pheno-
type and functional capacity.

Populations of Lymphocytes Distinguished by
History of Antigen Exposure

In adaptive immune responses, naive lymphocytes that
emerge from the bone marrow or thymus migrate into
secondary lymphoid organs, where they are activated
by antigens to proliferate and differentiate into effector
and memory cells, some of which then migrate into
tissues (Fig. 3-3). The activation of lymphocytes follows
a series of sequential steps, beginning with the synthe-
sis of new proteins, such as cytokine receptors and
cytokines, which are required for many of the subse-
quent changes. The naive cells then undergo prolifera-
tion, resulting in increased size of the antigen-specific
clones, a process that is called clonal expansion. In some
infections, the numbers of microbe-specific T cells may
increase more than 50,000-fold, and the numbers of spe-
cific B cells may increase more than 5000-fold. This rapid
clonal expansion of microbe-specific lymphocytes is
needed to keep pace with the ability of microbes to
rapidly replicate and expand in numbers. Concomitant
with clonal expansion, antigen-stimulated lymphocytes
differentiate into effector cells, whose function is to
eliminate the antigen. Some of the progeny of antigen-
stimulated B and T lymphocytes differentiate into long-
lived memory cells, whose function is to mediate rapid
and enhanced (i.e., secondary) responses to subsequent
exposures to antigens. Therefore, distinct populations of
lymphocytes (naive, effector, memory) are always
present in various sites throughout the body, and these
populations can be distinguished by several functional
and phenotypic criteria (Table 3-3). The details of lym-
phocyte activation and differentiation, as well as the
functions of each of these populations, will be addressed
later in this book. Here we will summarize the pheno-
typic characteristics of each population.

Naive Lymphocytes. Naive lymphocytes are mature T
or B cell emigrants from generative lymphoid organs
that have never encountered foreign antigen. They will
die after 1 to 3 months if they do not recognize antigens.
Naive and memory lymphocytes, discussed below, are
both called resting lymphocytes, because they are not
actively dividing, nor are they performing effector func-
tions. Naive (and memory) B and T lymphocytes cannot
be readily distinguished morphologically, and are both
often called small lymphocytes when observed in blood
smears or by flow cytometry (see Appendix II). A small
lymphocyte is 8 to 10 um in diameter and has a large
nucleus with dense heterochromatin and a thin rim of
cytoplasm that contains a few mitochondria, ribosomes,
and lysosomes, but no visible specialized organelles (Fig.
3-4). Before antigenic stimulation, naive lymphocytes
are in a state of rest, or in the G, stage of the cell cycle.
In response to stimulation, they enter the G, stage of the
cell cycle before going on to divide. Activated lympho-
cytes are larger (10 to 12 um in diameter), have more
cytoplasm and organelles and increased amounts of
cytoplasmic RNA, and are called large lymphocytes, or
lymphoblasts (see Fig. 3—4).

The survival of naive lymphocytes depends on
engagement of antigen receptors, presumably by self
antigens, and on cytokines. It is postulated that naive lym-
phocytes recognize various self antigens “weakly”—enough
to generate survival signals, but without triggering the
stronger signals that are needed to initiate clonal expansion
and differentiation into effector cells.

The need for antigen receptor expression to maintain
the pool of naive lymphocytes in peripheral lymphoid
organs has been demonstrated by studies in mice in
which the immunoglobulin (Ig) genes that encode the
antigen receptors of B cells were knocked out after the
B cells had matured, or the antigen receptors of T cells
were knocked out in mature T cells. (The method
used is called the cre-lox technique and is described
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Table 3-3. Characteristics of Naive, Effector, and Memory Lymphocytes

Naive Activated or effector | Memory
lymphocytes lymphocytes lymphocytes
T lymphocytes
Migration Preferentially to Preferentially to Preferentially to inflamed
peripheral lymphoid tissues| inflamed tissues tissues, mucosal tissues
Frequency of cells responsive | very low High Low
to particular antigen
Effector functions None Cytokine secretion; None
cytotoxic activity
Cell cycling No Yes +/—
Surface protein ex
High-affinity IL-2 Low High Low
Peripheral lymph High Low Low or variable
homing receptor
(L-selectin, CD62L)
Adhesion molecules: Low High High
integrins, CD44
Chemokine receptor: CCR7 | High Low Variable
Major CD45 isoform CD45RA | CD45RO CD45RO; variable
(humans only) |
Morphology , Small; scant cytoplasm ‘ Large; more cytoplasm Small
B lymphocytes
Membrane immunoglobulin IgM and IgD Frequently IgG, IgA, IgE | Frequently IgG, IgA, IgE
(lg) isotype
Affinity of Ig pfdduced Relatively low Increases during Relatively high
immune response
Effector function None Antibody secretion None
Morphology Small; scant cytoplasm Large; more cytoplasm; Small
some are plasma cells
Chemokine receptor: CXCR5 | High Low g
SR Low High High

Abbreviations: IL-2, interleukin-2 |

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

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

If naive lymphocytes are transferred into a mouse
that does not have any lymphocytes of its own, the
transferred lymphocytes begin to proliferate and
increase in number until they reach roughly the
numbers of lymphocytes in normal mice. This
process is called homeostatic proliferation because
it serves to maintain homeostasis (a steady state of
cell numbers) in the immune system. This prolifera-
tion of naive lymphocytes in the absence of overt
exposure to antigen is triggered by the recognition of
self antigens.




FIGURE 3-4 Morphology of
lymphocytes. A Light micrograph
of a lymphocyte in a peripheral
blood smear. B. Electron micro-
graph of a small lymphocyte
{Courtesy of Dr. Noel Weidner,
Department of Pathology, Univer-
sity of California, San Diego)
C. Electron micrograph of a large
lymphocyte (lymphoblast). {(From
Fawcett DW. Bloom & Fawcett's
Textbook of Histology, 12th ed
Chapman & Hall, 1994. With kind
permission of Springer Science
and Business Media )

Secreted proteins called cytokines are also essential
for the survival of naive lymphocytes, and naive T and B
cells constitutively express receptors for these cytokines.
Among these cytokines are interleukin-7 (IL-7), which
promotes survival and, perhaps, low-level cycling of
naive T cells, and B cell activating factor (BAFF), which
is required for naive B cell survival. Naive lymphocytes
also express surface proteins that are involved in direct-
ing migration into lymph nodes, as we will discuss in
detail later in this chapter.

Effector Cells. After naive lymphocytes are activated,
they become larger and proliferate, and are called lym-
phoblasts. Some of these cells differentiate into effector
lymphocytes have the ability to produce molecules
capable of eliminating foreign antigens; effector lym-
phocytes include helper T cells, CTLs, and antibody-
secreting B cells. Helper T cells, which are usually CD4",
express surface molecules such as CD40 ligand (CD154)
and secrete cytokines that interact with macrophages
and B lymphocytes, leading to their activation. Differen-
tiated CTLs contain cytoplasmic granules containing
proteins that kill virus-infected and tumor cells. Both
CD4" and CDB8" effector T cells usually express surface
proteins indicative of recent activation, including CD25
(a component of the receptor for the T cell growth factor
IL-2), and class II major histocompatability complex
(MHC) molecules (in humans, but not mice). A subset of
CD4* T cells called regulatory T cells, which are distinct
from and suppress effector T cells, constitutively express
CD25 (discussed in Chapter 11). The majority of differ-
entiated effector T lymphocytes are short lived and not
self-renewing.

Many antibody-secreting B cells are morphologically
identifiable as plasma cells. They have characteristic
nuclei, abundant cytoplasm containing dense, rough
endoplasmic reticulum that is the site where antibodies
(and other secreted and membrane proteins) are synthe-
sized, and distinct perinuclear Golgi complexes where
antibody molecules are converted to their final forms
and packaged for secretion (Fig. 3-5). It is estimated
that half or more of the messenger RNA in plasma
cells codes for antibody proteins. Plasma cells develop
in lymphoid organs and at sites of immune responses
and often migrate to the bone marrow, where some
of them may survive for long periods after the
immune response is induced and even after the antigen
is eliminated.

Chapter 3— CELLS AND TISSUES OF THE ADAPTIVE IMMUNE SYSTEM

Memory Cells. Memory cells may survive in a function-
ally quiescent or slowly cycling state for many years after
the antigen is eliminated. They can be identified by their
expression of surface proteins that distinguish them
from naive and recently activated effector lymphocytes,
although it is still not clear which of these surface pro-
teins are definitive markers of memory populations (see
Table 3-3). Memory B lymphocytes express certain
classes (isotypes) of membrane Ig, such as IgG, IgE, or
IgA, as a result of isotype switching, whereas naive B cells
express only IgM and IgD (see Chapters 4 and 10). In
humans, CD27 expression is a good marker for memory
B cells. Memory T cells, like naive but not effector T cells,
express high levels of IL-7 receptors. Memory T cells also
express surface molecules that promote their migration
into sites of infection anywhere in the body (discussed
later in the chapter). In humans, most naive T cells
express a 200-kD isoform of a surface molecule called
CD45 that contains a segment encoded by an exon des-
ignated A. This CD45 isoform can be recognized by anti-
bodies specific for the A-encoded segment and is
therefore called CD45RA (for “restricted A”). In contrast,
most activated and memory T cells express a 180-kD
isoform of CD45 in which the A exon RNA has been
spliced out; this isoform is called CD45RO. However, this
way of distinguishing naive from memory T cells is not
perfect, and interconversion between CD45RA" and
CD45R0O" populations has been documented. Memory T

Rough endoplasmic
reticulum

Mitochondrion Golgi complex

v 0

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

Antigen-Presenting Cells

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

Dendritic Cells

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

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

Mononuclear Phagocytes

Mononuclear phagocytes function as APCs in T
cell-mediated adaptive immune responses. We intro-
duced mononuclear phagocytes (monocytes and
macrophages) in the context of innate immune
responses in Chapter 2. Macrophages containing
ingested microbes display microbial antigens to differ-
entiated effector T cells. The effector T cells then activate
the macrophages to kill the microbes. This process is a
major mechanism of cell-mediated immunity against
intracellular microbes (see Chapter 13).

Mononuclear phagocytes are also important effector
cells in both innate and adaptive immunity. Their effec-
tor functions in innate immunity are to phagocytose
microbes and to produce cytokines that recruit and
activate other inflaimmatory cells (see Chapter 2).
Macrophages serve numerous roles in the effector
phases of adaptive immune responses. As mentioned
above, in cell-mediated immunity, antigen-stimulated T
cells activate macrophages to destroy phagocytosed
microbes. In humoral immunity, antibodies coat, or
opsonize, microbes and promote the phagocytosis of the
microbes through macrophage surface receptors for
antibodies (see Chapter 14).

Follicular Dendritic Cells (FDC)

FDCs are cells with membranous projections, which are
present intermingled in specialized collections of acti-
vated B cells, called germinal centers, found in the lym-
phoid follicles of the lymph nodes, spleen, and mucosal
lymphoid tissues. FDCs are not derived from precursors
in the bone marrow and are unrelated to the dendritic
cells that present antigens to T lymphocytes. FDCs trap
antigens complexed to antibodies or complement prod-
ucts and display these antigens on their surfaces for
recognition by B lymphocytes. This is important for the
selection of activated B lymphocytes whose antigen
receptors bind the displayed antigens with high affinity
(see Chapter 10).

ANATOMY AND FUNCTIONS OF
LymPHOID TISSUES

To optimize the cellular interactions necessary for the
recognition and activation phases of specific immune
responses, lymphocytes and APCs are localized and con-
centrated in anatomically defined tissues or organs,
which are also the sites where foreign antigens are trans-
ported and concentrated. Such anatomic compartmen-
talization is not fixed because, as we will discuss later
in this chapter, many lymphocytes recirculate and
constantly exchange between the circulation and the
tissues.

Lymphoid tissues are classified as generative organs,
also called primary lymphoid organs, where lympho-



cytes first express antigen receptors and attain pheno-
typic and functional maturity, and as peripheral
organs, also called secondary lymphoid organs, where
lymphocyte responses to foreign antigens are initiated
and develop (see Fig. 3-2). Included in the generative
lymphoid organs of adult mammals are the bone
marrow, where all the lymphocytes arise and B cells
mature, and the thymus, where T cells mature and reach
a stage of functional competence. The peripheral
lymphoid organs and tissues include the lymph
nodes, spleen, cutaneous immune system, and
mucosal immune system. In addition, poorly defined
aggregates of lymphocytes are found in connective
tissue and in virtually all organs except the central
nervous system.

Bone Marrow

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

Common
myeloid
progenitor

Erythroid CFU Meégl_(;}'%cyte Baso|

Erythrocytes Platelets

Chapter 3 — CELLS AND TISSUES OF THE ADAPTIVE IMMUNE SYSTEM

sponge-like reticular framework located between long
trabeculae. The spaces in this framework are filled with
fat cells, stromal fibroblasts, and precursors of blood
cells. These precursors mature and exit through the
dense network of vascular sinuses to enter the vascular
circulation. When the bone marrow is injured or when
an exceptional demand for production of new blood
cells occurs, the liver and spleen can be recruited as sites
of extramedullary hematopoiesis.

All the blood cells originate from a common
hematopoietic stem cell that becomes committed to
differentiate along particular lineages (i.e., erythroid,
megakaryocytic, granulocytic, monocytic, and lympho-
cytic) (see Fig. 3-6). Stem cells lack the markers of dif-
ferentiated blood cells and instead express two proteins
called CD34 and stem cell antigen-1 (Sca-1). These
markers are used to identify and enrich stem cells from
suspensions of bone marrow or peripheral blood cells
for transplantation to reconstitute the hematopoietic
system. The proliferation and maturation of precursor
cells in the bone marrow are stimulated by cytokines.
Many of these cytokines are called colony-stimulating
factors because they were originally assayed by their
ability to stimulate the growth and development of
various leukocytic or erythroid colonies from marrow
cells. These molecules are discussed in Chapter 12.
Hematopoietic cytokines are produced by stromal cells
and macrophages in the bone marrow, thus providing
the local environment for hematopoiesis. They are also
produced by antigen-stimulated T lymphocytes and
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FIGURE 3-6 Hematopoiesis. The development of the different lineages of blood cells is depicted in this “hematopoietic tree.” The roles
of cytokines in hematopoiesis are illustrated in Chapter 12, Figure 12-15. CFU, colony-forming unit
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cytokine-activated or microbe-activated macrophages,
providing a mechanism for replenishing leukocytes that
may be consumed during immune and inflammatory
reactions.

In addition to self-renewing stem cells and their dif-
ferentiating progeny, the marrow contains numerous
antibody-secreting plasma cells. These plasma cells are
generated in peripheral lymphoid tissues as a conse-
quence of antigenic stimulation of B cells and then
migrate to the marrow, where they may live and con-
tinue to produce antibodies for many years. Some long-
lived memory T lymphocytes also migrate to and may
reside in the bone marrow.

Thymus

The thymus is the site of T cell maturation. The thymus
is a bilobed organ situated in the anterior mediastinum.
Each lobe is divided into multiple lobules by fibrous
septa, and each lobule consists of an outer cortex and an
inner medulla (Fig. 3-7). The cortex contains a dense
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FIGURE 3-7 Morphology of the thymus. A. Light micrograph of a
lobe of the thymus showing the cortex and medulla. The blue-
stained cells are developing T cells called thymocytes. (Courtesy of
Dr. James Gulizia, Department of Pathology, Brigham and Women's
Hospital, Boston.) B. Schematic diagram of the thymus illustrat-
ing a portion of a lobe divided into multiple lobules by fibrous
trabeculae.

collection of T lymphocytes, and the lighter-staining
medulla is more sparsely populated with lymphocytes.
Scattered throughout the thymus are nonlymphoid
epithelial cells, which have abundant cytoplasm, as well
as bone marrow—derived macrophages and dendritic
cells. In the medulla are structures called Hassall’s cor-
puscles, which are composed of tightly packed whorls of
epithelial cells that may be remnants of degenerating
cells. The thymus has a rich vascular supply and efferent
lymphatic vessels that drain into mediastinal lymph
nodes. The thymus is derived from invaginations of the
ectoderm in the developing neck and chest of the
embryo, forming structures called branchial clefts.
Humans with DiGeorge syndrome suffer from T cell defi-
ciency because of mutations in genes required for
thymus development. In the “nude” mouse strain, which
has been widely used in immunology research, a muta-
tion in the gene encoding a transcription factor causes a
failure of differentiation of certain types of epithelial
cells that are required for normal development of the
thymus and hair follicles. Consequently, these mice lack
T cells and hair (see Chapter 20).

The lymphocytes in the thymus, also called thymo-
cytes, are T lymphocytes at various stages of maturation.
In general, the most immature cells of the T cell lineage
enter the thymic cortex through the blood vessels. Mat-
uration begins in the cortex, and as thymocytes mature,
they migrate toward the medulla, so that the medulla
contains mostly mature T cells. Only mature T cells exit
the thymus and enter the blood and peripheral lym-
phoid tissues. The details of thymocyte maturation are
described in Chapter 8.

Lymph Nodes and the Lymphatic System

Antigens are transported to lymph nodes mainly in
lymphatic vessels. The skin, epithelia, and parenchymal
organs contain numerous lymphatic capillaries that
absorb and drain fluid from spaces between tissue cells
(made of plasma filtrate) (Fig. 3-8). The absorbed inter-
stitial fluid, called lymph, flows through the lymphatic
capillaries into convergent, ever larger lymphatic
vessels. These vessels merge into afferent lymph vessels
that drain into the subcapsular sinuses of lymph nodes.
Lymphatic vessels that carry lymph into a lymph node
are referred to as afferent, and vessels that drain the
lymph from the node are called efferent. Because lymph
nodes are connected in series along the lymphatics, an
efferent lymphatic exiting one node may serve as the
afferent vessel for another. The efferent lymph vessel at
the end of a lymph node chain joins other lymph vessels,
eventually culminating into one large lymphatic vessel
called the thoracic duct. Lymph from the thoracic duct
is emptied into the superior vena cava, thus returning
the fluid to the blood stream. About 2 L of lymph are nor-
mally returned to the circulation each day, and disrup-
tion of the lymphatic system may lead to rapid tissue
swelling.

The function of collecting antigens from their portals
of entry and delivering them to lymph nodes is per-
formed largely by the lymphatic system. Microbes enter
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FIGURE 3-8 The Ilymphatic system. The major lymphatic
vessels and collections of lymph nodes are illustrated. Antigens are
captured from a site of infection, and the draining lymph node to
which these antigens are transported and where the immune
response is initiated

the body most often through the skin and the gastroin-
testinal and respiratory tracts. All these tissues are lined
by epithelia that contain dendritic cells, and all are
drained by lymphatic vessels. The dendritic cells capture
some microbial antigens and enter lymphatic vessels.
Other antigens enter the lympbhatics in cell-free form. In
addition, soluble inflammatory mediators, such as
chemokines, produced at sites of infection enter the
lymphatics. The lymph nodes are interposed along lym-
phatic vessels and act as filters that sample the lymph
before it reaches the blood. In this way, antigens cap-
tured from the portals of entry are transported to lymph
nodes, and molecular signals of inflammation are also
delivered to the draining lymph nodes.

Lymph enters a lymph node via an afferent lymphatic
vessel into the subcapsular sinus, and tissue-derived
dendritic cells within the lymph then leave the sinus and
enter the paracortex. In this new location, the dendritic
cells can present antigens derived from the tissue to
naive T cells and initiate adaptive immune responses
(see Chapter 6). The mechanisms by which the dendritic
cells gain access to the paracortex are not well under-
stood. Some of the lymph from the subcapsular sinus
is channeled through specialized conduits that run
through the paracortical T cell zone toward specialized
vessels called high endothelial venules (HEV) (see
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Fig. 3-9B). These conduits are organized around colla-
gen-containing reticular fibers and are delimited by
basement membrane-like matrix molecules and a
sheath of specialized cells called fibroblastic reticular
cells. Dendritic cells that are resident in the lymph node
are also closely associated with the conduits. The
conduit system serves several functions. It provides a
direct route for delivery of lymph-borne chemokines
that are produced in inflamed tissues, such as CCL2,
to the HEV, where they contribute to the regulation
of leukocyte recruitment into the lymph node. The
specialized lining of the conduit serves as a selective
filtration barrier, allowing only some molecules of
particular size or chemical properties to enter the T cell
zones of the node. The resident dendritic cells lining
the conduits sample cell-free protein antigens trans-
ported through the conduits, so that these antigens may
be processed and presented to T cells in the adjacent
paracortex.

Adaptive immune responses 1o antigens that enter
through epithelia or are found in tissues are initiated in
lymph nodes. Lymph nodes are small nodular organs sit-
uated along lymphatic channels throughout the body. A
lymph node consists of an outer cortex and an inner
medulla. As described earlier, each lymph node is sur-
rounded by a fibrous capsule that is pierced by numer-
ous afferent lymphatics, which empty the lymph into a
subcapsular or marginal sinus (Fig. 3-9). The lymph per-
colates through the cortex into the medullary sinus and
leaves the node through the efferent lymphatic vessel in
the hilum. Beneath the subcapsular sinus, the outer
cortex contains aggregates of cells called follicles. Some
follicles contain central areas called germinal centers,
which stain lightly with commonly used histologic
stains. Follicles without germinal centers are called
primary follicles, and those with germinal centers are
secondary follicles. The cortex around the follicles is
called the parafollicular cortex or paracortex, and is
organized into cords, which are regions containing retic-
ular fibers, lymphocytes, dendritic cells, and mononu-
clear phagocytes, arranged around lymphatic and
vascular sinusoids. Lymphocytes and APCs in these
cords are often found near one another, but there is sig-
nificant movement of these cells relative to one another.
Internal to the cortex is the medulla, consisting of
medullary cords separated by a labyrinthine arrange-
ment of sinuses that drain into fibroblastic reticular cell
conduits, and eventually into a main medullary sinus.
These medullary cords are populated by macrophages
and plasma cells. Blood is delivered to a lymph node by
an artery that enters through the hilum and branches
into capillaries in the outer cortex, and it leaves the node
by a single vein that exits through the hilum.

