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The fifth edition of this book has been extensively
revised to incorporate new discoveriesin immunology
and the constantly growing body of knowledge. It is
remarkable to us that new paradigms continue to be
established in the field and unifying principles con-
tinue to emerge from analysis of complex molecular
systems. Examplesof areas in which our understanding
has grown impressively since the last edition of this
book include innate immunity and the functions of
Toll-like receptors, the role of chemokines and their
receptorsin maintaining the functional architecture of
lymphoid tissues, the functions of adapter proteins and
kinase pathways in immune cell signal transduction
pathways, and the basisof natural killer cell recognition
of ligands. We have added new information while striv-
ing to emphasizeimportant principles and not increase
the sze of the book. We have also completely reviewed
the book and updated sections and changed them
when necessary for increased clarity, accuracy, and
completeness.

The changesin format that have evolved through the
previouseditions to make the book easier to read have
been retained. 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 boxes (including
several new ones) to present detailed information
about experimental approaches, disease entities, and
selected molecular or biological processes.We have aso
strived to further improve the clarity of illustrations by
simplifying the iconography. The tableformat has been
completely reworked to improve readability.

Many individuals have made invaluable contribu-
tions to this fifth edition. Among the colleagues who
have helped us, we would like to convey special thanks
to Shiv Pillai for his generous willingness to review
chapter drafts. Our illustrators, David and Alexandra
Baker of DNA Illustrations, remain full partnersin the
book and provideinvaluable suggestionsfor clarity and
accuracy. Our editors, Jason Malley and Bill Schmitt,
have been a source of support and encouragement.
Our Developmental Editor, Hazel Hacker, shepherded
the book through its preparation and production.
Many other members of the staff of Elsevier Science
played critical roles at various stages of this project;
these include Gene Harris, Linda Grigg, and Heather
Krehling. We are also grateful to our students, from
whom we continue to learn how to present the
science of immunology in the clearest and most
enjoyableway.

Abul K. Abbas
Andrew H. Lichtman
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Introduction to
Immunology

The first two chapters of this book introduce the
nomenclature of immunology and the components
of the immune system. In Chapter 1, we describe the
types of immune responses and their general prop-
erties and introduce the fundamental principles that
govern all immune responses. Chapter 2 is devoted to
a description of the cells and tissues of the immune
system; with an emphasis on their anatomic organiza-
tion and structure-function relationships. This sets the
stage for more thorough discussion of how the immune
system recognizes and responds to antigens.
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T h e term immunity is derived from the Latin word
mmmunitas, which referred to the protection from legal
prosecution offered to Roman senators during their
tenures in office. Historically, immunity meant pro-
tection from disease and, more specifically, infectious
disease. The cells and molecules responsible for im-
munity constitute the immune system, and their collec-
tive and coordinated response to the introduction of
foreign substances is called the immuner esponse.
The physiologic function of the immune system is
defense against infectious microbes. However, even
noninfectious foreign substances can €licit immune
responses. Furthermore, mechanisms that normally
protect individuals from infection and eliminate
foreign substances are themselves capable of causing
tissue injury and disease in some situations. Therefore,
a more inclusive definition of immunity is a reaction
to foreign substances, including microbes, aswell as to
macromolecules such as proteins and polysaccha
rides, regardless of the physiologic or pathologic con-
sequence of such a reaction. Immunology is the study
of immunity in this broader sense and of the cellular
and molecular eventsthat occur after an organism en-
counters microbes and other foreign macromolecules.
Historians often credit Thucydides, in Athens during
the fifth century BC, as having first mentioned immu-
nity 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 re-
covering from the disease. Immunology, in its modern
form, is an experimental science, in which explana
tions of immunologic phenomena are based on cxpcri-
mental observations and the conclusions drawn from
them. The evolution of immunology as an experimental
discipline has depended on our ability to manipulate
the function of the immune system under controlled
conditions. Historically, the first clear example of this
manipulation, and one that remains among the most
dramatic ever recorded, was EdwardJenner's successful
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Section | — Introduction to Immunology

vaccination against smallpox.Jenner, an English phys-
cian, noticed that milkmaidswho 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 vacci-
nus, of or from cows) was published in 1798. It led to
the widespread acceptance of this method for induc-
ing immunity to infectious diseases, and vaccination
remains the most effective method for preventing infec-
tions (Table1-1). An eloquent testament to the impor-
tance 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), im-
munochemistry, recombinant DNA methodology, x-
ray crystallography,and creation of genetically altered
animals (especially transgenic and knockout mice)
have changed immunology from a largely descriptive
science into one in which diverseimmune phenomena
can be explained in structural and biochemical terms.
In this chapter, we outline the general features o
immune responses and introduce the concepts that
form the cornerstones of modern immunology and that
recur throughout this book.