Different classes of lymphocytes are sequestered in
distinct regions of the cortex of lymph nodes (Fig. 3-10).
Follicles are the B cell zones of lymph nodes. Primary
follicles contain mostly mature, naive B lymphocytes.
Germinal centers develop in response to antigenic stim-
ulation. They are sites of remarkable B cell proliferation,
selection of B cells producing high-affinity antibodies,
and generation of memory B cells. The processes of
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FDCs interdigitate to form a dense reticular network in
the germinal centers. The T lymphocytes are located
mainly beneath and more centrally to the follicles, in the
paracortical cords. Most (~70%) of these T cells are CD4*
helper T cells, intermingled with relatively sparse CD8*
cells. These proportions can change dramatically during
the course of an infection. For example, during a viral
infection, there may be a marked increase in CD8* T
cells. Dendritic cells are also concentrated in the para-
cortex of the lymph nodes.

The anatomic segregation of different classes of lym-
phocytes in distinct areas of the node is dependent on
cytokines (see Fig. 3-10). Naive T and B lymphocytes
enter the node through an artery. These cells leave the
circulation and enter the stroma of the node through
specialized vessels called high endothelial venules
(HEVs, described in more detail later), which are located
in the center of the cortical cords. The naive T cells
express a receptor called CCR?7 that binds the CCL19 and
CCL21 chemokines produced in the T cell zones of the
lymph node. Chemokines (chemoattractant cytokines)
include a large family of 8- to 10-kDa proteins that are
involved in a wide variety of cell motility functions in
development, maintenance of tissue architecture, and
immune and inflammatory responses. Chemokines
exert their biologic effects by binding to chemokine
receptors, which are cell surface, G protein-linked
receptors that are linked to various signal transduction
pathways. The general properties of chemokines and
chemokine receptors are discussed in detail in Chapter
12. CCL 19 and CCL21 attract the naive T cells into the T
cell zone. Dendritic cells also express CCR7, and this is
why they migrate to the same area of the node as do
naive T cells (see Chapter 6). Naive B cells express
another chemokine receptor, CXCR5, which recognizes
a chemokine CXCL13 produced only in follicles. Thus,
B cells are attracted into the follicles, which are the B
cell zones of lymph nodes. Another cytokine, called
lymphotoxin, plays a role in stimulating CXCL13
production, especially in the follicles. The functions of
various cytokines in directing the movement of lympho-
cytes in lymphoid organs and in the formation of these
organs have been established by numerous studies in
mice.

Knockout mice lacking the membrane form of the
cytokine lymphotoxin (LTB) or the LT receptor show

FIGURE 3-8 Morphology of a lymph node. A. Schematic diagram
of a lymph node illustrating the T cell—rich and B cell—rich zones
and the routes of entry of lymphocytes and antigen (shown captured
by a dendritic cell). B. Schematic of the microanatomy of a lymph
node depicting the route of lymph drainage from the subcapsular
sinus, through fibroreticular cell conduits, to the perivenular channel
around the HEV. C. Light micrograph of a lymph node illustrating
the T cell and B cell zones. (Courtesy of Dr. James Gulizia,
Department of Pathology, Brigham and Women's Hospital, Boston,
Massachusetts )
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FIGURE 3-10 Segregation of B cells and T cells in a lymph node.
A The schematic diagram illustrates the path by which naive T and
B lymphocytes migrate to different areas of a lymph node. The lym-
phocytes enter through an artery and reach an HEV, shown in cross-
section, from where naive lymphocytes are drawn to different areas
of the node by chemokines that are produced in these areas and
bind selectively to either cell type. Also shown is the migration of
dendritic cells, which pick up antigens from the sites of antigen
entry, enter through afferent lymphatic vessels, and migrate to the
T cell-rich areas of the node B In this section of a lymph node, the
B lymphocytes, located in the follicles, are stained green; the T cells,
in the parafollicular cortex, are red The method used to stain these
cells is called immunofluorescence (see Appendix |l for detalils).
(Courtesy of Drs Kathryn Pape and Jennifer Walter, University of
Minnesota School of Medicine, Minneapolis) The anatomic segre-
gation of T and B cells is also seen in the spleen (see Fig. 3-11}

absence of peripheral lymph nodes and a marked dis-
organization of the architecture of the spleen, with
loss of the segregation of B and T cells.

Overexpression of lymphotoxin or tumor necrosis
factor (TNF) in an organ, either as a transgene in
experimental animals or in response to chronic
inflammation in humans, can lead to the formation
in that organ of lymph node-like structures that
contain B cell follicles with FDCs and interfollicular T
cell-rich areas containing mature dendritic cells.
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CXCR5 knockout mice lack B cell zones in lymph
nodes and spleen. Similarly, CCR7 knockout mice
lack T cell zones.

The anatomic segregation of T and B cells ensures
that each lymphocyte population is in close contact with
the appropriate APCs (i.e., T cells with dendritic cells and
B cells with FDCs). Furthermore, because of this precise
segregation, B and T lymphocyte populations are kept
apart until it is time for them to interact in a functional
way. As we will see in Chapter 10, after stimulation by
antigens, T and B cells lose their anatomic constraints
and begin to migrate toward one another. Activated T
cells may either migrate toward follicles to help B cells
or exit the node and enter the circulation, whereas acti-
vated B cells migrate into germinal centers and, follow-
ing differentiation into plasma cells, they may home to
the bone marrow.

Spleen

The spleen is the major site of immune responses to
blood-borne antigens. The spleen, an organ weighing
about 150g in adults, is located in the left upper quad-
rant of the abdomen. It is supplied by a single splenic
artery, which pierces the capsule at the hilum and
divides into progressively smaller branches that remain
surrounded by protective and supporting fibrous tra-
beculae (Fig. 3-11). The lymphocyte-rich regions of the
spleen, called the white pulp, are organized around
branches of these arteries, called central arteries. The
architecture of the white pulp is analogous to the organ-
ization of lymph nodes, with segregated T cell and B cell
zones. In mouse spleen, the central arteries are sur-
rounded by cuffs of lymphocytes, most of which are T
cells. Because of their anatomic location, morphologists
call these areas periarteriolar lymphoid sheaths. Several
smaller branches of each central arteriole pass through
the periarteriolar lymphoid sheaths and drain into a vas-
cular sinus known as the marginal sinus. B cell-rich fol-
licles occupy the space between the marginal sinus and
the periarteriolar sheath. Outside the marginal sinus is a
distinct region called the marginal zone, which forms
the outer boundary of the white pulp and is populated
by B cells and specialized macrophages. The B cells in
the marginal zone are functionaily distinct from follicu-
lar B cells and are known as marginal zone B cells. The
architecture of the white pulp is more complex in
humans than in mice, with both inner and outer mar-

ginal zones, and a perifollicular zone. The segregation of

T lymphocytes in the periarteriolar lymphoid sheaths,

and B cells in follicles and marginal zones, is a highly

regulated process, dependent on the production of dif-
ferent cytokines and chemokines by the stromal cells in
these different areas, analogous to the case for lymph
nodes. The chemokine CXCL13 and its receptor CXCR5
are required for B cell migration into the follicles, and
CCL19 and CCL21 and their receptor CCR7 are required
for naive T cell migration into the periarteriolar sheath.
The production of these chemokines by non-lymphoid
stromal cells is stimulated by the cytokine lymphotoxin.
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FIGURE 3-11 Morphology of the spleen. A. Schematic diagram

of the spleen illustrating T cell and B cell z which make up the
white pulp. B otomictograph of a tion of human splee

showing & trabecular artery with adjacent periarteriolar lyrmphoid
sheath and a lymphoid follicle with a germinal center Surrounding

these areas is the red pulp, rich in vascular sinusoids. C. Immuno-
histochemical demonstration of T cell and B cell zones in the spleen,
shown in a cross-section of the region around an arteriole. T cells
in the periarteriolar lymphoid sheath are stained red, and B cells
in the follicle are stained green. (Courtesy of Drs. Kathryn Pape
and Jennifer Walter, University of Minnesota Schoo! of Medicine,
Minneapolis, Minnesota.)

The function of the white pulp is to promote adaptive
immune responses to blood-borne antigens. These anti-
gens are delivered into the marginal sinus by circulating
dendritic cells, or are sampled by the macrophages in
the marginal zone. The anatomic arrangements of the

APCs, B cells, and T cells promotes the interactions
required for the efficient development of humoral
immune responses, as will be discussed in Chapter 10.

The spleen is also an important filter for the blood.
Some of the arteriolar branches of the splenic artery ulti-
mately end in extensive vascular sinusoids, distinct from
the marginal sinuses, scattered among which are large
numbers of erythrocytes, macrophages, dendritic cells,
sparse lymphocytes, and plasma cells; these constitute
the red pulp. The sinusoids end in venules that drain
into the splenic vein, which carries blood out of the
spleen and into the portal circulation. Red pulp
macrophages clear the blood of microbes, and of
damaged red blood cells. The spleen is the major site for
the phagocytosis of antibody-coated (opsonized)
microbes. Individuals lacking a spleen are highly sus-
ceptible to infections with encapsulated bacteria such as
pneumococci and meningococci because such organ-
isms are normally cleared by opsonization and phago-
cytosis, and this function is defective in the absence of
the spleen.

Cutanecus Immune System

The skin contains a specialized cutaneous immune
system consisting of lymphocytes and APCs. The skin is
the largest organ in the body and is an important phys-
ical barrier between an organism and its external envi-
ronment. In addition, the skin is an active participant in
host defense, with the ability to generate and support
local immune and inflammatory reactions. Many
foreign antigens gain entry into the body through the
skin, and this tissue is the site of many immune
responses.

The principal cell populations within the epidermis
are keratinocytes, melanocytes, epidermal Langerhans
cells, and intraepithelial T cells (Fig. 3-12). Keratinocytes
produce several cytokines that may contribute to innate
immune reactions and cutaneous inflammation.
Langerhans cells, located in the suprabasal portion of
the epidermis, are the immature dendritic cells of the
cutaneous immune system. Langerhans cells form an
almost continuous meshwork that enables them to
capture antigens that enter through the skin. When
Langerhans cells encounter microbes, they are activated
by engagement of Toll-like receptors (Chapter 2). The
cells lose their adhesiveness for the epidermis, enter
lymphatic vessels, begin to express the CCR7 chemokine
receptor, and migrate to the T cell zones of draining
lymph nodes in response to chemokines produced in
that location. The Langerhans cells also mature into effi-
cient APCs. This process is described in more detail in
Chapter 6.

Intraepidermal lymphocytes constitute only about
2% of skin-associated lymphocytes (the rest reside in the
dermis), and the majority are CD8" T cells. Intraepider-
mal T cells may express a more restricted set of antigen
receptors than do T lymphocytes in most extracuta-
neous tissues. In mice (and some other species), many
intraepidermal lymphocytes are T cells that express an
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FIGURE 3-12 Cellular components of the cutaneous immune
system. The major components of the cutaneous immune system
shown in this schematic diagram include keratinocytes, Langerhans
cells, and intraepidermal lymphocytes, all located in the epidermis,
and T lymphocytes and macrophages, located in the dermis.

uncommon type of T cell antigen receptor (TCR) formed
by v and 8 chains instead of the usual o and p chains of
the antigen receptors of CD4' and CD8" T cells (see
Chapter 7). As we shall discuss shortly, this is also true of
intraepithelial lymphocytes in the intestine, raising the
possibility that v8 T cells, at least in some species, may
be uniquely committed to recognizing microbes that are
commonly encountered at epithelial surfaces. However,
neither the specificity nor the function of this T cell sub-
population is clearly defined.

The dermis, which is composed of connective tissue,
contains T lymphocytes (both CD4* and CD8" cells), pre-
dominantly in a perivascular location, and scattered
macrophages. This is essentially similar to connective
tissues in other organs. The T cells usually express phe-
notypic markers typical of activated or memory cells. It
is not clear whether these cells reside permanently
within the dermis or are merely in transit between blood
and lymphatic capillaries as part of memory T cell recir-
culation (described later).

Mucosal Immune System

The mucosal surfaces of the gastrointestinal and respi-
ratory tracts are colonized by lymphocytes and APCs
that are involved in immune responses to ingested and
inhaled antigens. Like the skin, these mucosal epithelia
are barriers between the internal and external environ-
ments and are therefore an important site of entry of
microbes. Much of our knowledge of mucosal immunity
is based on studies of the gastrointestinal tract, and this
is emphasized in the discussion that follows. In com-
parison, little is known about immune responses in the
respiratory mucosa, even though the airways are a major
portal of antigen entry. It is likely, however, that the fea-
tures of immune responses are similar in all mucosal
lymphoid tissues.
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In the mucosa of the gastrointestinal tract, lympho-
cytes are found in large numbers in three main regions:
within the epithelial layer, scattered throughout the
lamina propria, and in organized collections in the
lamina propria, including Peyer’s patches (Fig. 3-13).
Cells at each site have distinct phenotypic and func-
tional characteristics. The majority of intraepithelial
lymphocytes are T cells. In humans, most of these are
CD8"* cells. In mice, about 50% of intraepithelial lym-
phocytes express the 3 form of the TCR, similar to
intraepidermal lymphocytes in the skin. In humans, only
about 10% of intraepithelial lymphocytes are 5 cells, but
this proportion is still higher than the proportions of y5
cells found among T cells in other tissues. Both the of
and the 5 TCR-expressing intraepithelial lymphocytes
show limited diversity of antigen receptors. All these
findings support the idea that mucosal intraepithelial
lymphocytes have a limited range of specificity, distinct
from that of most T cells and this restricted repertoire
may have evolved to recognize commonly encountered
intraluminal antigens.

The intestinal lamina propria contains a mixed pop-
ulation of cells. These include T lymphocytes, most of
which are CD4* and have the phenotype of activated
cells. Tt is likely that T cells initially recognize and
respond to antigens in mesenteric lymph nodes drain-
ing the intestine and migrate back to the intestine to
populate the lamina propria. This is similar to the pos-
tulated origin of T cells in the dermis of the skin. The
lamina propria also contains large numbers of activated
B lymphocytes and plasma cells as well as macrophages,
dendritic cells, eosinophils, and mast cells.

In addition to scattered lymphocytes, the mucosal
immune system contains organized lymphoid tissues,
the most prominent of which are the Peyer’s patches of
the small intestine. Like lymphoid follicles in the spleen
and lymph nodes, the central regions of these mucosal
follicles are B cell-rich areas that often contain germinal
centers. Peyer’s patches also contain small numbers of
CDA4" T cells, mainly in the interfollicular regions. In adult
mice, 50% to 70% of Peyer’s patch lymphocytes are B
cells, and 10% to 30% are T cells. Some of the epithelial
cells overlying Peyer’s patches are specialized M (mem-
branous) cells. M cells lack microvilli, are actively
pinocytic, and transport macromolecules from the intes-
tinal lumen into subepithelial tissue by a mechanism of
transepithelial transport known as transcytosis. They are
thought to play an important role in delivering antigens
to Peyer’s patches. Follicles similar to Peyer’s patches are
abundant in the appendix and are found in smaller
numbers in much of the gastrointestinal and respiratory
tracts. Pharyngeal tonsils are also mucosal lymphoid fol-
licles analogous to Peyer’s patches. Because of the vast
size of the mucosal tissues, a large portion of the body’s
lymphocytes are normally present in these tissues.

Immune responses to oral antigens differ in some
fundamental respects from responses to antigens
encountered at other sites. The two most striking differ-
ences are the high levels of IgA antibody production
associated with mucosal tissues (see Chapter 14) and the
tendency of oral immunization with protein antigens
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to induce T cell tolerance rather than activation (see
Chapter 11).

PATHWAYS AND MECHANISMS OF
LYMPHOCYTE RECIRCULATION AND HOMING

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

Intestinal
lumen
M cell
Intraepithelial Mucosal
lymphocytes epithelium
Crypt Peyer's
patch L
3
1 L
;fg?r'f;;é‘c Follicle—" 4 s
Y %\&Q{ i |’ =
el \\\J Afferent -_8‘
N o N W lymphatic| | &
S —— to mesenteric \Y¢
lymph node N/
\ |
{ Y,
,‘\fi;_ =
XY FIGURE 3-13 The mucosal
3 Mucosal immune system. A Schematic
epithelium diagram of the celiular compo-
Lamina nents of the mucosal immune
propria system in the intestine. B. Photo-
micrograph of mucosal lymphoid
, tissue in the human intestine.
Peyer's patch Similar aggregates of lymphoid
tissue are found throughout the
gastrointestinal tract and the res-
piratory tract

migrate into sites of infection and/or inflammation in
peripheral (nonlymphoid) tissues. Some effector lym-
phocyte subsets will preferentially migrate into a partic-
ular tissue, such as skin or gut. The process by which
particular populations of lymphocytes selectively enter
lymph nodes or some tissues but not others is called
lymphocyte homing. The existence of different homing
patterns ensures that different subsets of lymphocytes
are delivered to the tissue microenvironments where
they are required for adaptive immune responses and
not, wastefully, to places where they would serve no
purpose. In the following section, we describe the mech-
anisms and pathways of lymphocyte recirculation and
homing. Our discussion emphasizes T cells because
much more is known about their movement through
tissues than is known about B cell recirculation.

The mechanisms of lymphocyte migration out of
blood vessels into the extravascular sites in lymph nodes
or peripheral tissues are fundamentally similar to the
mechanisms of migration of other leukocytes into
inflammatory sites, described in Chapter 2. The
adhesion molecules involved include selectins, inte-
grins, and members of the Ig superfamily. The adhesion
molecules expressed on lymphocytes are often called
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cells preferentially leave the blood and enter lymph nodes across the

HEVs Dendritic cells bearing antigen enter the lymph node through lymphatic vessels. If the T cells recognize antigen, they are activated,
and they return to the circulation through the efferent lymphatics and the thoracic duct, which empties into the superior vena cava, then
into the heart, and ultimately into the arterial circulation. Effector and memory T cells preferentially leave the blood and enter peripheral
tissues through venules at sites of inflammation. Recirculation through peripheral lymphoid organs other than lymph nodes is not shown

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

Recirculation of Naive T Lymphocytes
Between Blood and Secondary
Lymphoid Organs

Specific homing of naive T cells to lymph nodes and
mucosal lymphoid tissues occurs through specialized
postcapillary venules and involves several different
adhesion molecules and chemokines. The homing mech-
anisms are very efficient, resulting in a net flux of lym-
phocytes through lymph nodes of up to 25 x 10° cells each
day (i.e., each lymphocyte goes through a node once a
day on the average). Peripheral tissue inflammation
causes a significant increase in T cell influx into lymph
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nodes draining the site of inflammation, while egress of
the T cells into efferent lymphatics is transientty reduced.
The mechanism of this transient retention involves
innate immune system cytokines interferon-co. and -B,
which inhibit the function of sphingosine 1-phosphate
receptor-1 (S1P1), described later. The net result is a
rapid increase in the number of naive T cells that are
retained in a lymph node draining a site of infection or
inflammation. Antigens are concentrated in the second-
ary lymphoid organs, including lymph nodes, mucosal
lymphoid tissues, and spleen, where they are presented
by mature dendritic cells, the APCs that are best able to
initiate responses of naive T cells. Thus, movement of
naive T cells through the secondary lymphoid organs
maximizes the chances of specific encounter with
antigen and initiation of an adaptive immune response.

Naive T lymphocytes are delivered to secondary lym-
phoid tissues via arterial blood flow, and they leave the
circulation and migrate into the stroma of lymph nodes
through modified postcapillary venules called high
endothelial venules that are lined by plump endothelial
cells (Fig. 3-15). HEVs are also present in mucosal lym-
phoid tissues, such as Peyer’s patches in the gut, but not
in the spleen. HEVs display certain adhesion molecules
and chemokines on their surfaces, discussed below,
which support the selective homing of only certain pop-
ulations of lymphocytes. The development and mainte-
nance of the morphologic and molecular phenotype
of HEVs depend on soluble factors present in lymph.
In addition, certain cytokines, such as lymphotoxin,
are required for HEV development. In fact, HEVs may
develop in extralymphoid sites of chronic inflammation
where such cytokines are produced for prolonged
periods of time.

Migration of naive T cells out of the blood into lymph
node parenchyma is a multi-step process consisting of
selectin-mediated rolling of the cells, integrin-mediated
firm adhesion, and transmigration through the vessel
wall. This sequence of events for T lymphocyte homing
is similar to migration of other leukocytes into periph-
eral inflamed tissues discussed in Chapter 2. Different
selectins and integrins are involved in the migration of
naive and activated lymphocytes to different tissues (Fig.
3-16). The rolling of naive T cells on HEVs in peripheral
lymphoid organs is mediated by L-selectin on the lym-
phocytes binding to its peripheral node addressin
(PNAd) on HEVs. (Selectins are described in Box 2-2,
Chapter 2.) The carbohydrate groups that bind L-selectin
may be attached to different sialomucins on the
endothelium in different tissues. For example, on lymph
node HEVs, the PNAd is displayed by two sialomucins,
called GlyCAM-1 (glycan-bearing cell adhesion mole-
cule-1) and CD34. In Peyer's patches in the intestinal
wall, the L-selectin ligand is a molecule called MadCAM-
1 (mucosal addressin cell adhesion molecule-1). The
subsequent firm adhesion of the T cells to the HEVs is
mediated by integrins, mainly LFA-1 and VLA-4 (see Box
2-3, Chapter 2). The affinity of the integrins is rapidly
increased by two chemokines, called CCL19 and CCL21,
which are produced mainly in lymphoid tissues. CCL19
is constitutively produced by HEV and is bound to gly-
cosaminoglycans on the cell surface for display to rolling

B L-selectin ligand on C)T cells binding to HEV:
" endothelial cells frozen sectlon assay
2 :
HEV

T cells HEV
(D) T cells binding to HEV: electron micrograph

FIGURE 3-15 High endothelial venules. A Light micrograph of
an HEV in a lymph node illustrating the tall endothelial cells (Cour-
tesy of Dr. Steve Rosen, Department of Anatomy, University of
California, San Francisco) B Expression of L-selectin figand on
HEVs, stained with a specific antibody by the immunoperoxidase
technique. (The location of the antibody is revealed by a brown reac-
tion product of peroxidase, which is coupled to the antibody; see
Appendix Il for details ) The HEVs are abundant in the T cell zone
of the lymph node (Courtesy of Drs. Steve Rosen and Akio Kikuta,
Department of Anatomy, University of California, San Francisco )
C A binding assay in which lymphocytes are incubated with frozen
sections of a lymph node. The lymphocytes (stained dark blue) bind
selectively to HEVs (Courtesy of Dr. Steve Rosen, Department of
Anatomy, University of California, San Francisco ) D Scanning elec-
tron micrograph of an HEV with lymphocytes attached to the luminal
surface of the endothelial cells. (Courtesy of J. Emerson and T.
Yednock, University of California San Francisco School of Medicine,
San Francisco. From Rosen SD, and LM Stoolman. Potential role
of cell surface lectin in lymphocyte recirculation. /n Olden K, and
J Parent {eds}) Vertebrate Lectins. Van Nostrand Reinhold, New
York, 1987.)



Chapter 3 — CELLS AND TISSUES OF THE ADAPTIVE IMMUNE SYSTEM

® Lymph node Peripheral tissue

Peripheral
Blood blood vessel
vessel . —
o 8 = —_—— g
&Y U olle,
1 i o Efferent i &
: lymphatic . . C
) vessel )
'{*ACtivated ! \\ N ; -
;*:ﬁT cell .
L-selectin ] E- or P- E-or P- Integrin
CCRY L-selectin selectin selectin  (LFA-10r VLA-4)
/ lIgand ligand 3y & CXCR3— bV
CL19/ = (others) i
i 2 N CXCL10 'é?@"éﬂm e 3
= LY th 1—y
(others) —9
High endothelial - Endothelium
venule in lymph node at the site of infection
B
T cell Ligand on Function of receptor:
homing receptor endothelial cell ligand pair
‘ Naive T cells |
L-selectin | Adhesion of naive T cells to
| ; . - high endothelial venule
I L-selectin : &Lﬁ ligand | in lymph node
| 7 CCR7 ' <>‘ CCL19 or CCL21 Activation of integrins and chemokinesis
|
, I
I Activated (effector |
and memory) T cells
WTeE Initial weak adhesion of effector and
lall E-and P- E- or P- memory T cells to cytokine activated
| e e endothelium at peripheral site
| selectin ligand selectin of infaction
' G | Stable arrest on cytokine activated
LFA-1 (B2-integrin) or % ~ L . endothelium at peripheral
VLA-4 (B1 integrin) ICAM-1 or VCAM-1 site of infection
W CXCR3 € CXCL10 (others) Activation of integrins and chemokinesis
| W CCR5 Q CCL4 (others) Activation of integrins and chemokinesis

FIGURE 3-16 Migration of naive and effector T lymphocytes. A Naive T lymphocytes home to lymph nodes as a result of L-selectin
binding to its ligand on HEVs, which are present only in lymph nodes, and as a result of binding chemokines (CCL19 and CCL21) displayed
on the surface of the HEV. Activated T lymphocytes, including effector cells, home to sites of infection in peripheral tissues, and this migra-
tion is mediated by E- and P-selectins and integrins, and chemokines that are produced at sites of infection. Additional chemokines and
chemokine receptors, besides the ones shown, are involved in effector/memory T cell migration. B. The adhesion molecules, chemokines,
and chemokine receptors involved in naive and effector/memory T cell migration are described
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lymphocytes. CCL21 is produced by other cell types in
the lymph node and displayed by the HEV in the same
fashion as CCL19. Both these chemokines bind to the
chemokine receptor called CCR7, which is highly
expressed on naive lymphocytes. This interaction of the
chemokines with CCR7 ensures that naive T cells
increase integrin avidity and are able to adhere firmly to
HEVs. The final step of transmigration of the firmly
attached lymphocytes through the vessel wall occurs in
response to the same CCR7-binding chemokines pro-
duced in the lymph node, and is presumably assisted by
surface molecules such as CD31 on the lymphocytes and
the endothelial celis.

The important role for L-selectin and chemokines in
naive T cell homing to secondary lymphoid tissues is
supported by many different experimental observations.

* Lymphocytes from L-selectin knockout mice do not
bind to peripheral lymph node HEVs, and the mice
have a marked reduction in the number of lympho-
cytes in peripheral lymph nodes.

Studies indicate that CCL19 and CCL21, the two
chemokines that bind to CCR7 on T cells, are pro-
duced in T cell zones of lymph nodes.

There are very few naive T cells in the lymph nodes of
mice with genetic deficiencies in CCL19 and CCL21,
or CCR7, but the B cell and memory T cell content of
these lymph nodes is relatively normal.

Naive T cells that have homed into lymph nodes but
Jail to recognize antigen and become activated will even-
tually return to the blood stream. This return to the blood
completes one recirculation loop, and provides the naive
T cells another chance to seek out the antigens they can
recognize in other lymph nodes. The major route of
reentry into the blood is through the efferent lymphatics,
perhaps via other lymph nodes in the same chain, and
then via the lymphatic vasculature to the thoracic duct,
and finally into the superior vena cava. The exit of naive
T cells from lymph nodes is dependent on a lipid
chemoattractant called sphingosine 1-phosphate (S1P),
which is present at relatively high concentrations in
the lymph and blood compared to tissues. S1P binds to
a specific G protein-coupled receptor on T cells called
SIP1 (mentioned earlier), and signals generated by
S1P1 stimulate directed movement of the naive T cells
along an SIP concentration gradient out of the lymph
node parenchyma. Circulating naive T cells have very
little cell surface S1P1 because the high blood concen-
tration of S1P causes internalization of the receptor.
Once a naive T cell enters a lymph node, where S1P con-
centrations are low, it may take several hours for surface
S1P1 to be re-expressed. This allows time for the naive T
cell to interact with APCs before it is directed out of the
node toward the S1P gradient. S1P and the S1P1 receptor
are also required for mature naive T cell egress from the
thymus.

A drug called FIY720 functionally inactivates
S1P1, blocks T cell egress from lymphoid organs, and
acts as a potent immunosuppressive drug for experi-

mental treatment of graft rejections and autoimmune
diseases.

¢ Genetic ablation of S1P1 in mice results in a failure
of T cells to leave the thymus and populate secondary
lymphoid organs. If T cells lacking this receptor are
injected into mice, the cells enter lymph nodes but
are unable to exit.

Following activation, T cells transiently reduce expres-
sion of S1P1 and stay in the lymph nodes for a few
days. Once these cells have differentiated into effector
cells, S1P1 is re-expressed and the cells are able to leave
the lymph nodes and migrate to peripheral tissues.

Naive T cell homing into gut-associated lymphoid
tissues, including Peyer's patches and mesenteric
lymph nodes, relies on interactions of the T cells with
HEVs, which are mediated by selectins, integrins, and
chemokines. One particular feature of naive T cell
homing to the gut is the contribution of an Ig superfam-
ily molecule called MadCAM-1 (mucosal addressin cell
adhesion molecule-1) that is expressed on HEVs in these
sites but not typically elsewhere in the body. Naive T cells
express two ligands that bind to MadCAM-1, L-selectin
and an integrin called ¢4B7, and both contribute to the
rolling step of naive T cell homing into gut-associated
lymphoid tissues.

Naive T cell migration into the spleen is not as finely
regulated as homing into lymph nodes. The spleen does
not contain HEVs, and it appears that naive T cells are
delivered to the marginal zone and red pulp sinuses
by passive mechanisms that do not involve selectins,
integrins, or chemokines. However, CCR7-binding
chemokines do participate in directing the naive T cells
into the white pulp. Even though splenic homing of
naive T cells appears to be less tightly regulated than
homing into lymph nodes, the rate of lymphocyte
passage through the spleen is very high, about half the
total body lymphocyte population every 24 hours.

Migration of Effector T Lymphocytes to
Sites of Inflammation

Effector T cells exit lymph nodes and preferentially home
to peripheral tissues at sites of infection, where they are
needed to eliminate microbes during the effector phase
of adaptive immune responses. A fundamental aspect of
differentiation of naive T cells into effector cells, which
occurs in the peripheral lymphoid organs, is a change in
expression of chemokine receptors and adhesion mole-
cules that determine the migratory behavior of these
cells. Predictably, the expression of molecules involved
in naive T cell homing into lymph nodes, including L-
selectin and CCR7, decreases shortly after antigen-
induced activation of the naive T cells. As a result, the
effector cells that develop are no longer constrained to
stay in the node. L-selectin and CCR7 may be re-
expressed later, allowing for some homing of circulating
effector T cells back into lymph nodes. The egress of acti-
vated lymphocytes from lymph nodes is also actively
driven by the SIP-S1P1 receptor pathway (discussed
earlier).



Effector T cell migration into inflammatory sites is
dependent on a multistep sequence of events at the
blood-endothelial interface, similar to the processes
described for migration of other leukocytes in Chapter 2
and for naive T cells in this chapter. Homing to these
sites involves adhesion to, and transmigration through,
the endothelial lining of postcapillary venules in the
infected tissue. Effector T cells express adhesion mole-
cules and chemokine receptors, which bind ligands
typically present on endothelial cells at peripheral
inflammatory sites. The ligands include endothelial
adhesion molecules and chermnokines whose expression
is induced as part of the innate immune response to
infections. The adhesion molecules and cytokines that
control the migration of effector T cells to inflammatory
sites are described in Chapter 13.

Some effector cells have a propensity to migrate to
particular tissues. This selective migration capacity is
acquired during the differentiation of the T cells. By
enabling different subsets of effector cells to migrate to
different sites, the adaptive immune system directs cells
with specialized effector functions to the locations
where they are best suited to deal with particular types
of infections. The clearest examples of populations of
effector T cells that specifically home to different tissues
are skin-homing and gut-homing T cells. Skin-homing
effector T cells express a carbohydrate ligand for E-
selectin called CLA-1 (for cutaneous lymphocyte
antigen-1), and the CCR4 and CCR10 chemokine recep-
tors, which bind CCL17 and CCL27, chemokines that are
commonly expressed in inflamed skin. Gut-homing
effector T cells express the 0437 integrin, which binds to
MadCam-1 on gut endothelial cells, and CCR9, which
binds to CCL25, a chemokine expressed in inflamed
bowel. Remarkably, these distinct migratory phenotypes
of skin- and gut-homing effector T cells may be induced
by distinct signals delivered to naive T cells at the time
of antigen presentation by DCs in either subcutaneous
lymph nodes or gut associated lymphoid tissues, respec-
tively. Although the molecular basis for this imprinting
of migratory phenotype is not known, there is evidence
that DCs in Peyer’s patches produce retinoic acid, which
promotes the expression of 04B7 and CCR9 by respond-
ing T cells. A different subset of T cells that is found
within the intestinal epithelium express an integrin
called CD103 (oEB7) that can bind to E-cadherin
molecules on epithelial cells, allowing T cells to maintain
residence as intraepithelial lymphocytes. Another
example of heterogeneity of the migratory phenotpye of
effector T cells are subsets of CD4" effector T cells, called
Thl and Th2 cells; these are discussed in detail in
Chapter 13.

Memory T Cell Migration

Memory T cells are heterogeneous in their patterns of
expression of adhesion molecules and chemokine recep-
tors and in their propensity to migrate to different
tissues. Subsets of memory cells arise from the same
clones of T cells that give rise to skin- and gut-homing
effector cells described above, and these memory cells
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likely retain the homing properties of their correspon-
ding effector cell brethren. Because we have only imper-
fect ways of identifying memory T cells, the distinction
between effector and memory T cells in experimental
studies is often not precise. Two subsets of memory T
cells described earlier in this chapter, namely, central
memory and effector memory T cells, were initially
defined based on differences in CCR7 and L-selectin
expression. Central memory T cells were defined as
human CD45RO" blood T cells that express high levels of
CCR7 and L-selectin, while effector memory T cells were
defined as CD45R0O" blood T cells that express low levels
of CCR7 and L-selectin but express other chemokine
receptors that bind inflammatory chemokines. These
phenotypes suggest that central memory T cells home to
secondary lymphoid organs, while effector memory T
cells home to peripheral tissues. Although central and
effector memory T cell populations can also be detected
in mice, experimental homing studies have indicated
that CCR7 expression is an imperfect marker to distin-
guish central and effector memory T cells. Nonetheless,
it is clear that some memory T cells either remain in, or
tend to home to, secondary lymphoid organs, while
others migrate into peripheral tissues, especially
mucosal tissues. In general, the peripheral tissue
homing effector memory T cells respond to antigenic
stimulation by rapidly producing effector cytokines,
while the lymphoid tissue based central memory cells
tend to proliferate more (providing a pool of cells for
recall responses), and provide helper functions for B
cells.

Homing of B Lymphocytes

B cells utilize the same basic mechanisms as do naive T
cells to home to secondary lymphoid tissues throughout
the body, which enhances their likelihood of responding
to microbial antigens in different sites. Inmature B cells
leave the bone marrow via the blood and enter the red
pulp of the spleen from open-ended arterioles at the
perimeter of the white pulp. Once in the spleen, the
immature B cells mature either into follicular B cells or
marginal zone B cells. As the follicular B cells mature
they migrate, in an integrin-dependent manner, into the
white pulp in response to a chemokine called CXCL13,
which binds to the chemokine receptor CXCR5, and, to
a lesser extent, in response to CCL19 and CCL21, which
bind to CCR7. Once the maturation is completed within
the splenic white pulp, naive follicular B cells will re-
enter the circulation and home to lymph nodes and
mucosal lymphoid tissues. Homing of naive B cells from
the blood into lymph nodes involves tethering/rolling
interactions on HEV, chemokine activation of integrins,
and stable arrest, as described earlier for naive T cells.
Naive B cells express L-selectin, CCR7, and LFA1, which
bind to PNAd, CCL19 and CCL21, and ICAM-1, respec-
tively, on lymph node HEVs. In addition, naive B cells
express another chemokine receptor called CXCR4,
which binds the chemokine CXCL12, and this interaction
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also plays a significant role in naive B cell integrin acti-
vation and homing into lymph nodes. Once naive B cells
enter the stroma of secondary lymphoid organs, they
migrate into follicles, the site where they may encounter
antigen and become activated. This migration of naive B
cells into follicles is mediated by CXCL13, which is pro-
duced in follicles. Homing of naive B cells into Peyer’s
patches involves CXCRS5, and the integrin a4p7, which
binds to MadCAMI1. During the course of B cell
responses to protein antigens, B cells and helper T cells
must directly interact, and this involves highly regulated
movements of both B and T cells within the secondary
lymphoid organs. These local migratory events, and
the chemokines that orchestrate them, will be discussed
in detail in Chapter 10. Presumably, naive B cells that
have entered secondary lymphoid tissues but do not
become activated by antigen reenter the circulation, like
naive T cells do, but how this process is controlled is not
clear.

Subsets of B cells committed to expressing particular
types of antibodies migrate from secondary lymphoid
organs into specific tissues. As we will describe in later
chapters, different populations of activated B cells may
secrete different types of antibodies, called isotypes,
each of which performs a distinct set of effector func-
tions. Many antibody-producing plasma cells migrate to
the bone marrow, where they secrete antibodies for long
periods of time. Most bone marrow-homing plasma
cells produce IgG antibodies, which are then distributed
throughout the body via the blood stream. B cells within
mucosal associated lymphoid tissues usually become
committed to expressing the IgA isotype of antibody,
and these committed cells may home specifically to
epithelial-lined mucosal tissues. This homing pattern
combined with the local differentiation within mucosa
of B cells into IgA-secreting plasma cells serve to opti-
mize IgA responses to mucosal infections, because IgA is
efficiently excreted into the lumen of mucosal epithelial-
lined tissues, such as the gut and respiratory tree. The
mechanisms by which different B cell populations
migrate to different tissues are, not surprisingly, similar
to the mechanisms we described for tissue-
specific migration of effector T cells, and depend on
expression of distinct combinations of adhesion mole-
cules and chemokine receptors on each B cell subset. For
example, bone marrow-homing IgG-secreting plasma
cells express VLA-4 and CXCR4, which bind respectively
to VCAM-1 and CXCL12 expressed on bone marrow
sinusoidal endothelial cells. In contrast, mucosal-
homing IgA-secreting plasma cells express «4p7, CCRY,
and CCR10, which bind respectively to MadCAM-1,
CCL25, and CCL28, expressed on mucosal endothelial
cells. IgG-secreting B cells are also recruited to chronic
inflammatory sites in various tissues, and this pattern of
homing can be attributed to CXCR3 and VLA-4 on these
B cells binding to VCAM-1 , CXCL9, and CXCL10, which
are often found on the endothelial surface at sites of
chronic inflammation.

SUMMARY

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

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

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

Both B and T lymphocytes arise from a common
precursor in the bone marrow. B cell development
proceeds in the bone marrow, whereas T cell pre-
cursors migrate to and mature in the thymus. After
maturing, B and T cells leave the bone marrow and
thymus, enter the circulation, and populate peri-
pheral lymphoid organs.

Naive B and T cells are mature lymphocytes that
have not been stimulated by antigen. When they
encounter antigen, they differentiate into effector
lymphocytes that have functions in protective
immune responses. Effector B lymphocytes are
antibody-secreting plasma cells. Effector T cells
include cytokine-secreting CD4" helper T cells and
CD8* CTLs.

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

APCs function to display antigens for recognition
by lymphocytes and to promote the activation
of lymphocytes. APCs include dendritic cells,
mononuclear phagocytes, and FDCs.

The organs of the immune system may be divided
into the generative organs (bone marrow and
thymus), where lymphocytes mature, and the



peripheral organs (lymph nodes and spleen),
where naive lymphocytes are activated by antigens.

Bone marrow contains the stem cells for all blood
cells, including lymphocytes, and is the site of mat-
uration of all of these cell types except T cells,
which mature in the thymus.

The lymph nodes are the sites where B and T cells
respond to antigens that are collected by the lymph
from peripheral tissues. The spleen is the organ in
which lymphocytes respond to blood-borne anti-
gens. Both lymph nodes and spleen are organized
into B cell zones (the follicles) and T cell zones. The
T cell areas are also the sites of residence of mature
dendritic cells, which are APCs specialized for the
activation of naive T cells. FDCs reside in the B cell
areas and serve to activate B cells during humoral
immune responses to protein antigens. The devel-
opment of secondary lymphoid tissue architecture
depends on cytokines.

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

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

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

Different populations of lymphocytes exhibit dis-
tinct patterns of homing. Naive T cells migrate
preferentially to lymph nodes; this process is medi-
ated by binding of L-selectin on the T cells to
peripheral lymph node addressin on HEVs in
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lymph nodes and by the CCR7 receptor on T cells
that binds to chemokines produced in lymph
nodes. The effector and memory T cells that are
generated by antigen stimulation of naive T cells
exit the lymph node. They have decreased L-
selectin and CCR7 expression but increased
expression of integrins and E-selectin and P-
selectin ligands, and these molecules mediate
binding to endothelium at peripheral inflamma-
tory sites. Effector and memory lymphocytes also
express receptors for chemokines that are pro-
duced in peripheral tissues.
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Section i

Recognition of Antigens

A daptive immune responses are initiated by the specific recognition of antigens
by lymphocytes. This section is devoted to a discussion of the cellular and
molecular basis of antigen recognition and the specificities of B and T lymphocytes.

We begin with antibodies, which are the antigen receptors and effector molecules
of B lymphocytes, because our understanding of the structural basis of
antigen recognition has evolved from studies of these molecules. Chapter 4
describes the structure of antibodies and how these proteins recognize
antigens.

The next three chapters consider antigen recognition by T lymphocytes,
which play a central role in all immune responses to protein antigens. In
Chapter 5, we describe the genetics and biochemistry of the major histo-
compatibility complex (MHC), whose products are integral components of
the ligands that T cells specifically recognize. Chapter 6 discusses the asso-
ciation of foreign peptide antigens with MHC molecules and the cell biology
and physiologic significance of antigen presentation. Chapter 7 deals with
the T cell antigen receptor and the other T cell membrane molecules that are
involved in the recognition of antigens and the responses of the T cells.
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Antibodies are circulating proteins that are produced in
vertebrates in response to exposure to foreign structures
known as antigens. Antibodies are incredibly diverse and
specific in their ability to recognize foreign shapes, and
are the primary mediators of humoral immunity against
all classes of microbes. One of the earliest experimental
demonstrations of adaptive immunity was the finding by
von Behring and Kitasato in 1890 that chemically inac-
tivated toxins could induce protective immunity when
injected into experimental animals, and that protection
could be transferred to other susceptible animals by

injecting serum from their inmune counterparts. Based
on this discovery, life-threatening human diphtheria
infections were successfully treated by the administra-
tion of serum from horses immunized with a chemically
modified form of the diphtheria toxin. The family of cir-
culating proteins that mediate these protective
responses were initially called antitoxins. When it was
appreciated that similar proteins could be generated
against many substances, not just toxins, these proteins
were given the general name “antibodies.” The sub-
stances that generated or were recognized by antibodies
were then called antigens. Antibodies, major histocom-
patibility complex (MHC) molecules (see Chapter 5),
and T cell antigen receptors (see Chapter 7) are the three
classes of molecules used in adaptive immunity to rec-
ognize antigens (Table 4-1). Of these three, antibodies
bind the widest range of antigenic structures, show the
greatest ability to discriminate between different anti-
gens, and bind antigens with the greatest strength. Anti-
bodies represent the first of the three types of
antigen-binding molecules to be discovered and charac-
terized. Therefore, we begin our discussion of how the
immune system specifically recognizes antigens by
describing the structure and the antigen-binding prop-
erties of antibodies.