Innate and Adaptive Immunity

Defense against microbes is mediated by the early
reactions of innate immunity and the later responses
of adaptive immunity (Fig.1-1 and Table1-2). Innate
immunity (also called natural or native immunity) con-
sdts of cellular and biochemical defense mechanisms
that are in place even before infection and poised
to respond rapidly to infections. These mechanisms
react only to microbes and not to noninfectious
substances, and they respond in essentially the same
way to repeated infections. The principal components
of innate immunity are (1) physical and chemical
barriers, such as epithelia and antimicrobial substances
produced at epithelial surfaces, (2) phagocytic cells
(neutrophils, macrophages) and NK (natural killer)
cells; (3) blood proteins, including members of the
complement system and other mediators of inflamma-
tion; and (4) proteins called cytokines that regulate
and coordinate many of the activities of the cells of
innate immunity. The mechanisms of innate im-
munity are specific for structures that arc common to
groups of related microbes and may not distinguish
fine differences between foreign substances. Innate
immunity provides the early lines of defense against
microbes.

In contrast to innate immunity, there are other
immune responses that are stimulated by exposure
to infectious agents and increase in magnitude and
defensive capabilitieswith each successive exposure to
a particular microbe. Because this form of immunity

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

Disease Max. number | Number of Percent
of cases cases in 2000 |change
Diphtheria [o06939(1921) [2 9999 |
Measles 894,134 (1941) | 63 -99.99
Mumps 152,200 (1968) |315 | -9980
Pertussis 265269 (1934) | 6755 9773
Polio (paralytic) | 21,269 (1952) |0 | -1000
Rubella 57,686 (1969) | 152 | -99.84
Tetanus 1560 (1923) |26 | -98.44
Haemophilus 20,000 (1984) |1,212 | -93.14
influenzae type B
Hepatitis B 26,611 (1985) | 6,646 | -7503

This table illustrates the striking decrease in the incidence of selected infectious
diseases for which effective vaccines have been developed. In some cases, such as
with hepatitis B a vaccine has become available recently, and the incidence of the
disease is continuing to decrease.

Adapted from Orenstein WA, AR Hinman, KJ Bart, and SC Hadler. Immunization.
In Mandell CL, JEBennett, and R Dolin (eds). Principles and Practices of Infectious
Diseases, 4th ed. Churchill Livingstone, New York, 1995, and Morbidity and
Mortality Weekly Report 49:1159-1201, 2001.
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Figure 1-1 Innate and adaptive immunity.
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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.

develops as a response to infection and adapts to the
infection, it is called adaptive immunity. The defining
characteristicsof adaptiveimmunity are exquisite speci-
ficity for distinct molecules and an ability to "remem-
ber" and respond more vigorousy to repeated
exposures to the same microbe. The adaptive immune
system is able to recognize and react to alarge number

of microbial and nonmicrobial substances. In addition,
it has an extraordinary capacity to distinguish among
different, even closaly related, microbes and molecules,
and for thisreason it is also called specificimmunity. It
is also sometimes called acquired immunity, to empha-
size that potent protective responses are "acquired” by
experience. The components of adaptiveimmunity are

Table 1-2. Features of Innate and Adaptive Immunity

chemical barriers antimicrobial chemicals

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
Nonreactivity to self | Yes Yes
Components
Physical and Skin, mucosal epithelia; Lymphocytes in epithelia;

antibodies secreted at
epithelial surfaces

Blood proteins Complement

Antibodies

Phagoéytes (macrophages,
neutrophils), natural Killer cells

Cells

Lymphocytes

This table lists the major characteristicsand components of innate and adaptive immune responses. Innate

immunity is discussed in much more detail in Chapter 12.
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lymphocytes and their products. Foreign substances
that induce specific immune responses or are the
targets of such responses are called antigens. By con-
vention, the terms immune regponsssand immune system
refer to adaptive immunity, unless stated otherwise.

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 ol innate immunity provide effective
defense against infections. However, many pathogenic
microbes have evolved to resist innate immunity, and
their elimination requires the powerful mechanisms
of adaptive immunity. There are two important links
between innate immunity and adaptive immunity. First,
the innate immune response to microbes stimulates
adaptive immune responses and influences the nature
of the adaptive responses. Second, adaptive immune
responses use many of the effector mechanisms of
innate immunity to eliminate microbes, and they often
function by enhancing the antimicrobial activities of
the defense mechanisms of innate immunity. We will
return to a more detailed discussion of the mecha
nisms and physiologic functions of innate immunity in
Chapter 12.