Antibodies can exist in two forms: membrane-bound
antibodies on the surface of B lymphocytes function as
receptors for antigen, and secreted antibodies that
reside in the circulation, tissues, and mucosal sites bind
antigens, neutralize toxins, and prevent the entry and
spread of pathogens. The recognition of antigen by
membrane-bound antibodies on specific naive B cells
activates these lymphocytes and initiates a humoral
immune response. Antibodies are also produced in a
secreted form by antigen-stimulated B cells. In the effec-
tor phase of humoral immunity, these secreted antibod-
ies bind to antigens and trigger several effector
mechanisms that eliminate the antigens. The elimina-
tion of antigen often requires interaction of antibody
with other components of the immune system, includ-
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Table 4-1. Features of Antigen Binding by the Antigen-Recognizing Molecules of the Immune System

Feature Antigen binding molecule

Immunoglobulin (Ig) | T cell receptor (TCR) ' MHC molecules*

LB

Antigen Made up of three Made up of three Peptide-binding cleft
binding site CDRs in Vy and CDRs in Vy and made of a1 and a2 (class |)

three CDRs in V. three CDRs in Vg or o1 and B1 (class Ii)
Nature of antigen Macromolecules (proteins, | Peptide-MHC Peptides
that may be bound | lipids, polysaccharides) complexes

and small chemicals

Linear determinants of Linear determinants of
peptides; only 2 or 3 amino | peptides; only some

Linear and conformational

Nature of antigenic
determinants of various

determinants

recognized macromolecules acid residues of a peptide | amino acid residues
9 and chemicals bound to an MHC molecule| of a peptide
Affinity of Kg107—-10-11 M; average = Kq105—107 M Kq 106 -109 M;

affinity of Igs increases

antigen binding ity
during immune response

extremely stable binding

*The structures and functions of MHC and TCR molecules are discussed in Chapters 5 and 7, respectively.
Abbreviations: CDR, complementarity-determining region; Kq, dissociation constant; MHC, major histocompatibility complex;
Vi, variable domain of heavy chain Ig; V|, variable domain of tight chain Ig

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

NATURAL DISTRIBUTION AND
PRODUCTION OF ANTIBODIES

Antibodies are distributed in biologic fluids throughout
the body and are found on the surface of a limited

number of cell types. B lymphocytes are the only cells
that synthesize antibody molecules. These cells initially
express an integral membrane form of the antibody mol-
ecule on the cell surface where it functions as the B cell

antigen receptor. After exposure to an antigen, much of

the initial antibody response occurs in lymphoid tissues,
mainly the spleen, lymph nodes, and mucosal lymphoid
tissues, but long-lived antibody-producing plasma cells
may persist in other tissues, especially in the bone
marrow (see Chapter 10). Secreted forms of antibodies
accumulate in the plasma (the fluid portion of the
blood), in mucosal secretions, and in the interstitial fluid
of tissues. Secreted antibodies often attach to the surface
of other immune effector cells, such as mononuclear
phagocytes, natural killer (NK) cells, and mast cells,
which have specific receptors for binding antibody mol-
ecules (see Chapter 14).

When blood or plasma forms a clot, antibodies
remain in the residual fluid, called serum. Any serum
sample that contains detectable antibody molecules
that bind to a particular antigen is commonly called
an antiserum. (The study of antibodies and their
reactions with antigens is therefore classically called
serology.) The concentration of antibody molecules in
serum specific for a particular antigen is often estimated
by determining how many serial dilutions of the serum
can be made before binding can no longer be observed;
sera with a high concentration of antibody molecules
specific for a particular antigen are said to have a “high
titer.”

A healthy 70-kg adult human produces about 2g-3¢
of antibodies every day. Almost two thirds of this is an



antibody called IgA, which is produced by activated B
cells and plasma cells in the walls of the gastrointestinal
and respiratory tracts and actively transported into the
lumens. The large amount of IgA produced reflects the
large surface areas of these organs. Antibodies that enter
the circulation have limited half-lives. The most
common type of antibody, called IgG, is primarily found
in the serum (though IgG antibodies can also be trans-
ported to mucosal sites) and has a half-life of about
3 weeks.

MOLECULAR STRUCTURE OF ANTIBODIES

An understanding of the structure of antibodies has pro-
vided important insights regarding antibody function.
The analysis of antibody structure also paved the way to
the eventual characterization of the genetic organization
of antigen receptor genes in both B and T cells, and the
elucidation of the mechanisms of immune diversity,
issues that will be considered in depth in Chapter 8.
Early studies of antibody structure relied on antibod-
ies purified from the blood of individuals immunized
with various antigens. It was not possible, using this
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approach, to define antibody structure precisely
because serum contains a mixture of different antibod-
ies produced by many clones of B lymphocytes that
may respond to different portions (epitopes) of an
antigen (so-called polyclonal antibodies). A major
breakthrough providing antibodies whose structures
could be elucidated was the discovery that patients with
multiple myeloma, a monoclonal tumor of antibody-
producing plasma cells, often have large amounts of
biochemically identical antibody molecules (produced
by the neoplastic clone) in their blood and urine.
Immunologists found that these antibodies could be
purified to homogeneity and analyzed. The recogni-
tion that myeloma cells make monoclonal immuno-

globulins led to an extremely powerful technique
for producing monoclonal antibodies, described by
Georges Kohler and Cesar Milstein in 1975. They devel-
oped a method for immortalizing individual antibody-

secreting cells from an immunized animal by producing
“hybridomas,” each of which secreted individual mono-
clonal antibodies of predetermined specificity. These
antibodies have proved to be of tremendous importance
in most avenues of biologic research, and have many
practical applications in clinical diagnosis and therapy
(Box 4-1).

Box 4-1 = IN DEPTH: MONOCLONAL ANTIBODIES

The ability to produce virtually unlimited quantities of
identical antibody molecules specific for a particular anti-
genic determinant has revolutionized immunology and
has had a far-reaching impact on research in diverse fields
as well as on clinical medicine. The first method for pro-
ducing homogeneous or monoclonal antibodies of known
specificity was described by Georges Kéhler and Cesar
Milstein in 1975, and this approach remains the most
common one used today to generate such antibodies
This technique is based on the fact that each B lympho-
cyte produces antibody of a single specificity. Because
normal B lymphocytes cannot grow indefinitely, it is
necessary to immortalize B cells that produce a
specific antibody. This is achieved by cell fusion, or
somatic cell hybridization, between a normal antibody-
producing B cell and a myeloma cell, followed by selec-
tion of fused cells that secrete antibody of the desired
specificity derived from the normal B cell. Such fusion-
derived immortalized antibody-producing cell lines are
called hybridomas, and the antibodies they produce are
monoclonal antibodies.

The technique of producing hybridomas requires cul-
tured myeloma cell lines that will grow in normal culture
medium but not in a defined “selection” medium
because they lack functional genes required for DNA
synthesis in this selection medium. Fusing normal cells
to these defective myeloma fusion partners provides
the necessary genes from the normal cells, so that only
the somatic cell hybrids will grow in the selection
medium. Moreover, the uncontrolled growth property

of the myeloma cell makes such hybrids immortal.
Myeloma cell lines that can be used as fusion partners
are created by inducing defects in nucleotide synthesis
pathways. Normal animal cells synthesize purine
nucleotides and thymidylate, both precursors of DNA,
by a de novo pathway requiring tetrahydrofolate. Anti-
folate drugs, such as aminopterin, block activation of
tetrahydrofolate, thereby inhibiting the synthesis of
purines and therefore preventing DNA synthesis by
the de novo pathway. Aminopterin-treated cells can
use a salvage pathway in which purine is synthesized
from exogenously supplied hypoxanthine by the en-
zyme hypoxanthine-guanine phosphoribosyitransferase
(HGPRT), and thymidylate is synthesized from thymidine
by the enzyme thymidine kinase (TK). Therefore, cells
grow in the presence of aminopterin only if the culture
medium is also supplemented with hypoxanthine and
thymidine (called HAT medium). Myeloma cell lines can
be made defective in HGPRT or TK by mutagenesis fol-
lowed by selection in media containing substrates for
these enzymes that yield lethal products. Only HGPRT- or
TK-deficient cells will survive under these selection con-
ditions. Such HGPRT- or TK-negative myeloma cells
cannot use the salvage pathway and will therefore die in
HAT medium. f normal B cells are fused to HGPRT- or
TK-negative cells, the B cells provide the necessary
enzymes so that the hybrids synthesize DNA and grow
in HAT medium.

To produce a monoclonal antibody specific for a
defined antigen, a mouse or rat is immunized with that

Continued on following page

77



Section [ — RECOGNITION OF ANTIGENS

Box 4-1 = IN DEPTH: MONOCLONAL ANTIBODIES (Continued)

antigen, and B cells are isolated from the spleen or lymph than unlike cells. In current practice, the myeloma lines
nodes of the animal. These B cells are then fused with that are used do not produce their own lg, and cell fusion
an appropriate immortalized cell line. Myeloma lines are is achieved with polyethylene glycol. Hybrids are selected
the best fusion partners for B cells because like cells tend for growth in HAT medium; under these conditions,
to fuse and give rise to stable hybrids more efficiently unfused HGPRT- or TK-negative myeloma cells die
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because they cannot use the salvage pathway, and
unfused B cells cannot survive for more than 1 to 2
weeks because they are not immortalized, so that only
hybrids will grow (see Figure). The fused cells are cul-
tured at a concentration at which each culture well is
expected initially to contain only one hybridoma cell.
The culture supernatant from each well in which growing
cells are detected is then tested for the presence of anti-
body reactive with the antigen used for immunization.
The screening method depends on the antigen being
used. For soluble antigens, the usual technique is
radioimmunoassay or enzyme-linked immunosorbent
assay, for cell surface antigens, a variety of assays
for antibody binding to viable cells can be used (see
Appendix Hi: Laboratory Methods Using Antibodies)
Once positive wells {i.e., wells containing hybridomas
producing the desired antibody) are identified, the cells
are cloned in semisolid agar or by limiting dilution, and
clones producing the antibody are isolated by another
round of screening. These cloned hybridomas produce
monoclonal antibodies of a desired specificity. Hybrido-
mas can be grown in large volumes or as ascitic tumors
in syngeneic mice to produce large guantities of mono-
clonal antibodies.

Some of the common applications of hybridomas and
monoclonal antibodies include the following:

* [dentification of phenotypic markers unique to par-
ticular cell types. The basis for the modern classifi-
cation of lymphocytes and other leukocytes is the
binding of population-specific monoclonal antibod-
ies. These have been used to define clusters of dif-
ferentiation (CD markers) for various cell types (see
Chapter 3}

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

» Tumor diagnosis. Tumor-specific monoclonal anti-
bodies are used for detection of tumors by imaging
techniques.

* Therapy. A number of monoclonal antibodies are
used therapeutically today. Some examples include
the use of antibodies against tumor necrosis factor
in the therapy of rheumatoid arthritis, antibodies
against CD20 for the treatment of B cell leukemias,
antibodies against the type 2 epidermal growth
factor receptor in patients with breast cancer, anti-
bodies against vascular endothelial growth factor, a
promoter of angiogenesis, in patients with colon
cancer, and so on.

» Functional analysis of cell surface and secreted mol-
ecules. In immunologic research, monoclonal anti-
bodies that bind to cell surface molecules and either
stimulate or inhibit particular cellular functions are
invaluable tools for defining the functions of surface
motecules, including receptors for antigens. Anti-
bodies that bind and neutralize cytokines are rou-
tinely used for detecting the presence and
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functional roles of these protein hormones in vitro
and in vivo.

At present, hybridomas are most often produced by
fusing HAT-sensitive mouse myelomas with B cells from
immunized mice, rats, or hamsters. Attempts are being
made to generate human monoclonal antibodies, prima-
rily for administration to patients, by developing human
myeloma lines as fusion partners. However, it is a general
rule that the stability of hybrids is low if cells from species
that are far apart in evolution are fused, and for this
reason human B cells do not form hybridomas with
mouse myeloma lines at high efficiency.

Genetic engineering techniques are used to expand
the usefulness of monoclonal antibodies. The comple-
mentary DNAs (cDNAs) that encode the polypeptide
chains of a monoclonal antibody can be isolated from
a hybridoma, and these genes can be manipulated in
vitro. As we shall discuss later in this chapter, only
small portions of the antibody molecule are responsible
for binding to antigen; the remainder of the antibody
molecule can be thought of as a “framework.” This
structural organization allows the DNA segments encod-
ing the antigen-binding sites from a murine monoclonal
antibody to be ”stitched” into a cDNA encoding a human
myeloma protein, creating a hybrid gene. When
expressed, the resultant hybrid protein, which retains
antigen specificity, is referred to as a humanized antibody.
Humanized antibodies are far less likely to appear
“foreign” in humans and to induce anti-antibody
responses (see Box 4-3) that limit the usefulness of
murine monoclonal antibodies when they are adminis-
tered to patients.

Genetic engineering is also being used to create mon-
oclonal antibody-like molecules of defined specificity
without the need for producing hybridomas. One
approach, called "phage display,” uses random collec-
tions of cDNAs encoding just the antigen-binding regions
of antibodies. These cDNAs are generated from mes-
senger RNA isolated from the spleens of immunized
mice, and amplified by polymerase chain reaction
technology. The cDNAs are then cloned into bacterio-
phages to form phage display libraries. Although the
antigen-binding regions of antibodies are formed from
two different polypeptide chains, synthetic antigen-
binding sites can be created by expressing fusion pro-
teins in which sequences from the two chains are
covalently joined in a tandem array. Such fusion proteins
can be expressed on the surfaces of the bacteriophages,
and pools of phage can be tested for their ability to bind
to a particular antigen. The virus that binds to the antigen
presumably contains cDNA encoding the desired syn-
thetic antigen-binding site. The cDNA is isolated from that
virus and linked with DNA encoding the non-antigen-
binding parts of a generic antibody molecule. The final
construct can then be transfected into a suitable cell type,
expressed in soluble form, purified, and used. The advan-
tage of phage display technology lies in the fact that the
number of binding sites that can be screened for
the desired specificity is three to four orders of magni-
tude greater than the practical limit of hybridomas that
can be screened.
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The availability of homogeneous populations of anti-
bodies and immortalized antibody-producing plasma
cells (myelomas and hybridomas) permitted the com-
plete amino acid sequence determination and molecu-
lar cloning of individual antibody molecules. The ready
availability of monoclonal immunoglobulins culmi-
nated in the x-ray crystallographic determinations of the
three-dimensional structure of several antibody mole-
cules and of antibodies bound to antigens.

General Features of Antibody Structure

Plasma or serum proteins are traditionally separated by
solubility characteristics into albumins and globulins
and may be further separated by migration in an electric
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field, a process called electrophoresis. Most antibodies
are found in the third fastest migrating group of globu-
lins, named gamma globulins for the third letter of the
Greek alphabet. Another common name for antibody
is immunoglobulin (Ig), referring to the immunity-
conferring portion of the gamma globulin fraction. The
terms immunoglobulin and antibody are used inter-
changeably throughout this book.

All antibody molecules share the same basic struc-
tural characteristics but display remarkable variability
in the regions that bind antigens. This variability of the
antigen-binding regions accounts for the capacity of
different antibodies to bind a tremendous number of
structurally diverse antigens. There are believed to be a
million or more different antibody molecules in every
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FIGURE 4-1 Structure of an antibody molecule. A. Schematic diagram
of & secreted lgG molecule. The antigen-binding sites are formed by the
Juxtaposition of Vi and Vi domains. The heavy chain C regions end in tail
pieces. The locations of complement- and Fc receptorbinding sites
within the heavy chain constant regions are approximations B
Schematic diagram of a membrane-bound IgM molecule on the surface
of a B lymphocyte. The IgM molecule has one more C.. domain than IgG,
and the membrane form of the antibody has C-terminal transmembrane
and cytoptasmic portions that anchor the molecule in the plasma mem-
brane. C. Structure of a human IgG molecule as revealed by x-ray crys-
tallography. In this ribbon diagram of a secreted IgG molecule, the heavy
chains are colored blue and red, and the light chains are colored green;
carbohydrates are shown in gray. (Courtesy of Dr. Alex McPherson, Uni-
versity of California, Irvine )



individual (theoretically the antibody repertoire may
include more than 10° different antibodies), each with
unique amino acid sequences in their antigen-combin-
ing sites. The effector functions and common physico-
chemical properties of antibodies are associated with
the non-antigen-binding portions, which exhibit rela-
tively few variations among different antibodies.

An antibody molecule has a symmetric core structure
composed of two identical light chains and two identi-
cal heavy chains (see Fig. 4-1). Both the light chains and
the heavy chains contain a series of repeating, homolo-
gous units, each about 110 amino acid residues in
length, that fold independently in a globular motif that
is called an Ig domain. An Ig domain contains two layers
of B-pleated sheet, each layer composed of three to five
strands of antiparallel polypeptide chain (Fig. 4-2). The
two layers are held together by a disulfide bridge, and
adjacent strands of each B-sheet are connected by short
loops. It is the amino acids in some of these loops that
are critical for antigen recognition, as discussed below.
Many other proteins of importance in the immune
system contain domains that use the same folding motif
and have amino acid sequences that are similar to Ig
amino acid sequences. All molecules that contain this
type of domain are said to belong to the Ig superfamily,
and all the gene segments encoding the Ig domains of
these molecules are believed to have evolved from one
ancestral gene (Box 4-2).

Both heavy chains and light chains consist of amino-
terminal variable (V) regions that participate in
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antigen recognition and carboxy-terminal constant (C)
regions; the C regions of the heavy chains mediate effec-
tor functions. In the heavy chains, the V region is com-
posed of one Ig domain and the C region is composed of
three or four Ig domains. Each light chain is made up of
one V region Ig domain and one C region Ig domain.
Variable regions are so named because they contain
regions of variability in amino acid sequence that dis-
tinguish the antibodies made by one clone of B cells
from the antibodies made by other clones. The V region
of one heavy chain (Vy) is juxtaposed with the V region
of one light chain (V;) to form an antigen-binding site
(see Fig. 4-1). Because the core structural unit of each
antibody molecule contains two heavy chains and two
light chains, it has two antigen-binding sites. The C
region domains are separate from the antigen-binding
site and do not participate in antigen recognition. The
heavy chain C regions interact with other effector mole-
cules and cells of the immune system and therefore
mediate most of the biologic functions of antibodies. In
addition, the carboxy-terminal ends of one form of the
heavy chains anchor membrane-bound antibodies in
the plasma membranes of B lymphocytes. The C regions
of light chains do not participate in effector functions
and are not directly attached to cell membranes.

Each light chain is about 24kD, and each heavy chain
is 55 to 70kD. Heavy and light chains are covalently
linked by disulfide bonds formed between cysteine
residues in the carboxyl terminus of the light chain and
the Cy41 domain of the heavy chain. Noncovalent inter-

FIGURE a-2 Structure of an antibody light chain. The secondary and tertiary structures of a human Ig light chain are shown schemati-
cally. The V and C regions each independently fold into Ig domains. Each domain is composed of two antiparallel arrays of B-strands repre-
sented by the flat arrows, colored yellow and red, respectively, to form two B-pleated sheets. In the C domain, there are three and four
B-strands in the two sheets. In the V domain, which is about 16 amino acid residues longer than the C domain, the two sheets are com-
posed of five and four strands. The dark blue bars are intrachain disulfide bonds, and the numbers indicate the positions of amino acid
residues counting from the amino (N} terminus. Similar ig C and V domain structures are found in the extracellular portions of many other
membrane proteins in the immune system, as discussed in Box 4-2. (Adapted with permission from Edmundson AB, KR Ely, EE Abola, M
Schiffer, and N Panagiotopoulos. Rotational allomerism and divergent evolution of domains in immunoglobulin light chains. Biochemistry

14:3953-3961, 1975. Copyright 1975 American Chemical Society )
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Box 4-2 = IN DEPTH: THE IMMUNOGLOBULIN SUPERFAMILY

Many of the cell surface and soluble molecules that
mediate recognition, adhesion, or binding functions in the
vertebrate immune system share partial amino acid
sequence homology and tertiary structural features that
were originally identified in Ig heavy and light chains. In
addition, the same features are found in many molecules
outside the immune system that also perform similar

functions. These diverse proteins are members of the Ig
superfamily (sometimes called the Ig supergene family).
A superfamily is broadly defined as a group of proteins
that share a certain degree of sequence homology,
usually at least 15%. The conserved sequences shared
by superfamity members often contribute to the forma-
tion of compact tertiary structures referred to as domains,
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Box 4-2 = IN DEPTH: THE IMMUNOGLOBULIN SUPERFAMILY (Continued)

and most often the entire sequence of a domain charac-
teristic of a particular superfamily is encoded by a single
exon. Members of a superfamily are likely to be derived
from a common precursor gene by divergent evolution,
and multidomain proteins may belong to more than one
superfamily. The criterion for inclusion of a protein in the
Ig superfamily is the presence of one or more Ig domains
(also called lg homology units), which are regions of 70
to 110 amino acid residues homologous to either Ig vari-
able (V) or lg constant {C) domains. The Ig domain con-
tains conserved residues that permit the polypeptide to
assume a globular tertiary structure called an antibody (or
Ig) fold, composed of a sandwich arrangement of two -
sheets, each made up of three to five antiparallel B-
strands of 5 to 10 amino acid residues. This sandwich-like
structure is stabilized by hydrophobic amino acid residues
on the B-strands pointing inward, which alternate with
hydrophilic residues pointing out. Because the inward-
pointing residues are essential for the stability of the ter-
tiary structure, they are the major contributors to the
regions that are conserved between Ig superfamily
members. In addition, there are usually conserved cys-
teine residues that contribute to the formation of an intra-
chain disulfide-bonded loop of 55 to 75 amino acids
(~90kD). lg domains are classified as V-like or C-like on
the basis of closest homology to either Ig V or Ig C
domains. V domains are formed from a longer polypep-
tide than are C domains and contain two extra B-strands
within the B-sheet sandwich. A third type of Ig domain,
called C2 or H, has a length similar to C domains but has
sequences typical of both V and C domains.