Innate immunity is phylogenetically the oldest
system of host defense, and the adaptive immune
system evolved later (Box 1-1). In invertebrates, host
defense against foreign invaders is mediated largely
by the mechanisms of innate immunity, including
phagocytes and circulating molecules that resemble the
plasma proteins of innate immunity in vertebrates.
Adaptiveimmunity, consisting of lymphocytesand anti-

Evolution of the Immune System

' bodies, first appeared in jawed vertebrates and became
y Increasingly specialized with further evolution.

Types of Adaptive Immune
Responses

There are two types of adaptive immune responses,
called humoral immunity and cell-mediated immu-
nity, that are mediated by different components of the
immune system and function to eliminate different
types of microbes (Fig. 1-2). Humoral immunity is
mediated by moleculesin the blood and mucosal secre-
tions, called antibodies, that are produced by cells
called B lymphocytes (also called B cells). Antibodies
recognize microbia 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 microbesand toxinsand assistin their
elimination. Antibodies themselves are specialized,
and different types of antibodies may activate different
effector mechanisms. For example, some types of
antibodies promote phagocytosis, and others trigger
the release of inflammatory mediators from leukocytes
such as mast cells. Cell-mediated immunity, also called
cellular immunity, is mediated by T lymphocytes (also
caled T cells). Intracellular microbes, such as viruses
and some bacteria, survive and proliferate inside
phagocytes and other host cells, where they are inac-

BOX 1-1 )=

Mechanisms for defending the host against microbes
are present in some form in al multicellular organisms.
These mechanisms constitute innate immunity. The more
speciaized defense mechanisms that constitute adaptive
immunity are found in vertebratesonly.

Various cdls in invertebrates respond to microbes by
surrounding these infectious agentsand destroying them.
Theseresponding cellsresembl ephagocytesand have been
caled phagocytic amebocytes in acelomates, hemocytes
in molluscs and arthropods, coelomocytes in annelids,
and blood leukocytesin tunicates. Invertebrates do not
contain antigen-specificlymphocytes and do not produce
immunoglobulin (Ig) molecules or complement proteins.
However, they contain a number of solublemolecul esthat
bind to and lyse microbes. These molecul esinclude lectin-
like proteins, which bind to carbohydrateson microbial cell
walsand agglutinatethe microbes, and numerouslyticand
antimicrobial factors such as lysozyme, which is also pro-
duced by neutrophilsin higher organisms. Phagocytesin
some invertebrates may be capable of secreting cytokines
that resemble macrophage-derived cytokinesin the verte-
brates. Thus, host defense in invertebratesis mediated by
the cells and molecules that resemblethe effector mecha-
nismsof innate immunity in higher organisms.

Many studieshave shown that invertebratesare capable
of regjecting foreign tissue transplants, or alografts. (In
vertebrates, this processof graft rejectionis dependent on
adaptive immune responses.) If sponges (Porifera) from
two different colonies are parabiosed by being mechani-
caly held together, they become necrotic in 1 to 2 weeks,
whereasspongesfrom the same colony becomefused and
continue to grow. Earthworms (annelids) and starfish
(echinoderms) also reject tissue graftsfrom other species
of the phyla These rejection reactions are mediated
mainly by phagocyte-likecdls. They differfrom graft rejec-
tion in vertebratesin that specific memory for the grafted
tissueeither isnot generated or isdifficult to demonstrate.
Neverthel ess, such resultsindicate that even invertebrates
must express cell surface molecules that distinguish self
from nonself, and such molecules may be the precursors
of histocompatibility moleculesin vertebrates.

The various components of the mammalian immune
system appear to have arisen together in phylogeny and
have become increasingly specialized with evolution (see
Table). Thus, of the cardinal features of adaptive immune
responses, specificity, memory, self/nonself discrimina
tion, and a capacity for sef-limitation are present in the
lowest vertebrates, and diverdity of antigen recognition
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Innate immunity l Adaptive immunity

Phagocytes | NK cells | Antibodies |T and B lymphocytes | Lymph nodes
Invertebrates
Protozoa + — - - ot
Sponges e — = - = -
'Annélid's”” - 5 7 ™ -
Arthrdfjods |+ = = = =
Vertebrates
Elasmobranchs + + + (IgM only) + -
(sharks, skates, rays)
Teleosts ------------------- -+ + + (IgM, others?) | + -
(common fish
Ampnibans |+ + | Feasdam|* -
Rep'ti'lés i + + + (3 classes) + -
Blrds ' + + + (3 classes) + + (Somespeci es)ﬂ
Mammals . + + + (7 or 8 classes) | + +

Ey: +, present; —, absent.

increases progressively in the higher species. All jawed
vertebrates contain antibody molecules The appearanced’
antibodies coincideswith the development of specialized
genetic mechanisms for generating a diverse repertoire.
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
diversity of antibodies is much lower in Xenopus than in
mammals, even though the genes coding for antibodies
are structurally similar. Lymphocytes that have some char-
acteristicsof both Band T cellsare probably present in the

earliest vertebrates, such as lampreys, and become
specialized into functionally and phenotypically distinct
subsets in amphibians and most clearly in birds and
mammals. The major histocompatibility complex, which
is the genetic locus that controls T lymphocyte antigen
recognition, is present in some of the more advanced
species of amphibians and fishes and in all birds and
mammals. The earliest organized lymphoid tissues de-
tected during evolution are the gut-associated lymphoid
tissues; spleen, thymus, and lymph nodes are found in
higher vertebrates.

cessible to circulating antibodies. Defense against such
infections is a function of cell-mediated immunity,
which promotes the destruction of microbesresiding in
phagocytesor the killing of infected cells to eliminate
reservoirs of infection.

Protective immunity against a microbe may be
induced by the host'sresponse 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 aforeign antigen iscalled active
immunity because the immunized individua plays an
active role in responding to the antigen. Individuals
and lymphocytes that have not encountered a particu-
lar antigen are said to be naive. 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 specificaly
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
immunity is called passve immunity. Passve immu-
nization is a useful method for conferring resistance
rapidly, without having to wait for an active immune
response to develop. An example of passve immunity
isthe transfer of maternal antibodiesto thefetus, which
enables newborns to combat infections before they
acquire the ability to produce antibodies themselves.
Passve immunization against bacterial toxins by the
administration of antibodies from immunized animals
isalifesaving treatment of potentially lethal infections,
such astetanus. The technique of adoptive transfer has
also madeit possible to define the various cellsand mol-
eculesthat are responsiblefor mediating specificimmu-
nity. In fact, humoral immunity was originally defined
as the type of immunity that could be transferred
to unimmunized, or naive, individuals by antibody-



Section | — Introduction to Immunology
- Figure 1-2 Types of adaptive
Humor_al Cell-mediated immunity.
|mmun|ty |mmumty In humeral immunity, B lymphocytes
. = = = — secrete antibodies that prevent infections
by and eliminate extracellular microbes.
In cell-mediated immunity, T lympho-
@1 cytes either activate macrophages to
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~ Block Activate Kill infected
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extracellular phagocytosed | | reservoirs
microbes microbes of infection

containing cell-free portions of the blood (i.e., plasma
or serum [once called humors]) obtained from previ-
oudy immunized individuals. Similarly, cell-mediated
immunity was defined as the form of immunity that can
be transferred to naiveindividual swith cells (T lympho-
cytes) from immunized individual sbut 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 animalswho had recovered from diphthe-
ria infection was transferred to naive animals, the re-
cipients became specifically resistant to diphtheria
infection. The active components of the serum were
called antitoxins because they neutralized the patho-
logic 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 antibodiesfor the serum
proteins that mediate humoral immunity. Substances
that bound antibodies and generated the production o
antibodies were then called antigens. (The properties

of antibodies and antigens are described in Chapter 3.)
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
years from the work of Landsteiner and others using
simple chemicals as antigens. Ehrlich's theories of the
physicochemical complementarity of antigensand 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
demonstration of phagocytes surrounding a thorn
stuck into a translucent starfish larva, published in
1893, was perhaps the first experimental evidence that
cellsrespond to foreign invaders. Sir Almroth Wright's
observation in the early 1900s that factors in immune
serum enhanced the phagocytosisof bacteria by coating
the bacteria, a process known as opsonization, lent
support to the belief that antibodies preparcd microbes

Figure 1-3 Active and passive immunity.
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Specificity || Memory

~ Microbial antigen Challenge
(vaccine or m? ection) infection Eﬁﬁgﬂﬁg)
_Active Yes Yes
immunity
Serum (antibodies) - - ' '
or cells (T lymphocytes)
from |m animal \"b“' Challenge Recovery
' Adoptive @ infection (immunity)
Passive transfer A\ — 8%
immunity to naive % WP 3 3 Yes No
animal s

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 (immunity) and are specific for microbial anti-
gens, but only active immune responses generate immunologic memory.

for ingestion by phagocytes. These early "cellularists'
were unable to prove that specific immunity to
microbes could be mediated by cells. The cellular
theory of immunity became firmly established in the
1950s, when George Mackaness showed that resistance
to an intracellular bacterium, Listeria monocytogenes,
could be adoptively transferred with cells but not
with serum. We now know that the specificity of cell-
mediated immunity is due to lymphocytes, which often
function in concert with other cells, such as phagocytes,
to eliminate microbes.