Using several criteria of evolutionary relatedness, such
as primary sequence, intron-exon structure, and ability to
undergo DNA rearrangements, molecular biologists have
postulated a scheme, or family tree, depicting the evolu-
tion of members of the |g superfamily. In this scheme, an
early event was the duplication of a gene for a primordial
surface receptor followed by divergence of V and C
exons. Modern members of the superfamily contain dif-
ferent numbers of V or C domains. The early divergence
is reflected by the lack of significant sequence homology

actions between the V; and V,; domains and between the
C. and Cy1 domains may also contribute to the associa-
tion of heavy and light chains. The two heavy chains of
each antibody molecule are also covalently linked by
disulfide bonds. In IgG antibodies, the first class of anti-
bodies to be structurally analyzed, these bonds are
formed between cysteine residues in the Cu2 regions,
close to the region known as the hinge (see below). In
other isotypes, the disulfide bonds may be in different
locations. Noncovalent interactions (e.g., between the
third Cy; domains [C;;3]) may also contribute to heavy
chain pairing.

The associations between the chains of antibody mol-
ecules and the functions of different regions of antibod-

in g and TCR V and C units, although they share similar
tertiary structures. A second early event in the evolution
of this family was the acquisition of the ability to undergo
DNA recombination, which has remained a unigque
feature of the antigen receptor gene members of the
family.

Most identified members of the Ig superfamily (see
Figure) are integral plasma membrane proteins with Ig
domains in the extracellular portions, transmembrane
domains composed of hydrophobic amino acids, and
widely divergent cytoplasmic tails, usually with no intrin-
sic enzymatic activity. There are exceptions to these gen-
eralizations. For example, the platelet-derived growth
factor receptors have cytoplasmic tails with tyrosine
kinase activity, and the Thy-1 molecule has no cytoplas-
mic tail but, rather, is anchored to the membrane by a
phosphatidylinositol linkage.

One recurrent characteristic of the Ig superfamily
members is that interactions between Ig domains on dif-
ferent polypeptide chains are essential for the functions
of the molecules. These interactions can be homophilic,
occurring between identical domains on opposing
polypeptide chains of a multimeric protein, as in the case
of Cy:Cy pairing to form functional Fc regions of Ig mol-
ecules. Alternatively, they can be heterophilic, as occurs
in the case of Vi:V, or V;:V, pairing to form the antigen-
binding sites of Ig or TCR molecules, respectively. Het-
erophilic interactions can also occur between lg domains
on entirely distinct molecules expressed on the surfaces
of different cells. Such interactions provide adhesive
forces that stabilize cell-cell interactions and initiate
signals resulting from such interactions. For example, the
presentation of an antigen to a helper T cell by an antigen-
presenting cell involves heterophilic intercellular Ig
domain interactions between several g superfamily mol-
ecules, including CD4:class Il MHC and CD28:B7 (see
Chapter 7). Numerous Ig superfamily members have
been identified on cells of the developing and mature
nervous system, consistent with the functional impor-
tance of highly regulated cell-cell interactions in these
sites.

ies were first deduced from experiments done by Rodney
Porter in which rabbit IgG was cleaved by proteolytic
enzymes into fragments with distinct structural and
functional properties. In IgG molecules, the hinge
between the Cy1 and C,;2 domains of the heavy chain is
the region most susceptible to proteolytic cleavage. If
rabbit IgG is treated with the enzyme papain under con-
ditions of limited proteolysis, the enzyme acts on the
hinge region and cleaves the IgG into three separate
pieces (Fig. 4-3). Two of the pieces are identical to
each other and consist of the complete light chain (V.
and G,) associated with a Vy-Cy1 fragment of the heavy
chain. These fragments retain the ability to bind antigen
because each contains paired V; and Vi domains, and
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Papain
products

Pepsin
products

they are called Fab (fragment, antigen binding). The
third piece is composed of two identical, disulfide-
linked peptides containing the heavy chain Cy2 and C;,3
domains. This piece of IgG has a propensity to self-
associate and to crystallize into a lattice and is therefore
called Fc (fragment, crystallizable). When pepsin
(instead of papain) is used to cleave rabbit IgG under
limiting conditions, proteolysis occurs distal to the
hinge region, generating an F(ab’), antigen-binding frag-
ment of IgG with the hinge and the interchain disulfide
bonds intact (see Fig. 4-3).

The results of limited papain or pepsin proteolysis of
other isotypes besides IgG, or of IgGs of species other
than the rabbit, do not always recapitulate the studies
with rabbit IgG. However, the basic organization of the
Ig molecule that Porter deduced from his experiments is
common to all Ig molecules of all isotypes and of all
species. In fact, these proteolysis experiments provided
the first evidence that the antigen recognition functions
and the effector functions of Ig molecules are spatially
segregated.

™~ 2

\ fragments
-

FIGURE 4-3 Proteolytic fragments of
an lgG molecule. oG malecules are
cleaved by the enzymes papain (A) and
pepsin (B) at the sites indicated by arrows
Papain digestion allows separation of two
antigen-binding regions (the Fab frag-
ments) from the portion of the IgG mole-
cule that binds to complement and Fc
receptors {the Fc fragment). Pepsin gen-
/ erates a single bivalent antigen-binding
fragment, F(ab’),

Peptide

Structural Features of Variable Regions
and Their Relationship to
Antigen Binding

Most of the sequence differences among different anti-
bodies are confined to three short stretches in the V
region of the heavy chain and to three stretches in the V
region of the light chain. These diverse stretches are
known as hypervariable segments, and they correspond
to three protruding loops connecting adjacent strands of
the B-sheets that make up the V domains of Ig heavy and
light chain proteins (Fig. 4-4). The hypervariable regions
are each about 10 amino acid residues long, and they are
held in place by more conserved framework sequences
that make up the Ig domain of the V region. The genetic
mechanisms leading to amino acid variability are dis-
cussed in Chapter 8. In an antibody molecule, the three
hypervariable regions of a V, domain and the three
hypervariable regions of a Vy domain are brought
together to form an antigen-binding surface. Because
these sequences form a surface that is complementary
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FIGURE 4-4 Hypervariable regions in Ig molecules. A. Kabat\Wu plot of amino acid variability in Ig molecules. The histograms depict the
extent of variability defined as the number of differences in each amino acid residue among various independently sequenced Ig light chains,
plotted against amino acid residue number, measured from the amino terminus. This method of analysis, developed by Elvin Kabat and Tai
Te Wu, indicates that the most variable residues are clustered in three “hypervariable” regions, colored in blue, yellow, and red, corre-
sponding to CDR1, CDR2, and CDR3, respectively. Three hypervariable regions are also present in heavy chains. (Courtesy of Dr. E.A. Kabat,
Department of Microbiology, Columbia University College of Physicians and Surgeons, New York.) B. Three-dimensional view of the hyper-
variable CDR loops in a light chain V domain. The V region of a light chain is shown with CDR1, CDR2, and CDR3 loops, colored in blue,
yellow, and red, respectively. These loops correspond to the hypervariable regions in the variability plot in A Heavy chain hypervariable
regions (not shown) are also located in three loops, and all six loops are juxtaposed in the antibody molecule to form the antigen-binding

surface (see Fig 4-5)

to the three-dimensional structure of the bound antigen,
the hypervariable regions are also called complemen-
tarity-determining regions (CDRs). Proceeding from
either the V, or the Vy amino terminus, these regions are
called CDR1, CDR2, and CDR3 (see Fig. 4-4). The CDR3s
of both the Vy; segment and the V; segment are the most
variable of the CDRs. As we will discuss in Chapter 8,
there are special genetic mechanisms for generating
more sequence diversity in CDR3 than in CDR1 and
CDR2. Crystallographic analyses of antibodies reveal
that the CDRs form extended loops that are exposed on
the surface of the antibody and are thus available to
interact with antigen (see Fig. 4-4). Sequence differences
among the CDRs of different antibody molecules con-
tribute to distinct interaction surfaces and, therefore,
specificities of individual antibodies. The ability of a V
region to fold into an Ig domain is mostly determined by
the conserved sequences of the framework regions adja-
cent to the CDRs. Confining the sequence variability to
three short stretches allows the basic structure of all
antibodies to be maintained despite the variability
among different antibodies.

Antigen binding by antibody molecules is primarily
a function of the hypervariable regions of Vy and V.
Crystallographic analyses of antigen-antibody com-
plexes show that the amino acid residues of the hyper-
variable regions form multiple contacts with bound
antigen (Fig. 4-5). The most extensive contact is with the

third hypervariable region (CDR3), which is also the
most variable of the three CDRs. However, antigen
binding is not solely a function of the CDRs, and frame-
work residues may also contact the antigen. Moreover,
in the binding of some antigens, one or more of the
CDRs may be outside the region of contact with antigen,
thus not participating in antigen binding.

Structural Features of Constant
Regions and Their Relationship to
Effector Functions

Antibody molecules can be divided into distinct classes
and subclasses on the basis of differences in the struc-
ture of their heavy chain C regions. The classes of anti-
body molecules are also called isotypes and are named
IgA, IgD, IgE, IgG, and IgM (Table 4-2). In humans, IgA
and IgG isotypes can be further subdivided into closely
related subclasses, or subtypes, called IgAl and IgA2,
and 1gG1, 1gG2, 1gG3, and IgG4. (Mice, which are often
used in the study of immune responses, differ in that the
IgG isotype is divided into the IgGl, IgG2a, IgG2b, and
1gG3 subclasses.) The heavy chain C regions of all anti-
body molecules of one isotype or subtype have essen-
tially the same amino acid sequence. This sequence is
different in antibodies of other isotypes or subtypes.
Heavy chains are designated by the letter of the Greek
alphabet corresponding to the isotype of the antibody:

85



i

H
86 g Section Il — RECOGNITION OF ANTIGENS

Antigen

FIGURE 4-5 Binding of an antigen by an antibody. A. This model
of a \_.'}Iubu' 3r protein antigen {(hen egg lysozyme) bound to an anti-

n hiow the antigen-binding site can accommo-
le macromolecules in their native (folded) conformation.
The heavy chains of the antibody are colored red, the light chains
are yellow, and the gen is col D
Vaughn, Cold Spring Hart o] 1§
York.) B. A view of the interacting surfaces of hen egg lysozyme (in
green) and an Fab fragment of a monoclonal anti-hen egg lysoz
antibody (Vu in blu d Vo in yellow) 1s provided. The residuss
hen egyg lysozyme and of the Fab fragment that interact with one
another are shown in red. A critical glutamlne residue on lysozyme
{in magenta) fits into a “cleft” in the antibody. (This figure is based
on Figure 3B and reprinted with permission from Amit AG, RA
Mariuzza, SE Phillips, and RJ Poljak. Three dimensional structure of
an antigen antibody complex at 2.8A resolution. Science 233,
747-753, 1986. Copyright 1986 AAAS.)

IgAl contains ol heavy chains; IgA2, «2; IgD, §; IgE, &;
IgG1, v1; 1gG2, v2; 1gG3, v3; 1gG4, v4; and IgM, u. In

human IgM and IgE antibodies, the C re gions contain
four tandem Ig domains. The C regions of IgG, IgA, and
[gD contain only three Ig domains. These domains are
designated Cy and numbered sequentially from amino
terminus to carboxyl terminus (e.g., Cyl, Cy2, and so
on). In each isotype, these regions may be designated
more specifically (e.g., C,1, C,2 in IgG). Antibodies can
act as antigens when introduced into foreign hosts, elic-
iting the production of anti-antibodies (Box 4-3). By
immunizing an animal of one species with Ig of another
species, it is possible to produce anti-antibodies specific
for one Ig class or subclass, and such antibodies are rou-

tinely used in the clinical and experimental analyses of
humoral immune responses.

Different isotypes and subtypes of antibodies perform
different effector functions. The reason for this is that
most of the effector functions of antibodies are mediated
by the binding of heavy chain C regions to Fc receptors
on different cells, such as phagocytes, NK cells, and mast
cells, and to plasma proteins, such as complement pro-
teins. Antibody isotypes and subtypes differ in their C
regions and therefore in what they bind to and what
effector functions they perform. The effector functions
mediated by each antibody isotype are listed in Table 4-2
and are discussed in more detail later in this chapter and
in Chapter 14.

Antibody molecules are flexible, permitting them to
bind to different arrays of antigens. Every antibody con-
tains at least two antigen-binding sites, each formed by
a pair of V4 and V; domains. Many Ig molecules can
orient these binding sites so that two antigen molecules
on a planar (e.g., cell) surface may be engaged at once
(Fig. 4-6). This flexibility is conferred, in large part, by a
hinge region located between Cyl and Cy2 in certain
isotypes. The hinge region varies in length from 10 to
more than 60 amino acid residues in different isotypes.
Portions of this sequence assume a random and flexible
conformation, permitting molecular motion between
the Cyl and Cy2 domains. Some of the greatest differ-
ences between the constant regions of the IgG sub-
classes are concentrated in the hinge. This leads to
different overall shapes of the IgG subtypes. In addition,
some flexibility of antibody molecules is due to the
ability of each Vy domain to rotate with respect to the
adjacent Cyl domain.

There are two classes, or isotypes, of light chains,
called x and A, which are distinguished by their carboxy-
terminal constant (C) regions. An antibody molecule has
either two x light chains or two A light chains, but never
one of each. In humans, about 60% of antibody mole-
cules have x light chains, and about 40% have A light
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[surface determinants
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FIGURE 4-6 Flexihilit\r of antibody molecules. The two antigen
binding sites of an lg monomer can simultansously bind to two
determinants separated by varying distances. In A, an Ig molecule
is depicted binding to two widely spaced determinants on a cell
surface, and in B, the same antibody is binding to two determinants
that are close together. This flexibility is mainly due to the hinge
regions located between the Cy1 and C.2 domains, which permit
independent movement of antigen-binding sites relative to the rest
of the molecule.
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Table 4-2. Human Antibody Isotypes

Isotype of Subtypes | H chain | Serum Serum | Secreted form Functions
antibody concentr. | half-life
(mg/mL) | (days)
IgA IgA1,2 o(lor2)| 3.5 6 IgA Monomer, dimer, | Mucosal immunity
(dimer) trimer
gD None o Trace 3 None Naive B cell
antigen receptor
IgE None e 0.05 2 IgE . ) ce1 (¥ . Monomer | Defense against
NCY G helminthic parasites,
' % | immediate
o hypersensitivit
b
(. Ce3
.'::] '_\04
e
IgG lgG1-4 v(1,23 | 135 23 IgG1 Vi Monomer | Opsonization,
or4) () gmcu\g\ complement
) CY/ activation, antibody-
Vi ¢ AL dependent cell-
CL a ' mediated cytotoxicity,
q I Cr neonatal immunity,
)Cya3 feedback inhibition
(’i f') of B cells
IgM None il 1.5 5 IgM  Cpt Pentamers,| Naive B cell antigen
\---_,-_.\ hexamers | receptor, complement
) activation
Cud-
Cud-_
00
I J chain

The effector functions of antibodies are discussed in detail in Chapter 14.

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

Secreted and membrane-associated antibodies differ
in the amino acid sequence of the carboxy-terminal end
of the heavy chain C region. In the secreted form, found
in blood and other extracellular fluids, the carboxy-
terminal portion is hydrophilic. The membrane-bound
form of antibody contains a carboxy-terminal stretch
that includes a hydrophobic o-helical transmembrane
anchor region followed by an intracellular juxtamem-
brane positively charged stretch that helps anchor the
protein in the membrane (Fig. 4-7). In membrane IgM
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Box 4-3 =

Antibody molecules are proteins and can therefore
be immunogenic. Immunologists have exploited this fact
to produce antibodies specific for Ig molecules that
can be used as reagents to analyze the structure and
function of the Ig molecules. To obtain an anti-antibody
response, it is necessary that the Ig molecules used
to immunize an animal be recognized in whole or in
part as foreign. The simplest approach is to immunize
an animal of one species (e.g., rabbit) with Ig molecules
of a second species (e.g., mouse). Populations of
antibodies generated by such cross-species immuniza-
tions are largely specific for epitopes present in the con-
stant (C) regions of light or heavy chains. Antisera
generated in this way can be used to define the isotype
of an antibody.

When an animal is immunized with Ig molecules
derived from another animal of the same species, the
Immune response is confined to epitopes of the immu-
nizing Ig that are absent or uncommon on the Ig mole-
cules of the responder animal. Two types of determinants
have been defined by this approach. First, determinants
may be formed by minor structural differences (polymor-
phisms) in amino acid sequences located in the con-
served portions of Ig molecules, called allotopes. All
antibody molecules that share a particular allotope are
said to belong to the same allotype. In simple terms, an
allotype is the protein product of a distinct allelic form of
an Ig gene. Different individuals in a species may inherit
two different forms of any Ig gene. Most allotopes are
located in the C regions of light or heavy chains, but some
are found in the framework portions of V regions. Allo-
typic differences have been important in the study of Ig
genetics. For example, allotypes detected by anti-lg anti-
bodies were initially used to locate the position of Ig
genes by linkage analysis. In addition, the remarkable
observation that, in homozygous animals, all the heavy
chains of a particular isotype (e.g., IgM) share the same
allotype even though the V regions of these antibodies
have different amino acid sequences provided the first
evidence that the C regions of all Ig molecules of a par-
ticular isotype are encoded by a single gene segment that
is separate from the gene segments encoding V regions

and IgD molecules, the cytoplasmic portion of the heavy
chain is short, only three amino acid residues in length;
in membrane IgG and IgE molecules, it is somewhat
longer, up to 30 amino acid residues in length, but this
includes the positively charged three-amino acid jux-
tamembrane sequence.

Secreted IgG and IgE, and all membrane Ig molecules,
regardless of isotype, are monomeric with respect to the
basic antibody structural unit (i.e., they contain two
heavy chains and two light chains). In contrast, the
secreted forms of IgM and IgA form multimeric com-
plexes in which two or more of the four-chain core anti-
body structural units are covalently joined. IgM may be
secreted as pentamers and hexamers of the core four-
chain structure, while IgA is often secreted as an Ig
dimer. These complexes are formed by interactions

IN DEPTH: ANTI-ig ANTIBODIES: ALLOTYPES AND IDIOTYPES

As is discussed in Chapter 8, we now know that this sur-
prising conclusion is correct.

The second type of determinant on antibody mole-
cules that can be recognized as foreign by other animals
of the same species is that formed by the hypervariable
regions of the |g variable domains. When a homogeneous
population of antibody molecules (e.g, a myeloma
protein, or a monoclonal antibody) is used as an immuno-
gen, antibodies are produced that react with the unique
hypervariable loops of that antibody. These determinants
are recognized as foreign because they are usually
present in very small quantities in any given animal (i.e.,
at too low a level to induce self-tolerance). The unique
determinants of individual antibody molecules are called
idiotopes, and all antibody molecules that share an
idiotope are said to belong to the same idiotype. As is
discussed in Chapter 8, hypervariable sequences that
form idiotopes arise both from inherited germline diver-
sity and from somatic events. Idiotopes may be involved
in regulation of B cell functions. The theory of lympho-
cyte regulation through idiotopes of antigen receptors,
called the network hypothesis, is mentioned in Chapter
11.

In addition to experimentally elicited anti-lg antibodies,
immunologists have been interested in naturally occur-
ring antibodies reactive with self Ig molecules. Anti-lg
antibodies are particularly prevalent in an autoimmune
disease called rheumatoid arthritis (see Chapter 18), in
which setting they are known as rheumatoid factor
Rheumatoid factor is usually an IgM antibody that reacts
with the constant regions of self IgG. The significance of
rheumatoid factor in the pathogenesis of rheumatoid
arthritis is unknown.

Patients treated with mouse monoclonal antibodies
may make antibodies against the mouse Ig, called a
human anti-mouse antibody (HAMA) response. These
anti-lg antibodies eliminate the injected monoclonal anti-
body. Humanized antibodies have been developed to cir-
cumvent this problem, but even humanized antibodies
contain hypervariable regions derived from the original
monoclonal antibody, and these can elicit a response in
treated patients.

between regions, called tail pieces, that are located at the
carboxy-terminal ends of the secreted forms of p and «
heavy chains (see Table 4-2). Multimeric IgM and IgA
molecules also contain an additional 15-kD polypeptide
called the joining (J) chain, which is disulfide bonded to
the tail pieces and serves to stabilize the multimeric
complexes, and to transport multimers across epithelia
from the basolateral to the luminal end.

Synthesis, Assembly, and Expression of
Ig Molecules

Ig heavy and light chains, like most secreted and mem-
brane proteins, are synthesized on membrane-bound
ribosomes in the rough endoplasmic reticulum. The
protein is translocated into the endoplasmic reticulum,
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FIGURE 4-7 Membrane and secreted forms of Iy heavy chains. The membrane forms of the Ig heavy chains, but not the secreted forms,
contain transmembrane regions made up of hydrophobic amino acid residues and cytoplasmic domains that differ significantly among the
different isotypes. The cytoplasmic portion of the membrane form of the p chain contains only 3 residues, whereas the cytoplasmic region
of 1gG heavy chains contains 20-30 residues. The secreted forms of the antibodies end in C-terminal tail pieces, which also differ among
isotypes: u has a long tail piece (21 residues) that is involved in pentamer formation, whereas IgGs have a short tail piece (3 residues)

and Ig heavy chains are N-glycosylated during the
translocation process. The proper folding of Ig heavy
chains and their assembly with light chains are regulated
by proteins resident in the endoplasmic reticulum called
chaperones. These proteins, which include calnexin and
a molecule called BiP (binding protein), bind to newly
synthesized Ig polypeptides and ensure that they are
retained or targeted for degradation unless they become
properly folded and assembled into Ig molecules. The
covalent association of heavy and light chains, stabilized
by the formation of disuifide bonds, also occurs in the
endoplasmic reticulum. After assembly, the Ig molecules
are released from the chaperones and directed into the
cisternae of the Golgi complex, where carbohydrates are
modified, and the antibodies are then transported to the
plasma membrane in vesicles. Antibodies of the mem-
brane form are anchored in the plasma membrane and
the secreted form is transported out of the cell. Other
proteins that bind to Ig are coordinately regulated. For
instance, secreted IgA and IgM antibodies are main-
tained as multimers by the attached J chains. In plasma
cells, transcription of Ig heavy and light chain genes is
accompanied by coordinate J chain gene transcription
and biosynthesis.