In the clinical setting, immunity to a previously
encountered microbe is measured indirectly, either
by assaying for the presence of products of immune
responses (such as serum antibodies specific for micro-
bial antigens) or by administering substances purified
from the microbe and measuring reactionsto these sub-
stances. A reaction to a microbial antigen is detectable
only in individuals who have previousy encountered
the antigen; these individualsare said to be "sensitized"
to the antigen, and the reaction isan indication of "sen-
gtivity." Although the reaction to the purified antigen
has no protectivefunction, it impliesthat 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 prop-

erties that reflect the properties of the lymphocytesthat
mediate these responses (Table 1-3).

Specificity and diversity. Immune responses are
specific for distinct antigens and, in fact, for dif-
ferent portions of a single complex protein, poly-
saccharide, or other macromolecule (Fig.1-4).The

Table 1-3. Cardinal Features of Adaptive Immune Responses

Feature Functronal srgnrfrcance
Specificity Ensures that distinct antigens
elicit specific responses
Diversity Enables immune system to
respondto a large variety of antigens
Memory | Leads to enhanced responses to

repeated exposures to
the same antigens

Specialization | Generates responses that are optrmal
for defense against different types

of mlcrobes

Allows immune system to respond to
neWIy encountered antlgens

Self-limitation |

Nonreactivity Prevents injury to the host durlng

to Self  responses to foreign antigens

The features of adaptive immune responses are essential for
the functions of the immune system.
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Figure 1-4 Specificity, mem-
ory, and self-limitation of
immune responses.

Antigens X and Y induce the
production of different antibodies
(specificity). The secondary re-
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response (memory). Antibody
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mediated immune responses.
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parts of such antigens that are specifically recognized
by individual lymphocytesare called determinantsor
epitopes. This fine specificity exists because individ-
ual lymphocytes express membrane receptors that
are able to distinguish subtle differences in structure
between distinct antigens. Clones of lymphocytes
with different specificitiesare present in unimmu-
nized individuals and are able to recognize and
respond toforeign antigens. Thisconceptisthebasic
tenet of the clonal selection hypothesis, which isdis-
cussed in more detail later in this chapter.

The total number of antigenic specificities of the
lymphocytesin an individual, called the lymphocyte
repertoire, isextremely large. Itisestimated that the
immune system of an individual can discriminate 107
to 10° distinct antigenic determinants. This property
of the lymphocyte repertoire is called diversty. 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, creating a total repertoire that is
extremely diverse. The molecular mechanisms that
generate such diverse antigen receptors are dis
cussed in Chapter 7.

Memory. Exposure of the immune sysem to a
foreign antigen enhancesits ability to respond again
to that antigen. Responsesto second and subsequent
exposures to the same antigen, called secondary
immune responses, are usually more rapid, larger,
and often quadlitatively different from the first, or
primary, immunc response to that antigen (see Fig.

1-4). Immunologic memory occurs partly because
each exposure to an antigen expands the clone of
lymphocytes specific for that antigen. In addition,
stimulation of naive lymphocytes by antigens gener-
ates long-lived memory cells (discussed in detail in
Chapter 2). These memory cells have special char-
acteristics that make them more efficient at eimi-
nating the antigen than are naive lymphocytes that
have not previousy been exposed to the antigen.
For instance, memory B lymphocytes produce anti-
bodies that bind antigens with higher affinitiesthan
do previoudly unstimulated B cells, and memory T
cellsare better able to hometo sitesof infection than
are naive T célls.

B Specialization. As we have aready noted, the
immune system respondsin distinct and specia ways
to different microbes, maximizing the efficiency of
antimicrobial defense mechanisms. Thus, humoral
immunity and cell-mediated immunity are elicited by
different classes of microbesor by the same microbe
at different stages of infection (extracellular and
intracellular), and each type of immune response
protects the host against that class of microbe. Even
within humoral or cell-mediated immune responses,
the nature of the antibodies or T lymphocytes that
are generated may vary from one classof microbe to
another. We will return to the mechanismsand func-
tional significance of such specializationin Sections
1M and IV of this book.

Self-limitation. All normal immune responseswane
with time after antigen stimulation, thus returning
theimmune system to itsresting basal state, a process
caled homeogtass (see Fig. 1-4). Homeostasis is

maintained largely because immune responses are
triggered by antigens and function to eliminate anti-
gens, thus eliminating the essential stimulusfor lym-
phocyte activation. In addition, antigens and the
immune responses to them stimulate regulatory
mechanisms that inhibit the response itself. These
homeostatic mechanisms are discussed in Chapter
10.

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. Im-munologic unresponsive-
ness is also called tolerance. Tolerance to self anti-
gens, or self-tolerance, is maintained by severa
mechanisms. These include eliminating lymphocytes
that express receptors specific for some saf antigens
and alowing lymphocytes to encounter other self
antigens in settings that either fail to stimulate or
lead to functional inactivation of the self-reactive
lymphocytes. The mechanisms of self-tolerance and
discrimination between sdf and foreign antigens
are discussed in Chapter 10. Abnormalities in the
induction or maintenance of self-tolerance lead to
immune responses against saf antigens (autologous
antigens), often resulting in disorders called auto-
immune 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 mem-
ory enable the immune system to mount heightened
responscs tO pcrsistent or recurring stimulation with
the same antigen and thus to combat infections that are
prolonged or occur repeatedly. Diversity is essential if
the immune system is to defend individualsagainst the
many potential pathogensin the environment. Special-
ization enables the host to "custom design” responses
to best combat many different types of microbes. Self-
limitation dlows the system to return to a state of rest
after it eliminates each foreign antigen and to be pre-
pared to respond to other antigens. Self-tolerance is
vital for preventing 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 toforeign antigens and are therefore the medi-
ators of humoral and cellular immunity. There are dis-
tinct subpopulations of lymphocytes that differ in how
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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 cells, thus functioning as the media-
tors of humoral immunity. T lymphocytes, the cells of
cell-mediated immunity, recognize the antigens of
intracellular microbes and function to destroy these
microbes or the infected cells. T cells do not produce
antibody molecules. Their antigen receptors are mem-
brane molecules distinct from but structurally related
to antibodies (see Chapter 6). 1' lymphocytes have a
restricted specificity for antigens; they recognize only
peptide antigens attached to host proteins that are
encoded by genes in the maor 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 anti-
gens (see Chapter 5). T lymphocytes consist of func-
tionally distinct populations, the best defined of which
are helper T cells and cytolytic, or cytotoxic, T lym-
phocytes (CTLS). In response to antigenic stimulation,
helper T cells secrete proteins called cytokines, whose
function is to stimulate the proliferation and differen-
tiation of the T cells aswel as other cells, including B
cells, macrophages, and other leukocytes. CTLs kill
cells that produce foreign antigens, such as cells
infected by viruses and other intracellular microbes.
Some T lymphocytes, which are called regulatory T
cells, may function mainly to inhibit immune responses.
The nature and physiologic roles of these regulatory T
cells are incompletely understood (see Chapter 10). A
third dlass of lymphocytes, natural killer (NK) cdlls, is
involved in innate immunity against viruses and other
intracellular microbes. We will return to a more de-
tailed discussion of the properties of lymphocytesin
Chapter 2.

Theinitiation and devel opment of adaptiveimmune
responses require that antigens be captured and dis-
played to specific lymphocytes. The cellsthat serve this
role are called antigen-presenting cells (APCs). The
most highly specialized APCs are dendritic cells, which
capture microbial antigens that enter from the external
environment, transport these antigens to lymphoid
organs, and present the antigens to naive T lym-
phocytesto 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 5.

The activation of lymphocytes by antigen leads to
the generation of numerous mechanisms that function
to eliminate the antigen. Antigen elimination often
requires the participation of cells called effector cells.
Activated T lymphocytes, mononuclear phagocytes,and
other leukocytes function as effector cellsin different
immune responses.

Lymphocytesand accessory cellsare concentrated in
anatomically discrete lymphoid organs, where they
interact with one another to initiate immune responses.
Lymphocytes are also present in the blood; from the
blood, they can recirculate to lymphoid tissues and to
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B lymphocytes recognizesoluble antigensand develop into antibody-secreting cdlls. Helper T lym+
phocytes recognize antigens on the surfaces d antigen-presenting cells and secrete cytokines, which
gimulate different mechanisms d immunity and inflammation. Cytolytic T lymphocytes recognize
antigens on infected cdls and kill these cdls. Naturd killer odls use receptors that are not fully iden-
tified to recognize and kill their targets, such as infected cdls.

peripheral sites of antigen exposure to eliminate the
antigen (see Chapter 2).