The maturation of B cells from bone marrow progen-
itors is accompanied by specific changes in Ig gene
expression, resulting in the production of Ig molecules in
different forms (Fig. 4-8). The earliest cell in the B lym-
phocyte lineage that produces Ig polypeptides, called
the pre-B cell, synthesizes the membrane form of the p
heavy chain. These p chains associate with proteins
called surrogate light chains to form the pre-B cell recep-
tor, and a small proportion of the synthesized pre-B cell
receptor is expressed on the cell surface. Immature and
mature B cells produce « or A light chains, which asso-
ciate with p proteins to form IgM molecules. Mature B
cells express membrane forms of IgM and IgD (the u and

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

ANTIBODY BINDING OF ANTIGENS

Features of Biologic Antigens

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

Although all antigens are recognized by specific lym-
phocytes or by antibodies, only some antigens are
capable of activating lymphocytes. Molecules that stim-
ulate immune responses are called immunogens. Only
macromolecules are capable of stimulating B lympho-
cytes to initiate humoral immune responses, because B
cell activation requires either the bringing together
(cross-linking) of multiple antigen receptors, or requires
protein antigens to elicit T cell help. Small chemicals,
such as dinitrophenol, may bind to antibodies, and are
therefore antigens, but cannot activate B cells on their
own (i.e., they are not immunogenic). To generate anti-
bodies specific for such small chemicals, immunologists
commonly attach them to a protein before immuniza-
tion. In these cases, the small chemical is called a
hapten, and the protein to which it is conjugated is
called a carrier. The hapten-carrier complex, unlike free
hapten, can act as an immunogen (see Chapter 10). A
second approach to make a hapten immunogenic is to
render it multivalent, as discussed below, often by
attaching a number of hapten molecules to a single mol-
ecule of a polysaccharide.

Macromolecules, such as proteins, polysaccharides,
and nucleic acids, are usually much bigger than the
antigen-binding region of an antibody molecule (see Fig.
4-5). Therefore, any antibody binds to only a portion of
the macromolecule, which is called a determinant or an
epitope. These two words are synonymous and are used
interchangeably throughout this book. Macromolecules
typically contain multiple determinants, some of which
may be repeated, and each of which, by definition, can
be bound by an antibody. The presence of multiple iden-
tical determinants in an antigen is referred to as polyva-
lency or multivalency. Most globular proteins do not
contain multiple identical epitopes and are not polyva-
lent, unless they are in aggregates. In the case of poly-
saccharides and nucleic acids, many identical epitopes
may be regularly spaced, and the molecules are said to
be polyvalent. Cell surfaces, including microbes, often
display polyvalent arrays of protein or carbohydrate
antigenic determinants. Polyvalent antigens can induce

clustering of the B cell receptor and thus initiate the
process of B cell activation.

The spatial arrangement of different epitopes on a
single protein molecule may influence the binding of
antibodies in several ways. When determinants are well
separated, two or more antibody molecules can be
bound to the same protein antigen without influencing
each other; such determinants are said to be nonover-
lapping. When two determinants are close to one
another, the binding of antibody to the first determinant
may cause steric interference with the binding of anti-
body to the second; such determinants are said to be
overlapping. In rarer cases, binding of one antibody may
cause a conformational change in the structure of the
antigen, positively or negatively influencing the binding
of a second antibody at another site on the protein by
means other than steric hindrance. Such interactions are
called allosteric effects.

Any available shape or surface on a molecule that
may be recognized by an antibody constitutes an anti-
genic determinant or epitope. Antigenic determinants
may be delineated on any type of compound, including
but not restricted to carbohydrates, proteins, lipids, and
nucleic acids. In the case of proteins, the formation of
some determinants depends only on the primary struc-
ture, and the formation of other determinants reflects
tertiary structure (Fig. 4-9). Epitopes formed by several
adjacent amino acid residues are called linear determi-
nants. The antigen-binding site of an antibody can
usually accommodate a linear determinant made up of
about six amino acids. If linear determinants appear on
the external surface or in a region of extended confor-
mation in the native folded protein, they may be acces-
sible to antibodies. More often, linear determinants may
be inaccessible in the native conformation and appear
only when the protein is denatured. In contrast, confor-
mational determinants are formed by amino acid
residues that are not in a sequence but become spatially
juxtaposed in the folded protein. Antibodies specific for
certain linear determinants and antibodies specific for
conformational determinants can be used to ascertain
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FIGURE 4-9 The nature of antigenic determinants. Antigenic determinants (shown in orange, red, and blue) may depend on protein fold-
ing (conformation) as well as on primary structure. Some determinants are accessible in native proteins and are lost on denaturation {A),
whereas others are exposed only on protein unfolding (B). Neodeterminants arise from postsynthetic modifications such as peptide bond

cleavage (C)

whether a protein is denatured or in its native confor-
mation, respectively. Proteins may be subjected to mod-
ifications such as glycosylation, phosphorylation, or
proteolysis. These modifications, by altering the struc-
ture of the protein, can produce new epitopes. Such epi-
topes are called neoantigenic determinants, and they
too may be recognized by specific antibodies.

Structural and Chemical Basis of
Antigen Binding

The antigen-binding sites of most antibodies are planar
surfaces that can accommodate conformational epi-
topes of macromolecules, allowing the antibodies to
bind large macromolecules (see Fig. 4-5). As is discussed
in Chapter 5, this is a key difference between the
antigen-binding sites of antibody molecules and those
of certain other antigen-binding molecules of the
immune system, namely, MHC molecules, which
contain antigen-binding clefts that bind small peptides
but not native globular proteins (see Table 4-1). In some
instances, such as antibodies specific for small carbohy-
drates, the antigen is bound in a cleft between V; and Vy
domains.

The recognition of antigen by antibody involves non-
covalent, reversible binding. Various types of noncova-

lent interactions may contribute to antibody binding of
antigen, including electrostatic forces, hydrogen bonds,
van der Waals forces, and hydrophobic interactions. The
relative importance of each of these depends on the
structures of the binding site of the individual antibody
and of the antigenic determinant. The strength of the
binding between a single combining site of an antibody
and an epitope of an antigen is called the affinity of the
antibody. The affinity is commonly represented by a dis-
sociation constant (Ky), which indicates how easy it is
to separate an antigen-antibody complex into its con-
stituents. A smaller K, indicates a stronger or higher-
affinity interaction because a lower concentration of
antigen and of antibody is required for complex forma-
tion. The K, of antibodies produced in typical humoral
immune responses usually varies from about 107"M to
10"M. Serum from an immunized individual will
contain a mixture of antibodies with different affinities
for the antigen, depending primarily on the amino acid
sequences of the CDRs.

Because the hinge region of antibodies gives them
flexibility, a single antibody may attach to a single mul-
tivalent antigen by more than one binding site. For IgG
or IgE, this attachment can involve, at most, two binding
sites, one on each Fab. For pentameric IgM, however, a
single antibody may bind at up to 10 different sites (Fig.
4-10). Polyvalent antigens will have more than one copy
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of a particular determinant. Although the affinity of any
one antigen-binding site will be the same for each
epitope of a polyvalent antigen, the strength of attach-
ment of the antibody to the antigen must take into
account binding of all the sites to all the available epi-
topes. This overall strength of attachment is called the
avidity and is much greater than the affinity of any one
antigen-binding site. Thus, a low-affinity IgM molecule
can still bind tightly to a polyvalent antigen because
many low-affinity interactions (up to 10 per IgM mole-
cule) can produce a single high-avidity interaction.
Polyvalent antigens are important from the viewpoint
of B cell activation, as discussed earlier. Polyvalent inter-
actions between antigen and antibody are also of bio-
logic significance because many effector functions of
antibodies are triggered optimally when two or more
antibody molecules are brought close together by
binding to a polyvalent antigen. If a polyvalent antigen
is mixed with a specific antibody in a test tube, the two
interact to form immune complexes (Fig. 4-11). At the
correct concentration, called a zone of equivalence,
antibody and antigen form an extensively cross-linked
network of attached molecules such that most or all of
the antigen and antibody molecules are complexed into
large masses. Inmune complexes may be dissociated
into smaller aggregates either by increasing the concen-
tration of antigen so that free antigen molecules will dis-

place antigen bound to the antibody (zone of antigen
excess) or by increasing antibody so that free antibody
molecules will displace bound antibody from antigen
determinants (zone of antibody excess). If a zone of
equivalence is reached in vivo, large immune complexes
can form in the circulation. Immune complexes that are
trapped or formed in tissues can initiate an inflamma-
tory reaction, resulting in immune complex diseases
(see Chapter 18).

STRUCTURE-FUNCTION RELATIONSHIPS IN
ANTIBODY MOLECULES

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

Features Related to Antigen Recognition

Antibodies are able to specifically recognize a wide
variety of antigens with varying affinities. All the features
of antigen recognition reflect the properties of antibody
V regions.
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Specificity

Antibodies can be remarkably specific for antigens, dis-
tinguishing between small differences in chemical struc-
ture. Classic experiments performed by Karl Landsteiner
in the 1930s demonstrated that antibodies made in
response to an aminobenzene hapten with a meta-
substituted sulfonate group would bind strongly to
this hapten but weakly or not at all to ortho- or para-
substituted isomers. These antigens are structurally
similar and differ only in the location of the sulfonate
group on the benzene ring.

The fine specificity of antibodies applies to the re-
cognition of all classes of molecules. For exarnple, anti-
bodies can distinguish between two linear protein
determinants differing by only a single conservative
amino acid substitution that has little effect on second-
ary structure. Because the biochemical constituents of
all living organisms are fundamentally similar, this high
degree of specificity is necessary so that antibodies gen-
erated in response to the antigens of one microbe
usually do not react with structurally similar self mole-
cules or with the antigens of other microbes. However,
some antibodies produced against one antigen may
bind to a different but structurally related antigen. This
is referred to as a cross-reaction. Antibodies that are
produced in response to a microbial antigen sometimes
cross-react with self antigens, and this may be the basis
of certain immunologic diseases (see Chapter 18).

Diversity

As we discussed earlier in this chapter, an individual is
capable of making a tremendous number of structurally
distinct antibodies, perhaps up to 10°, each with a dis-
tinct specificity. The ability of antibodies in any individ-
ual to specifically bind a large number of different
antigens is a reflection of antibody diversity, and the
total collection of antibodies with different specificities
represents the antibody repertoire. The genetic mecha-

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

Affinity Maturation

The ability of antibodies to neutralize toxins and infec-
tious microbes is dependent on tight binding of the anti-
bodies. As we have discussed, tight binding is achieved
by high-affinity and high-avidity interactions. A mecha-
nism for the generation of high-affinity antibodies
involves subtle changes in the structure of the V regions
of antibodies during T celi-dependent humoral immune
responses to protein antigens. These changes come
about by a process of somatic mutation in antigen-
stimulated B lymphocytes that generates new V domain
structures, some of which bind the antigen with greater
affinity than did the original V domains (Fig. 4-12).
Those B cells producing higher-affinity antibodies
preferentially bind to the antigen and, as a result of
selection, become the dominant B cells with each sub-
sequent exposure to the antigen. This process, called
affinity maturation, results in an increase in the average
binding affinity of antibodies for an antigen as a
humoral immune response evolves. Thus, an antibody
produced during a primary immune response to a
protein antigen often has a K, in the range of 107 to
10*M; in secondary responses, the affinity increases,
with a K4 of 100"'M or even less. The mechanisms of
somatic mutation and affinity maturation are discussed
in Chapter 10.
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FIGURE 4-12 Changes in antibody structure during humoral immune responses. The illustration depicts the changes in the structure of
antibodies that may be produced by the progeny of activated B cells (one clone) and the related changes in function. During affinity matu-
ration, mutations in the V region (indicated by red dots) lead to changes in fine specificity without changes in C region—-dependent effector
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discussed in Chapter 10

Features Related to Effector Functions

Many of the effector functions of immunoglobulins are
mediated by the Fc portions of the molecules, and anti-
body isotypes that differ in these Fc regions perform dis-
tinct functions. We have mentioned previously that the
effector functions of antibodies require the binding of
heavy chain C regions, which make up the Fc portions,
to other cells and plasma proteins. For example, 1gG
coats microbes and targets them for phagocytosis by
neutrophils and macrophages. This occurs because the
antigen-complexed IgG molecule is able to bind,
through its Fc region, to y heavy chain-specific Fc re-
ceptors (FcRs) that are expressed on neutrophils and
macrophages. In contrast, IgE binds to mast cells and
triggers their degranulation because mast cells express
IgE-specific FcRs. Another Fc-dependent effector
mechanism of humoral immunity is activation of the
classical pathway of the complement system. The
system generates inflammatory mediators and pro-

motes microbial phagocytosis and lysis. It is initiated by
the binding of a complement protein called Clq to the
Fc portions of antigen-complexed IgG or IgM. The FcR-
and complement-binding sites of antibodies are found
within the heavy chain C domains of the different iso-
types (see Fig. 4-1). The structure and functions of FcRs
and complement proteins are discussed in detail in
Chapter 14.

The effector functions of antibodies are initiated only
by antibodies that have bound antigens and not by free
Ig. The reason that only antibodies with bound antigens
activate effector mechanisms is that two or more adja-
cent antibody Fc portions are needed to bind to and
trigger various effector systems, such as complement
proteins and FcRs of phagocytes (see Chapter 14). This
requirement for adjacent antibody molecules ensures
that the effector functions are targeted specifically
toward eliminating antigens that are recognized by the
antibody and that circulating free antibodies do not
wastefully trigger effector responses.



Changes in the isotypes of antibodies during
humoral immune responses influence how and where
the responses work to eradicate antigen. After stimula-
tion by an antigen, a single clone of B cells may produce
antibodies with different isotypes yet identical V
domains, and therefore identical antigen specificity.
Naive B cells, for example, simultaneously produce IgM
and IgD that function as membrane receptors for anti-
gens. When these B cells are activated by an antigen such
as a microbe, they may undergo a process called isotype
switching in which the type of Cy; region, and therefore
the antibody isotype, produced by the B cell changes,
but the V regions and the specificity do not (see Fig.
4-12). As a result of isotype switching, different progeny
of the original IgM- and IgD-expressing B cell may
produce isotypes and subtypes that are best able to elim-
inate the antigen. For example, the antibody response to
many bacteria and viruses is dominated by IgG anti-
bodies, which promote phagocytosis of the microbes,
and the response to helminths consists mainly of IgE,
which aids in the destruction of the parasites. The mech-
anisms and functional significance of isotype switching
are discussed in Chapter 10.

The heavy chain C regions of antibodies also deter-
mine the tissue distribution of antibody molecules. As
we mentioned earlier, after B cells are activated, they
gradually lose expression of the membrane-bound anti-
body and express more of it as a secreted protein (see
Fig. 4-12). IgA can be secreted efficiently through
mucosal epithelia and is the major class of antibody in
mucosal secretions and milk. Neonates are protected
from infections by IgG antibodies they acquire from
their mothers during gestation and early after birth. This
transfer of maternal IgG is mediated by a special type of
Fc receptor that is expressed in the placenta (through
which antibodies enter the fetal circulation) and in the
intestine. This receptor also protects IgG molecules from
intracellular degradation and thus contributes to the
long half-life of this antibody isotype.

SUMMARY

© Antibodies, or immunoglobulins, are a family of
structurally related glycoproteins produced in
membrane-bound or secreted form by B lym-
phocytes. Membrane-bound antibodies serve as
receptors that mediate the antigen-triggered acti-
vation of B cells. Secreted antibodies function as
mediators of specific humoral immunity by engag-
ing various effector mechanisms that serve to
eliminate the bound antigens.

© The antigen-binding regions of antibody mole-
cules are highly variable, and any one individual
has the potential to produce up to 10° different
antibodies, each with distinct antigen specificity.

® All antibodies have a common symmetric core
structure of two identical covalently linked heavy
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chains and two identical light chains, each linked
to one of the heavy chains. Each chain consists of
two or more independently folded Ig domains of
about 110 amino acids containing conserved
sequences and intrachain disulfide bonds.

The N-terminal domains of heavy and light chains
form the V regions of antibody molecules, which
differ among antibodies of different specificities.
The V regions of heavy and light chains each
contain three separate hypervariable regions of
about 10 amino acids that are spatially assembled
to form the antigen-combining site of the antibody
molecule.

Antibodies are classified into different isotypes and
subtypes on the basis of differences in the heavy
chain C regions, which consist of three or four Ig C
domains, and these classes and subclasses have
different functional properties. The antibody
classes are called IgM, IgD, IgG, IgE, and IgA. Both
light chains of a single Ig molecule are of the same
light chain isotype, either k or A, which differ in
their single C domains.

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

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

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

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

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

ucts, antibodies, which can recognize soluble antigens
as well as cell-associated antigens. The task of display-
ing cell-associated antigens for recognition by T cells is
performed by specialized proteins that are encoded by
genes in a locus called the major histocompatibility
complex (MHC). The MHC was discovered as an
extended locus containing highly polymorphic genes
that determine the outcome of tissue transplants. We
now know that the physiologic function of MHC mole-
cules is the presentation of peptides to T cells. In fact,
MHC molecules are integral components of the ligands
that most T cells recognize because the antigen recep-
tors of T cells are actually specific for complexes of
foreign peptide antigens and self MHC molecules
(schematically illustrated in Fig. 5-1). There are two
main types of MHC gene products, called class I MHC
molecules and class IT MHC molecules, which sample
different pools of protein antigens, cytosolic (most com-
monly endogenously synthesized) antigens, and extra-
cellular antigens endocytosed into vesicles, respectively.
Class I MHC molecules present peptides to CD8" cyto-
toxic T lymphocytes (CTLs), and class IT MHC molecules
to CD4" helper T cells. Thus, knowledge of the structure
and biosynthesis of MHC molecules and the association
of peptide antigens with MHC molecules is fundamen-
tal to understanding how T cells recognize antigens.
We begin our discussion of antigen recognition by T
cells with a description of the structure of MHC mole-
cules, the biochemistry of peptide binding to MHC mol-
ecules, and the genetics of the MHC. In Chapter 6, we
will discuss in more detail the presentation of antigens
to T lymphocytes, the roles of class T and class II MHC
molecules in this process, and the physiologic signifi-
cance of MHC-associated antigen presentation. The
structure of T cell antigen receptors is described in
Chapter 7. The role of MHC molecules in graft rejec-
tion is described in Chapter 16. The terminology and
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genetics of the MHC are best understood from a histor-
ical perspective, and we begin with a description of how
the MHC was discovered.

DiSCOVERY OF THE MHC AND ITS ROLE IN
IMMUNE RESPONSES

Discovery of the Mouse MHC

The MHC was discovered as the genetic locus whose
products are responsible for rapid rejection of tissue
grafts exchanged between inbred strains of mice. Key to
understanding this discovery is the concept of genetic
polymorphism. Some genes are represented by only one
normal nucleic acid sequence in all the members of a
species (except for relatively rare mutations); such genes
are said to be nonpolymorphic, and the normal, or wild-
type, gene sequence is usually present on both chromo-
somes of a pair in every member of the species. By
contrast, alternate forms, or variants, of other genes are
present at stable frequencies in different members of the
population. Such genes are said to be polymorphic, and
each common variant of a polymorphic gene is called an
allele. For polymorphic genes, an individual can have
the same allele at that genetic locus on both chromo-
somes of the pair and would be said to be homozygous,
or an individual can have two different alleles, one on
each chromosome, and would be termed heterozygous.

In the 1940s, George Snell and his colleagues used
genetic techniques to analyze the rejection of trans-
planted tumors and other tissues grafted between
strains of laboratory mice. To do this, it was necessary to
first produce inbred mouse strains by repetitive mating
of siblings. After about 20 generations, every member of
an inbred strain has identical nucleic acid sequences at
all locations on all chromosomes. In other words, inbred
mice are homozygous at every genetic locus, and every
mouse of an inbred strain is genetically identical (syn-
geneic) to every other mouse of the same strain. In the

case of polymorphic genes, each inbred strain, because
it is homozygous, expresses a single allele from the orig-
inal population. Different strains may express different
alleles and are said to be allogeneic to one another.

When a tissue or an organ, such as a patch of skin, is
grafted from one animal to another, two possible out-
comes may ensue. In some cases, the grafted skin sur-
vives and functions as normal skin. In other cases, the
immune system destroys the graft, a process called
rejection. (We will discuss graft rejection in more detail
in Chapter 16.) Skin grafting experiments showed that
grafts exchanged between animals of one inbred strain
are accepted, whereas grafts exchanged between
animals of different inbred strains (or between outbred
animals) are rejected (Fig. 5-2A). Therefore, the recogni-
tion of a graft as self or foreign is an inherited trait. The
genes responsible for causing a grafted tissue to be per-
ceived as similar to or different from one’s own tissues
were called histocompatibility genes (genes that deter-
mine tissue compatibility between individuals), and the
differences between self and foreign were attributed to
polymorphisms among different histocompatibility
gene alleles.

The tools of genetics, namely, breeding and analysis
of the offspring, were then applied to identify the rele-
vant genes {Box 5-1). The critical strategy in this effort
was the breeding of congenic mouse strains; in two con-
genic strains, the mice are identical at all loci except the
one at which they are selected to be different. Analyses
of congenic mice that were selected for their ability to
reject grafts from one another indicated that a single
genetic region is primarily responsible for rapid graft
rejection, and this region was called the major histo-
compatibility locus. The particular locus that was iden-
tified in mice by Snell’s group was linked to a gene
on chromosome 17 encoding a blood group antigen
called antigen II, and therefore this region was named
histocompatibility-2, or simply H-2. Initially, this locus
was thought to contain a single gene that controlled
tissue compatibility. However, occasional recombina-
tion events occurred within the H-2 locus during inter-
breeding of different strains, indicating that it actually
contained several different but closely linked genes,
each involved in graft rejection. The genetic region that
controlled graft rejection and contained several linked
genes was named the major histocompatibility complex.
Genes that determine the fate of grafted tissues are
present in all mammalian species, are homologous to
the H-2 genes first identified in mice, and are all called
MHC genes (Fig. 5-3). Other genes that contribute to
graft rejection to a lesser degree are called minor histo-
compatibility genes; we will return to these in Chapter
16, when we discuss transplantation immunology.
The nomenclature of mouse MHC genes is described in
Box 5-1.

MHC genes control immune responsiveness to protein
antigens. For almost 20 years after the MHC was discov-
ered, its only documented role was in graft rejection.
This was a puzzle to immunologists because transplan-
tation is not a normal phenomenon, and there was no
obvious reason why a set of genes should be preserved
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through evolution if the only function of the genes was
to control the rejection of foreign tissue grafts. In the
1960s and 1970s, it was discovered that MHC genes are
of fundamental importance for all immune responses to
protein antigens. Baruj Benacerraf, Hugh McDevitt, and
their colleagues found that inbred strains of guinea pigs

Human: HLA

and mice differed in their ability to make antibodies
against simple synthetic polypeptides, and responsive-
ness was inherited as a dominant mendelian trait (Fig.
5-2B). The relevant genes were called immune response
(Ir) genes, and they were all found to map to the MHC.
We now know that Ir genes are, in fact, MHC genes that
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Box 5-1 =

IN DEPTH: IDENTIFICATION AND NOMENCLATURE

OF MHC GENES IN MICE

Our knowledge of the organization of the MHC locus is
in large part the result of mouse breeding studies. A key
development in these studies was the creation of con-
genic mouse strains that differ only in the genes respon-
sible for graft rejection. Mice of a congenic strain are
identical to the parent strain at every genetic locus except
the one for which they are selected to differ. The strat-
egy for deriving congenic mice is based on breeding and
selection for a particular trait. In their original experi-
ments, Snell and colleagues used acceptance or rejection
of transplantable tumors as their assay for histocompati-
bility, but this is more easily done with skin grafts. For
instance, a cross between inbred strains A and B gener-
ates (A x B)F; offspring (F, for first filial generation). The
offspring are repeatedly backcrossed to parental strain A,
and at each stage the mice that are selected for breed-
ing are those that accept a skin graft from strain B. By
this method, one can generate mice that are genetically
identical to strain A except that they have the MHC locus
of strain B. In other words, mice with the strain B MHC
do not recognize strain B tissues as foreign and will
accept strain B grafts, even though all other genetic loci
are from strain A. Such mice are said to be congenic to
strain A and to have the “B MHC on an A background.”
Such congenic strains have been used to study the func-
tion of the MHC genes and to produce antibodies against
MHC-encoded proteins

In mice, the MHC alleles of particular inbred strains are
designated by lowercase letters (e.g., a, b, ¢). The indi-
vidual genes within the MHC are named for the MHC
type of mouse strain in which they were first identified.
The two independent MHC loci known to be most impor-
tant for graft rejection in mice encode class | MHC mol-
ecules and are called H-2K and H-2D The K gene was
first discovered in a strain whose MHC had been desig-
nated k, and the D gene was first discovered in a strain
whose MHC had been designated d. In the parlance of
mouse geneticists, the allele of the H-2K gene in a strain

encode MHC molecules that differ in their ability to bind
and display peptides derived from various protein anti-
gens. Responder strains inherit MHC alleles whose
products do bind such peptides, forming peptide-MHC
complexes that can be recognized by helper T cells.
These T cells then help B cells to produce antibodies.
Nonresponder strains express MHC molecules that are
not capable of binding peptides derived from the
polypeptide antigen, and therefore these strains cannot
generate helper T cells or antibodies specific for the
antigen.

The first explanation for the role of MHC molecules
in T cell antigen recognition came with the discovery of
the phenomenon of MHC restriction of T cells, which we
will describe in Chapter 6 when we consider the charac-
teristics of the ligands that T cells recognize.

with the k-type MHC is called K* (pronounced K of k),
whereas the allele of the H-2K gene in a strain of MHC d
is called K% (K of d). A third locus similar to K and D was
discovered later and called L.

Several other genes were subsequently mapped to the
region between the K and D genes responsible for skin
rejection. For example, S genes were found that coded
for polymorphic serum proteins, now known to be com-
ponents of the complement system. Most important, the
polymorphic Ir genes described in the text were assigned
to a region within the MHC called / (the letter, not the
Roman numeral). The / region, in turn, was further subdi-
vided into /-A and /-E subregions on the basis of recom-
bination events during breeding between congenic
strains. The /region was also found to code for certain cell
surface antigens against which antibodies could be pro-
duced by interstrain immunizations. These antigens were
called | region-associated molecules, or la molecules, and
are the murine class |l MHC molecules. The genes of the
I-A and I-E loci, which were discovered as Ir genes, code
for la antigens, which are called I-A and I-E molecules,
respectively. The I-A molecule found in the inbred mouse
strain with the K* and D alleles is called I-A* (pronounced
I A of k). Similar terminology is used for I-E molecules.
Analysis of the mouse class !l region revealed some sur-
prises that were not anticipated by classical genetics. For
instance, the /-A subregion, originally defined by recombi-
nations during interbreeding of inbred strains, codes for
the o and B chains of the I-A molecule as well as for the
highly polymorphic B chain of the I-E molecule. The /-E
subregion identified from breeding codes only for the less
polymorphic a chain of the I-E molecule.

The nomenclature of the HLA locus takes into account
the enormous polymorphism identified by serologic and
molecular methods. Thus, individual alleles may be called
HLA-A*0201, referring to the 01 subtype of HLA-A2, or
HLA-DRB1*0401, referring to the 01 subtype of the HLA-
DRB4 allele, and so on

Discovery of the Human MHC

Human MHC molecules are called human leukocyte
antigens (HLA) and are equivalent to the H-2 molecules
of mice. The kinds of experiments used to discover and
define MHC genes in mice, requiring inbreeding, obvi-
ously cannot be performed in humans. However, the
development of blood transfusion and especially organ
transplantation as methods of treatment in clinical med-
icine provided a strong impetus to detect and define
genes that control rejection reactions in humans. Jean
Dausset, Jan van Rood, and their colleagues first showed
that individuals who reject kidneys or have transfusion
reactions to white blood cells often contain circulating
antibodies reactive with antigens on the white blood
cells of the blood or organ donor. Sera that react against



the cells of other, allogeneic individuals are called
alloantisera and are said to contain alloantibodies,
whose molecular targets are called alloantigens. It was
presumed that these alloantigens are the products of
polymorphic genes that distinguish foreign tissues from
self tissues. Panels of alloantisera were collected from
alloantigen-immunized donors, including multiparous
women (who are immunized by paternal alloantigens
expressed by the fetus during pregnancy), actively
immunized volunteers, and transfusion or transplant
recipients. These sera were compared for their ability to
bind to and lyse lymphocytes from different donors.
Efforts at international workshops, involving exchanges
of reagents among laboratories, led to the identification
of several polymorphic genetic loci, clustered together in
a single locus on chromosome 6, whose products are
recognized by alloantibodies. Because these alloantigens
are expressed on human leukocytes, they were called
human leukocyte antigens (HLAs). Family studies
were then used to construct the map of the HLA locus
(see Fig. 5-3). The first three genes defined by serologic
approaches were called HLA-A, HLA-B, and HLA-C.

The use of antibodies to study alloantigenic differ-
ences between donors and recipients was comple-
mented by the mixed leukocyte reaction (MLR), a test for
T cell recognition of allogeneic cells. The MLR is also an
in vitro model for allograft rejection and will be dis-
cussed more fully in the context of transplantation (see
Chapter 16). It was found that T lymphocytes from one
individual would proliferate in response to leukocytes of
another individual, and this assay was used to map the
genes that elicited allogeneic T cell reactions. The first
gene to be identified from these studies of cellular
responses mapped to a region adjacent to the serologi-
cally defined HLA locus and was therefore called HLA-
D. The protein encoded by the HLA-D locus was later
detected by alloantibodies and was called the HLA-D-
related, or HLA-DR, molecule. Two additional genes that
mapped adjacent to HLA-D were found to encode pro-
teins structurally similar to HLA-DR and also were found
to contribute to MLRs; these genes were called HLA-DQ
and HLA-DE with Q and P chosen for their proximity in
the alphabet to R.

We now know that differences in HLA alleles between
individuals are important determinants of the rejection
of grafts from one individual to another (see Chapter 16).
Thus, the HLA locus of humans is functionally equiva-
lent to the H-2 locus of mice defined by transplantation
experiments. As we shall see later, MHC molecules in
all mammals have essentially the same structure and
function.

The accepted nomenclature of MHC genes and their
encoded proteins is based on sequence and structural
homologies and is applicable to all vertebrate species
(see Fig. 5-3). The genes identified as determinants of
graft rejection in mice (H-2K, H-2D, and H-2L) are
homologous to the serologically defined human HLA
genes (HLA-A, HLA-B, and HLA-C), and all of these
are grouped as class I MHC genes. The Ir genes of
mice (I-A and I-E) are homologous to the human genes
identified by lymphocyte responses in the MLR (HLA-
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DR, HLA-DP and HLA-DQ) and are grouped as class II
MHC genes. There are many other genes contained
within the MHC; we will return to these later in this
chapter. RoshanKetab 021-66950639

Properties of MHC Genes

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

The two types of polymorphic MHC genes, namely, the
class I and class II MHC genes, encode two groups of
structurally distinct but homologous proteins. Class |
MHC molecules present peptides to and are recog-
nized by CD8" T cells, and class Il MHC molecules
present peptides to CD4"* T cells.

© MHC genes are the most polymorphic genes present
in the genome. The studies of the mouse MHC were
accomplished with a limited number of inbred and
congenic strains. Although it was appreciated that
mouse MHC genes were polymorphic, only about 20
alleles of each MHC gene were identified in the avail-
able inbred strains of mice. The human serologic
studies were conducted on outbred human popula-
tions. A remarkable feature to emerge from the
studies of the human MHC genes is the unprece-
dented and unanticipated extent of their polymor-
phism. For some HLA loci (HLA-B), as many as 250
alleles have been identified by serologic assays. Mol-
ecular sequencing has shown that a single serologi-
cally defined HLA allele may actually consist of
multiple variants that differ slightly. Therefore, the
polymorphism is even greater than that predicted
from serologic studies.

MHC genes are codominantly expressed in each indi-
vidual. In other words, for a given MHC gene, each
individual expresses the alleles that are inherited
from each of the two parents. For the individual, this
maximizes the number of MHC molecules available
to bind peptides for presentation to T cells.

The set of MHC alleles present on each chromosome
is called an MHC haplotype. In humans, each HLA allele
is given a numerical designation. For instance, an HLA
haplotype of an individual could be HLA-A2, HLA-B5,
HLA-DR3, and so on. All heterozygous individuals, of
course, have two HLA haplotypes. In mice, each H-2
allele is given a letter designation. Inbred mice, being
homozygous, have a single haplotype. Thus, the haplo-
type of an H-2¢ mouse is H-2K* T-A" I-E D! LY In
humans, certain HLA alleles at different loci are inher-
ited together more frequently than would be predicted

by random assortment, a phenomenon called linkage
disequilibrium.

The discoveries of the phenomena of MHC-linked
immune responsiveness and MHC restriction (see
Chapter 6) led to the conclusion that MHC genes control
not only graft rejection but also immune responses to all

protein antigens. These breakthroughs moved the study
of the MHC to the forefront of immunology research.
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STRUCTURE OF MHC MOLECULES

The elucidation of the biochemistry of MHC molecules
has been one of the most important accomplishments
of modern immunology. The key advance in this field
was the solution of the crystal structures for the extra-
cellular portions of human class I and class II molecules
by DonWiley, Jack Strominger, and their colleagues. Sub-
sequently, many MHC molecules with bound peptides
have been crystallized and analyzed in detail. On the
basis of this knowledge, we now understand how MHC
molecules function to display peptides.

In this section of the chapter, we first summarize the
biochemical features that are common to class I and
class I MHC molecules and that are most important for
the function of these molecules. We then describe the
structures of class I and class II proteins, pointing out
their important similarities and differences (Table 5-1).

Properties of MHC Molecules

All MHC molecules share certain structural characteris-
tics that are critical for their role in peptide display and
antigen recognition by T lymphocytes.

Each MHC molecule consists of an extracellular
peptide-binding cleft, or groove, followed by
immunoglobulin (Ig)-like domains and transmem-
brane and cytoplasmic domains. As we shall see later,
class I molecules are composed of one polypeptide
chain encoded in the MHC and a second, non-MHC-
encoded chain, whereas class [I molecules are made
up of two MHC-encoded polypeptide chains. Despite
this difference, the overall three-dimensional struc-
tures of class I and class II molecules are similar.

The polymorphic amino acid residues of MHC mole-
cules are located in and adjacent to the peptide-
binding cleft. This cleft is formed by the folding of the

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

The nonpolymorphic Ig-like domains of MHC mole-
cules contain binding sites for the T cell molecules
CD4 and CD8. CD4 and CD8 are expressed on distinct
subpopulations of mature T lymphocytes and partic-
ipate, together with antigen receptors, in the recogni-
tion of antigen; that is, CD4 and CD8 are T cell
“coreceptors” (see Chapter 7). CD4 binds selectively
to class I MHC molecules, and CD8 binds to class I
molecules. This is why CD4" T cells recognize only
peptides displayed by class II molecules, and CD8* T
cells recognize peptides presented by class I mole-
cules. Most CD4* T cells function as helper cells, and
most CD8' cells are CTLs.

Class | MHC Molecules

Class I molecules consist of two noncovalently linked
polypeptide chains: an MHC-encoded 44-47kD a chain
(or heavy chain) and a non-MHC-encoded 12 kD sub-
unit called B,-microglobulin (Fig. 5-4). Each « chain
is oriented so that about three quarters of the complete
polypeptide extends into the extracellular milieu, a short

Table 5-1. Features of Class | and Class || MHC Molecules

[ Feature

| Class | MHC

Class l MHC

Polypeptide chains | o (44-47 kD)

Locations of
polymorphic residues |

Binding site for
T cell coreceptor

' Size of

+ ——

Nomenclature
Human HLA-A, HLA-B, HLA-C
Mouse

Abbreviations: HLA, human leu_kocyte antigen; MHC, major :

: histocompatibility complex

o
B2-Microglobulin (12 kD) | B (29-32 kD) |

] ol and &2 dom_ains

| H-2K, H-2D, H-2L

0 (32-34kD) |

a1 and B1 domains |'
|

cEregion birﬁs_CDg : | B2 re_gio_n binds CD4

| AcgoanOQates peptides | Acccgmmodates peptidés '
peptide-binding cleft | of 8-11 residues

| of 10-30 residues or more

I-A, I-E
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FIGURE 5-4 Structure of a class | MHC molecule. The schematic
diagram (left) illustrates the different regions of the MHC molecule
(not drawn to scale). Class | molecules are composed of a poly-
morphic o chain noncovalently attached to the nonpolymorphic -
microglobulin (B2m). The o chain is glycosylated; carbohydrate
residues are not shown. The ribbon diagram (right) shows the struc-
ture of the extracellular portion of the HLA-B27 molecule with a
bound peptide, resolved by x-ray crystallography. (Courtesy of Dr. P.
Bjorkman, California Institute of Technology, Pasadena, California )

hydrophobic segment spans the cell membrane, and the
carboxy-terminal residues are located in the cytoplasm.
The amino-terminal (N-terminal) a1 and o2 segments of
the o chain, each approximately 90 residues long, inter-
act to form a platform of an eight-stranded, antiparallel
B-pleated sheet supporting two parallel strands of a-
helix. This forms the peptide-binding cleft of class I mol-
ecules. Its size is large enough (~25A x 10A x 114) to bind
peptides of 8 to 11 amino acids in a flexible, extended
conformation. The ends of the class I peptide-binding
cleft are closed so that larger peptides cannot be accom-
modated. Therefore, native globular proteins have to be
“processed” to generate fragments that are small enough
to bind to MHC molecules and to be recognized by T
cells (see Chapter 6). The polymorphic residues of class
I molecules are confined to the al and a2 domains,
where they contribute to variations among different
class I alleles in peptide binding and T cell recognition
(Fig. 5-5). The a3 segment of the o chain folds into an Ig
domain whose amino acid sequence is conserved
among all class I molecules. This segment contains the
binding site for CD8. At the carboxy-terminal end of the
a3 segment is a stretch of approximately 25 hydropho-
bic amino acids that traverses the lipid bilayer of the
plasma membrane. Immediately following this are
approximately 30 residues located in the cytoplasm,
included in which is a cluster of basic amino acids that
interact with phospholipid head groups of the inner
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leaflet of the lipid bilayer and anchor the MHC molecule
in the plasma membrane.

The light chain of class I molecules, which is encoded
by a gene outside the MHC, is called B,-microglobulin
for its electrophoretic mobility (.), size (micro), and
solubility (globulin). B,-microglobulin interacts nonco-
valently with the a3 domain of the o chain. Like the a3
segment, B,-microglobulin is structurally homologous
to an Ig domain and is invariant among all class I
molecules.

The fully assembled class I molecule is a heterotrimer
consisting of an a chain, B,-microglobulin, and a bound
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FIGURE 5-5 Polymorphic residues of MHC molecules. The poly-
morphic residues of class | and class Il MHC molecules {shown as
red circles) are located in the peptide-binding clefts and the a-helices
around the clefts. In the class Il molecule shown (HLA-DR), essen-
tially all the polymorphism is in the B chain. However, other class Il
molecules in humans and mice show varying degrees of polymor-
phism in the o chain and usually much more in the B chain. (Cour-
tesy of Dr. J. McCluskey, University of Melbourne, Parkville,
Australia.)
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antigenic peptide, and stable expression of class I mole-
cules on cell surfaces requires the presence of all three
components of the heterotrimer. The reason for this is
that the interaction of the o chain with [3;-microglobu-
lin is stabilized by binding of peptide antigens to the cleft
formed by the ¢l and o2 segments, and conversely, the
binding of peptide is strengthened by the interaction of
B.-microglobulin with the o« chain. Because antigenic
peptides are needed to stabilize the MHC molecules,
only useful peptide-loaded MHC molecules are
expressed on cell surfaces. The process of assembly of
stable peptide-loaded class I molecules will be detailed
in Chapter 6.

Most individuals are heterozygous for MHC genes
and therefore express six different class I molecules on
every cell, containing o chains encoded by the two
inherited alleles of HLA-A, HLA-B, and HLA-C genes.

Class Il MHC Molecules

Class I MHC molecules are composed of two noncova-
lently associated polypeptide chains, a 32 to 34 kD o
chain and a 29 to 32 kD B chain (Fig. 5-6). Unlike class I
molecules, the genes encoding both chains of class I
molecules are polymorphic.

The amino-terminal o1 and B1 segments of the class
II chains interact to form the peptide-binding cleft,
which is structurally similar to the cleft of class I mole-
cules. Four strands of the floor of the cleft and one of the
a-helical walls are formed by the ol segment, and the

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

other four strands of the floor and the second wall are
formed by the 31 segment. The polymorphic residues are
located in the ol and B1 segments, in and around the
peptide-binding cleft, as in class I molecules (see Fig.
5-5). In human class 1T molecules, most of the polymor-
phism is in the B chain. In class Il molecules, the ends of
the peptide-binding cleft are open, so that peptides of 30
residues or more can fit.

The a2 and B2 segments of class II molecules, like
class I a3 and B,-microglobulin, are folded into Ig
domains and are nonpolymorphic among various alleles
of a particular class II gene. The B2 segment of class II
molecules contains the binding site for CD4, similar to
the binding site for CD8 in the a3 segment of the class
I heavy chain. In general, o chains of one class II MHC
locus (e.g., DR) most often pair with B chains of the same
locus and less commonly with § chains of other loci (e.g.,
DQ, DP).

The carboxy-terminal ends of the o2 and B2 segments
continue into short connecting regions followed by
approximately 25-amino acid stretches of hydrophobic
transmembrane residues. In both chains, the trans-
membrane regions end with clusters of basic amino acid
residues, followed by short, hydrophilic cytoplasmic
tails.

The fully assembled class II molecule is a het-
erotrimer consisting of an « chain, a B chain, and a
bound antigenic peptide, and stable expression of class
I molecules on cell surfaces requires the presence of all
three components of the heterotrimer. As in class I mol-
ecules, this ensures that the MHC molecules that end up
on the cell surface are the molecules that are serving
their normal function of peptide display.

Humans inherit, from each parent, one DPB1 and one
DPA1 gene encoding, respectively, the B and o. chains of
an HLA-DP molecule; one DQA1 and one DQB1 gene;
and one DRA1 gene, a DRB1 gene, and a separate dupli-
cated DRB gene that may encode the alleles DRB3, 4, or
5. Thus, each heterozygous individual inherits six or
eight class I MHC alleles, three or four from each parent
(one set each of DP and DQ, and one or two of DR). Typ-
ically, there is not much recombination between genes
of different loci (i.e., DRo with DQB, and so on), and each
haplotype tends to be inherited as a single unit.
However, because some haplotypes contain extra DRB
loci that produce f chains that assemble with DRa, and
some DQa molecules encoded on one chromosome can
associate with DQB molecules encoded from the other
chromosome, the total number of expressed class II
molecules may be considerably more than 6.