Phases of Adaptive Immune
Responses

Adaptive immune responses may be divided into
distinct phases— the recognition of antigen, the acti-
vation o lymphocytes, and the effector phase of
antigen elimination — followed by the return to home-
ostasis and the maintenance of memory (Fig.1-6). All
immune responses are initiated by the specific recog-
nition of antigens. This recognition leads to the activa
tion of the lymphocytesthat recognize the antigen and
culminates in the development of effector mechanisms
that m\ediate the physiologic function of the response,
namely, the elimination of the antigen. After the

antigen is eliminated, the immune response abates
and homeostasis is restored. We summarize the im-
portant features of each phase in the following section,
and we will discuss the mechanisms of adaptive immu-
nity in the context of these phases throughout the
book.

Recognition of Antigens

Every individual possesses numerous clonally derived
lymphocytes, each clone kaving arisen from a single
precursor and being capable of recognizing and re-
sponding to a distinct antigenic determinant, and
when an antigen enters, i t selects a specific preexisting
clone and activates it (Fig. 1-7). This fundamental
concept iscalled the clonal selection hypothess. It was
first suggested by NielsJerne in 1955, and most clearly
enunciated by Macfarlane Burnet in 1957, as a hypo-
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Figure 1-6 Phases of adaptive immune responses.

Adaptive immune responses condst d distinct phases, the firg three being the recognition d
antigen, the activation d lymphocytes, and the effector phase (eimination d antigen). The response
declinesas antigen-stimulated lymphocytesdie by apoptosis, and the antigen-specificcdlsthat survive
are regpongble for memory. The duration d each phase may vay in different immune responses.
The y-axis represents an arbitrary measure d the magnitude d the response. These principles apply
to humoral immunity (mediated by B lymphocytes) and cell-mediated immunity (mediated by T

lymphocytes).

thesisto explain how the immune system could respond
to alarge number and variety of antigens. According to
this hypothesis, antigen-specific clones of lymphocytes
develop before and independent of exposure to
antigen. The cellsconstituting each clone haveidentical
antigen receptors, which are different from the recep-
torson the cells of al other clones. Although it is diffi-
cult to place an upper limit on the number of antigenic
determinants that can be recognized by the mammalian
immune system, a frequently used estimate is on the
order of 107 to 10°, Thisis a reasonable approximation
of the number of different antigen receptor proteins
that are produced and thercfore reflects the number of
distinct clones of lymphocytes present in each individ-
ual. Foreign antigensinteract with preexisting clones of
antigen-specific lymphocytes in the specialized lym-
phoid tissueswhere immune responses are initiated.
The key postulates of the clonal selection hypothesis
have been convincingly proved by a variety of experi-
ments and form the cornerstone of the current con-
cepts of lymphocyte specificity and antigen recognition.

Definitive proof that antigen-specific clones of lym-
phocytes exist before antigen exposure came when the

structure of antigen receptors and the molecular basis
of receptor expression were defined. All the lympho-
cytes of a particular clone express receptors of one
specificity, and these receptors are expressed at a stage
and site of maturation where the lymphocytes have not
encountered antigens (see Chapter 7).

~ The fact that an individual clone of lymphocytes
can recognize and respond to only one antigen was
established by limiting dilution culture experiments.
I n thistypeof experiment, lymphocytes are distributed
in culture wellsin such a way that each well contains
cellsfrom a single clone. When mixtures of antigens
are added to these wells, the cellsin each well respond
to only one of the antigens (e.g., by producing anti-
bodies specific for that antigen).

More recently, methods for assaying the expansion
of antigen-specific lymphocyte populations in vivo have
shown that administration of an antigen stimulates
expansion of specific lymphocyte populations and no
detectable response of other, "bystander," lymphocyte
populations that are not specific for that antigen (see
Chapters 8 and 9).
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cells, but the same principle applies to T
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Activation of Lymphocytes

The activation of lymphocytes requires two distinct
signals, the first being antigen and the second being
either microbial products or components of innate
immune responses to microbes (Fig. 1-8). Thisideais
called the two-sgnal hypothesisfor lymphocyte activa-
tion. The requirement for antigen (so-calledsignal 1)
ensures that the ensuing immune response is specific.
The requirement for additional stimuli triggered by
microbes or innate immune reactions to microbes
(signa 2) ensures that immune responses are induced
when they are needed (i.e., against microbes and other
noxious substances) and not against harmless sub-
stances, including self antigens. We will return to the
nature of second signalsfor lymphocyte activation in
Chapters8 and 9. o

The responses of lymphocytes to antigens and
second signals consist of the synthesis of new pro-
teins, cellular proliferation, and differentiation into
effector and memory cells. We will discuss these events
in more detail in Chapter 2 and later chapters, after we
describe the properties of lymphocytes.