BINDING OF PEPTIDES T0 MHC MOLECULES

With the realization that MHC molecules are the peptide
display molecules of the adaptive immune system, con-
siderable effort has been devoted to elucidating the
molecular basis of peptide-MHC interactions and the
characteristics of peptides that allow them to bind to
MHC molecules. These issues are important not only for
understanding the biology of T cell antigen recognition
but also for defining the properties of a protein that



make it immunogenic. All proteins that are immuno-
genic in an individual must generate peptides that can
bind to the MHC molecules of that individual. Informa-
tion about peptide-MHC interactions may be used to
design vaccines, by inserting MHC-binding amino acid
sequences into antigens used for immunization. In the
section that follows, we summarize the key features of
the interactions between peptides and class I or class II
MHC molecules.

Several analytical methods have been used to study
peptide-MHC interactions:

The earliest studies relied on functional assays of
helper T cells and CTLs responding to antigen-
presenting cells that were incubated with different
peptides. By determining which types of peptides
derived from complex protein antigens could activate
T cells from animals immunized with these antigens,
it was possible to define the features of peptides that
allowed them to be presented by antigen-presenting
cells.

After MHC molecules were purified, it was possible to
study their interactions with radioactively or fluores-
cently labeled peptides in solution by methods such
as equilibrium dialysis and gel filtration to quantitate
bound and free peptides.

The nature of MHC-binding peptides generated from
intact proteins has been analyzed by exposing antigen-
presenting cells to a protein antigen for various times,
purifying the MHC molecules from these cells by affin-
ity chromatography, and eluting the bound peptides
for amino acid sequencing by mass spectroscopy. The
same approach may be used to define the endogenous
peptides that are displayed by antigen-presenting cells
isolated from animals or humans.

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

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

Characteristics of Peptide-MHC
Interactions

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

© Each class 1 or class I MHC molecule has a single
peptide-binding cleft that binds one peptide at a
time, but each MHC molecule can bind many differ-
ent peptides. This ability of any MHC molecule to
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bind many different peptides was established by
several lines of experimental evidence.

If a T cell specific for one peptide is stimulated by
antigen-presenting cells presenting that peptide, the
response is inhibited by the addition of an excess of
other, structurally similar peptides (Fig. 5-7). In these
experiments, the MHC molecule bound different
peptides, but the T cell recognized only one of these
peptides presented by the MHC molecule.

Direct binding studies with purified MHC molecules
in solution definitively established that a single MHC
molecule can bind multiple different peptides (albeit
only one at a time) and that multiple peptides
compete with one another for binding to the single
binding site of each MHC molecule.

. The analyses of peptides eluted from MHC molecules
purified from antigen-presenting cells showed that
many different peptides can be eluted from any one
type of MHC molecule.

The solution of the crystal structures of class I and
class Il MHC molecules confirmed the presence of a
single peptide-binding cleft in these molecules (see
Figs. 5-4 and 5-6). It is not surprising that a single
MHC molecule can bind multiple peptides because
each individual contains only a few different MHC
molecules (6 class I and as many as 10 to 20 class II
molecules in a heterozygous individual), and these
must be able to present peptides from the enormous
number of protein antigens that one is likely to
encounter.

T cell
response

Antigen
presentation

APC presenting

T cell specific !
Yes
.- No

for peptide
Excess of different
MHC-binding peptide

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

The association of antigenic peptides and MHC
molecules is a saturable interaction with a very slow
off-rate. In a cell, several chaperones and enzymes
facilitate the binding of peptides to MHC molecules
(see Chapter 6). Once formed, most peptide-MHC
complexes are stable, and kinetic dissociation con-
stants are indicative of long half-lives that range from
hours to many days. This extraordinarily slow off-rate
of peptide dissociation from MHC molecules allows
peptide-MHC complexes to persist long enough on
the surfaces of antigen-presenting cells that the
antigen can be found by T cells. This feature of
antigen display enables the few T cells that are spe-
cific for the antigen to locate the antigen as the cells
circulate through tissues, and thus to generate effec-
tive immune responses against the antigen.

The MHC molecules of an individual do not discrim-
inate between foreign peptides (e.g., those derived
Jfrom microbial proteins) and peptides derived from
the proteins of that individual (self antigens). Thus,
MHC molecules display both self peptides and
foreign peptides, and T cells survey these displayed
peptides for the presence of foreign antigens. This
process is central to the surveillance function of T
cells. However, the inability of MHC molecules to dis-
criminate between self antigens and foreign antigens
raises two questions. First, because MHC molecules
are continuously exposed to, and presumably occu-
pied by, abundant self peptides, how can their
peptide-binding sites ever be available to bind and
display foreign peptides, which are likely to be rela-

tively rare? Second, if self peptides are constantly
being presented, why do individuals not develop
autoimmune reactions? The answers to these ques-
tions lie in the cell biology of MHC biosynthesis and

assembly, in the specificity of T cells, and in the exqui-
site sensitivity of these cells to small amounts of
peptide-MHC complexes. We will return to these
questions in more detail in Chapter 6.

Structural Basis of Peptide Binding to
MHC Molecules

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

presenting cells to generate the peptides that will be
bound and displayed by MHC molecules (see Chapter
6). These peptides bind to the clefts of MHC molecules
in an extended conformation. Once bound, the peptides
and their associated water molecules fill the clefts,
making extensive contacts with the amino acid residues
that form the B-strands of the floor and the o-helices of
the walls of the cleft (Fig. 5-8). In most MHC molecules,
the B-strands in the floor of the cleft contain “pockets.”
The amino acid residues of a peptide may contain
side chains that fit into these pockets and bind to com-
plementary amino acids in the MHC molecule, often
through hydrophobic interactions. Such residues of
the peptide are called anchor residues because they
contribute most of the favorable interactions of the
binding (i.e., they anchor the peptide in the cleft of
the MHC molecule). The anchor residues of peptides
may be located in the middle or at the ends of the
peptide. Each MHC-binding peptide usually contains
only one or two anchor residues, and this presumably
allows greater variability in the other residues of the
peptide, which are the residues that are recognized by
specific T cells. Not all peptides use anchor residues to
bind to MHC molecules, especially to class II molecules.
Specific interactions of peptides with the a-helical sides
of the MHC cleft also contribute to peptide binding by
forming hydrogen bonds or charge interactions (salt
bridges). Class I-binding peptides usually contain
hydrophobic or basic amino acids at their carboxyl
termini that also contribute to the interaction.

Because many of the residues in and around the
peptide-binding cleft of MHC molecules are polymor-
phic (i.e., they differ among various MHC alleles),
different alleles favor the binding of different peptides.
This is the structural basis of the function of MHC genes
as “immune response genes”; only animals that express
MHC alleles that can bind a particular peptide and
display it to T cells can respond to that peptide.

The antigen receptors of T cells recognize both the
antigenic peptide and the MHC molecules, with the
peptide being responsible for the fine specificity of
antigen recognition and the MHC residues accounting
Jfor the MHC restriction of the T cells. A portion of the
bound peptide is exposed from the open top of the
cleft of the MHC molecule, and the amino acid side
chains of this portion of the peptide are recognized by the
antigen receptors of specific T cells. The same T cell
receptor also interacts with polymorphic residues of the
a-helices of the MHC molecule itself (see Fig. 5-1). Pre-
dictably, variations in either the peptide antigen or the
peptide-binding cleft of the MHC molecule will alter
presentation of that peptide or its recognition by T cells.
In fact, one can enhance the immunogenicity of a
peptide by incorporating into it a residue that strength-
ens its binding to commonly inherited MHC molecules
in a population.

By introducing mutations in an immunogenic
peptide, it is possible to identify residues involved in
binding to MHC molecules and those that are critical
for T cell recognition. This approach has been applied



to many peptide antigens, using T cells to measure
responses to these peptides (see Fig. 5-8C).

The realization that the polymorphic residues of
MHC molecules determine the specificity of peptide
binding and T cell antigen recognition has led to the
question of why MHC genes are polymorphic. One pos-
sibility is that the presence of multiple MHC alleles in
a population provides an evolutionary advantage
because it will ensure that virtually all peptides derived
from microbial antigens will be recognized by the
immune system of at least some individuals. At the pop-
ulation level, this will increase the range of microbial
peptides that may be presented to T cells and reduce the
likelihood that a single pathogen can evade host
defenses in all the individuals in a given species.

GENOMIC ORGANIZATION OF THE MHC

In humans, the MHC is located on the short arm of chro-
mosome 6, and B,-microglobulin is encoded by a gene
on chromosome 15. The human MHC occupies a large
segment of DNA, extending about 3500 kilobases (kb).
(For comparison, a large human gene may extend
up to 50 to 100kb, and the size of the entire genome of
the bacterium Escherichia coli is approximately 4500 kb.)
In classical genetic terms, the MHC locus extends about
4 centimorgans, meaning that crossovers within the
MHC occur with a frequency of about 4% at each
meiosis. A molecular map of the human MHC is shown
in Figure 5-9.

Many of the proteins involved in the processing of
protein antigens and the presentation of peptides to T
cells are encoded by genes located within the MHC. In
other words, this genetic locus contains much of the
information needed for the machinery of antigen pres-
entation. The class I genes, HLA-A, HLA-B, and HLA-C,
are in the most telomeric portion of the HLA locus, and
the class 1I genes are the most centromeric in the HLA
locus. Within the class 1I locus are genes that encode
several proteins that play critical roles in antigen pro-
cessing. One of these proteins, called the transporter
associated with antigen processing (TAP), is a het-
erodimer that transports peptides from the cytosol into
the endoplasmic reticulum, where the peptides can
associate with newly synthesized class I molecules. The
two subunits of the TAP dimer are encoded by two genes
within the class II region. Other genes in this cluster
encode subunits of a cytosolic protease complex, called
the proteasome, that degrades cytosolic proteins into
peptides that are subsequently presented by class [ MHC
molecules. Another pair of genes, called HLA-DMA and
HLA-DMB, encodes a nonpolymorphic heterodimeric
class II-like molecule, called HLA-DM (or H-2M in
mice), that is involved in peptide binding to class II mol-
ecules. The functions of these proteins in antigen pres-
entation are discussed in Chapter 6.

Between the class I and class II gene clusters are genes
that code for several components of the complement
system; for three structurally related cytokines, tumor
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FIGURE 5-8 Peptide binding to MHC molecules. A These top
views of the crystal structures of MHC molecules show how pep-
tides lie in the peptide-binding clefts. The class | molecule shown
is HLA-A2, and the class Il molecule is HLA-DR1. The cleft of the
class | molecule is closed, whereas that of the class Il molecule is
open. As a result, class Il molecules accommodate longer peptides
than do class | motecules. (Reprinted with permission of Macmillan
Publishers Ltd. from Bjorkman PJ, MA Saper, B Samraoui, WS
Bennett, JL Strominger, and DC Wiley. Structure of the human class
| histocompatibility antigen HLA-A2. Nature 329:506-512, 1987; and
Brown J et al. Three-dimensional structure of the human class Il
histocompatibility antigen HLA-DR1. Nature 364:33-39, 1993.) B.
The side view of a cut-out of a peptide bound to a class Il MHC mol-
ecule shows how anchor residues of the peptide hold it in the
pockets in the cleft of the MHC molecule. (From Scott CA, PA Peter-
son, L Teyton, and IA Wilson. Crystal structures of two I-A%-peptide
complexes reveal that high affinity can be achieved without large
anchor residues. Immunity 8:319-329, 1998. Copyright 1998, with
permission from Elsevier Science.) C. Different residues of a peptide
bind to MHC molecules and are recognized by T cells. The immun-
odominant epitope of the protein hen egg lysozyme (HEL) in H-2"
mice is a peptide composed of residues 52-62. The ribbon diagram
modeled after crystal structures shows the surface of the peptide-
binding cleft of the I-A* class Il molecule and the bound HEL peptide
with amino acid residues (P1-P9) indicated as spheres. Mutational
analysis of the peptide has shown that the residues involved in
binding to MHC molecules are P1 (Asp52), P4 {lle55), P6 (GInb7),
P7 (lle 58), and P9 (Ser60); these are the residues that project down
and fit into the peptide-binding cleft. The residues involved in recog-
nition by T cells are P2 (Tyr53), P5 (Leu56), and P8 (Asnb9); these
residues project upward and are available to T cells. (From Fremont
DH, D Monnale, CA Nelson, WA Hendrickson, and ER Unanue.
Crystal structure of I-A in complex with a dominant epitope of
lysozyme. Immunity 8:305-317, 1998. Copyright 1998, with per-
mission from Elsevier Science )

107



Section Il — RECOGNITION OF ANTIGENS

Class Il Region
Proteasome genes

DP DM’ \TAP2 DQ . DR
Tapasin B1A1 AB \ART B2 A1 B1 B345 A
\DOA DOBjAZ 811 1
) | i
g | | 0 0 0
R , . - e : ————
0 200 400 600 800 1000
Class Ill Region
C4A Factor B Co TNF-a MICB
CaB—_~_ | T LT
[ [
I | N T ! I ac [ ! I I I ! |
1000 1200 1400 1600 1800 2000
Class | Region
MICA HLA-B HLA-C HL;-E
T T T T T ¥ T T . | ] -1
2000 2200 2400 2600 2800 3000
Class | Region
HLA-A HI_iA-G HLiA-F
T T — | T ]
3000 3200 3400 3600 3800 4000
kbases

FIGURE 5-9 Map of the human MHC. This map is simplified to exclude many genes that are of unknown function. HLA-E, HLA-F and
HLA-G, and the MIC genes are class I-like molecules, many of whose products are recognized by NK cells; C4, C2, and factor B genes
encode complement proteins; tapasin, DM, DO, TAP. and proteasome encode proteins involved in antigen processing; LTA, B, and TNF
encode cytokines Many pseudogenes and genes whose roles in immune responses are not established are located in the HLA complex

but are not shown

necrosis factor (ITNF), lymphotoxin-o (IT-a), and LT-f;
and for some heat shock proteins. The genes within the
MHC that encode these diverse proteins have been
called class Il MHC genes. Between HLA-C and HLA-A,
and telomeric to HLA-A, are many genes that are called
class I-like because they resemble class I genes but
exhibit little or no polymorphism. Some of these encode
proteins that are expressed in association with B-
microglobulin and are called class IB molecules, to dis-
tinguish them from the classical polymorphic class I
molecules. Among the class IB molecules is HLA-G,
which may play a role in antigen recognition by natural
killer (NK) cells, and HLA-H, which appears to be
involved in iron metabolism and has no known function
in the immune system. Many of the class I-like
sequences are pseudogenes. The functions of most of
these class I-like genes and pseudogenes are not known.
One role may be that during evolution, these DNA
sequences serve as repositories of coding sequences that
are used for generating polymorphic sequences in con-
ventional class I and class II MHC molecules by the
process of gene conversion. In this process, a portion of
the sequence of one gene is replaced with a portion of
another gene without a reciprocal recombination event.
Gene conversion is a more efficient mechanism than

point mutation for producing genetic variation without
loss of function because several changes can be intro-
duced at once, and amino acids necessary for maintain-
ing protein structure can remain unchanged if identical
amino acids at those positions are encoded by both of
the genes involved in the conversion event. It is clear
from population studies that the extraordinary poly-
morphism of MHC molecules has been generated by
gene conversion and not by point mutations.

The mouse MHC, located on chromosome 17, occu-
pies about 2000kb of DNA, and the genes are organized
in an order slightly different from the human MHC gene.
One of the mouse class I genes (H-2K) is centromeric to
the class II region, but the other class I genes and the
nonpolymorphic class IB genes are telomeric to the class
IT region. As in the human, §,-microglobulin is encoded
not by the MHC but by a gene located on a separate
chromosome (chromosome 2).

There are B,-microglobulin-associated proteins other
than class I MHC molecules that may serve important
functions in the immune system. These include the
neonatal Fc receptor (see Chapter 14), and the CD1 mol-
ecules, which are involved in presenting lipid and other
nonpeptide antigens to unusual populations of T cells.
These proteins are homologous to the class I MHC ¢,



chain but are encoded outside the MHC, on different
chromosomes.

ExPRESSION OF MHC MOLECULES

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

© Class I molecules are constitutively expressed on vir-
tually all nucleated cells, whereas class II molecules
are normally expressed on only dendritic cells, B lym-
phocytes, macrophages, and a few other cell types.
This pattern of MHC expression is linked to the func-
tions of class I-restricted and class Il-restricted T
cells. The effector function of class I-restricted CD8"
T cells is to kill celis infected with intracellular
microbes, such as viruses. Because viruses can infect
virtually any nucleated cell, the ligands that CD8" T
cells recognize need to be displayed on all nucleated
cells. The expression of class I MHC molecules on
nucleated cells serves precisely this purpose, provid-
ing a display system for viral antigens. In contrast,
class II-restricted CD4" helper T lymphocytes have a
set of functions that require recognizing antigen pre-
sented by a more limited number of cell types. In par-
ticular, naive CD4" T cells need to recognize antigens
that are presented by dendritic cells in peripheral
lymphoid organs. Differentiated CD4" helper T lym-
phocytes function mainly to activate (or help)
macrophages to eliminate extracellular microbes that
have been phagocytosed and to activate B lympho-
cytes to make antibodies that also eliminate extracel-
lular microbes. Class 1I molecules are expressed
mainly on these cell types and provide a system for
displaying peptides derived from extracellular
microbes and proteins.

© The expression of MHC molecules is increased by
cytokines produced during both innate and adaptive
immune responses (Fig. 5-10). On most cell types, the
interferons IFN-o, IFN-B, and IFN-yincrease the level
of expression of class I molecules, and TNF and LT can
have the same effect. (The properties and biologic
activities of cytokines are discussed in Chapter 12.)
The interferons are produced during the early innate
immune response to many viruses (see Chapter 2},
and TNF and LT are produced in response to many
microbial infections. Thus, innate immune responses
to microbes increase the expression of the MHC mol-
ecules that display microbial antigens to microbe-
specific T cells. This is one of the mechanisms by
which innate immunity stimulates adaptive immune
responses.

The expression of class IT molecules is also regu-
lated by cytokines and other signals in different cells.
IFN-v is the principal cytokine involved in stimulat-
ing expression of class II molecules in antigen-pre-
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FIGURE 5-10 Enhancement of class Il MHC expression by
IFN-y. IFN-y, produced by NK cells and other cell types during
innate immune reactions to microbes, or by T cells during adaptive
immune reactions, stimulates class || MHC expression on antigen-
presenting cells (APCs) and thus enhances the activation of CD4*
T cells. IFN-y has a similar effect on the expression of class | MHC
molecules and the activation of CD8" T cells

senting cells such as dendritic cells and macrophages
(see Fig. 5-10). The IFN-y may be produced by NK
cells during innate immune reactions, and by
antigen-activated T cells during adaptive immune
reactions. The ability of IFN-y to increase class 11
expression on antigen-presenting cells is an amplifi-
cation mechanism in adaptive immunity. In dendritic
cells, the expression of class II molecules also
increases in response to signals from Toll-like recep-
tors responding to microbial components, thus pro-
moting the display of microbial antigens (Chapter 6).
B lymphocytes constitutively express class II mole-
cules and can increase expression in response to
antigen recognition and cytokines produced by
helper T cells, thus enhancing antigen presentation to
helper cells (Chapter 10). Vascular endothelial cells,
like macrophages, increase class II expression in
response to IFN-y; the significance of this phenome-
non is unclear. Most nonimmune cell types express
few, if any, class Il MHC molecules unless exposed to
high levels of IFN-y. These cells are unlikely to present
antigens to CD4" T cells except in unusual circum-
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stances. Some cells, such as neurons, never appear to
express class II molecules. Human, but not mouse, T
cells express class II molecules after activation;
however, no cytokine has been identified in this
response, and its functional significance is unknown.

© The rate of transcription is the major determinant of
the level of MHC molecule synthesis and expression
on the cell surface. Cytokines enhance MHC expres-
sion by stimulating the rate of transcription of class I
and class Il genes in a wide variety of cell types. These
effects are mediated by the binding of cytokine-
activated transcription factors to regulatory DNA
sequences in the promoter regions of MHC genes.
Several transcription factors may be assembled and
bind a protein called the class II transcription activa-
tor (CIITA), and the entire complex binds to the class
Il promoter and promotes efficient transcription. By
keeping the complex of transcription factors together,
CIITA functions as a master regulator of class II gene
expression. CIITA is synthesized in response to IFN-y,
explaining how this cytokine can increase expression
of class II MHC molecules. Mutations in several of
these transcription factors have been identified as the
cause of human immunodeficiency diseases associ-
ated with defective expression of MHC molecules.
The best studied of these disorders is the bare lym-
phocyte syndrome (see Chapter 20). Knockout mice
lacking CIITA also show an absence of class II expres-
sion on dendritic cells and B lymphocytes and an
inability of IFN-y to induce class I on macrophages.

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

SUMMARY

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

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

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

polymorphic polypeptide called B,-microglobulin.
The class I molecules contain two MHC-encoded
polymorphic chains, an o chain and a B chain.
Both classes of MHC molecules are structurally
similar and consist of an extracellular peptide-
binding cleft, a nonpolymorphic Ig-like region, a
transmembrane region, and a cytoplasmic region.
The peptide-binding cleft of MHC molecules has
a-helical sides and an eight-stranded antiparallel
B-pleated sheet floor. The peptide-binding cleft of
class I molecules is formed by the o1 and o2 seg-
ments of the o chain, and that of class IT molecules
by the ol and B1 segments of the two chains. The
Ig-like domains of class I and class II molecules
contain the binding sites for the T cell coreceptors
CD8 and CD4, respectively.

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

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

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

Class I molecules are expressed on all nucleated
cells, whereas class II molecules are expressed
mainly on specialized antigen-presenting cells,
such as dendritic cells, macrophages, and B lym-
phocytes, and a few other cell types, including
endothelial cells and thymic epithelial cells. The
expression of MHC gene products is enhanced by
inflammatory and immune stimuli, particularly
cytokines like IFN-y, which stimulate the tran-
scription of MHC genes.
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