Effector Phase of Immune Responses:
Elimination of Antigens

During the effector phase of immune responses, lym-
phocytes that have been specifically activated by
antigens perform the effector functions that lead to the
elimination of the antigens. Antibodiesand T lympho-

cyteseliminate extracellular and intracellular microbes,
respectively. These functions of antibodies and T cells
often require the participation of other, nonlymphoid
effector cellsand defense mechanisms that also operate
in innate immunity. Thus, the same innate immune
mechanisms that provide the early lines of defense
against infectious agents may be used by the subsequent
adaptive response to eliminate microbes. In fact, aswe
mentioned earlier, an important general function of
adaptive immune responses is to enhance the effector
mechanisms of innate immunity and to focus these
effector mechanisms on those tissues and cells that
contain foreign antigen.

Homeostasis: Decline of Immune Responses

At the end of an immune response, the immune system
returns to its basal resting state, in large part because
most of the progeny of antigen-stimulated lymphocytes
die by apoptosis. Apoptosisisaform of regulated, phys-
iologic cell death in which the nucleus undergoes con-
densation and fragmentation, the plasma membrane
shows blebbing and vesiculation, the internal seques-
tration of some membrane lipidsis lost, and the dead
cells are rapidly phagocytosed without their contents
being released. (This process contrasts with necrosis, a
type of cell death in which the nuclear and plasma
membranes break down and cellular contents often
spill out, inducing a local inflammatory reaction.) A
largefraction of antigen-stimulated lymphocytesunder-
goes apoptosis, probably because the surviva of lym-
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or induced by
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anebltteatioation
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Figure 1-8 The two-signal requirement for lymphocyte
activation.

Antigenrecognition by lymphocytes provides signal 1 for the acti-
vation of the lymphocytes, and components of microbes or sub-
stances produced 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.

phocytesis dependent on antigen and antigen-induced
growthfactors, and as the immunc rcsponsc eliminates
the antigen that initiated it, the lymphocytes become
deprived of essential survival stimuli. A considerable
amount of information has accumulated about the
mechanisms of apoptosis, and its regulation, in lym-
phoid cdlls (see Box 10-2, Chapter 10).

In Sections 11, III, and IV, we describe in detail the
recognition, activation, effector phases, and regulation
of adaptive immune responses. The principles intro-
duced in this chapter recur throughout the book.

Summary

® Protectiveimmunity against microbesis 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-
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tions in defense against extracellular microbes. Cell-
mediated immunity is mediated by T lymphocytes
and their products, such as cytokines, and is impor-
tant for defense against intracellular microbes.

® Immunity may be acquired by a response to antigen
(active immunity) or conferred by transfer of anti-
bodies or cells from an immunized individual

(passiveimmunity).

® Theimmune system possesses several properties that
are of fundamental importance for its normal func-
tions. Theseinclude specificityfor different antigens,
a diverse repertoire capable of recognizing a wide
variety of antigens, memory for antigen exposure,
specialized responses to different microbes, self-
limitation, and the ability to discriminate between
foreign antigens and sdlf antigens.

® | ymphocytesare the only cellscapable of specificaly
recognizing antigens and are thus the principal cells
of adaptiveimmunity. T he two major subpopul ations
of lymphocytesare B cellsand T cells, and they differ
in their antigen receptors and functions. Specialized
antigen-presenting cclls capture microbial antigens
and display these antigens for recognition by lym-
phocytes. The elimination of antigens often requires
the participation of variouseffector cells.

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

® The effector phase of adaptiveimmunity requiresthe
participation of various defense mechanisms, includ-
ing the complement system and phagocytes, that also
operate in innate immunity. The adaptive immune
response enhances the defense mechanisms of
innate immunity.
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T h ecells of the adaptiveimmune system are normally
present as circulating cellsin 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 generation
of immune responses. The immune system faces
numerous challenges to generate effective protective
responsesagainst 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 body. Second, very few naive lymphocytes specif-
icaly recognize and respond to any one antigen. Third,
the effector mechanisms of the immune system (anti-
bodies 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 challenges and to perform its protective
functions optimally is dependent on several properties
of its cellsand 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 itstransport to lymphoid
organs are the first steps in adaptive immune
responses.

Naive lymphocytes (i.e., l[ymphocytes that have not
previously encountered antigens) migrate through
these peripheral lymphoid organs, where they rec-
ognize antigens and initiate 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 immunity is systemic (i.e., that
protective mechanisms 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 responsesand the rolesof different cells
and tissues are illustrated schematically in Figure 2-1.
This chapter describes the cells and organs of the
immune system and concludes with a discussion of the
circulation of lymphocytes.

Cells of the Immune System

The cells that are involved in adaptive immune
responses are antigen-specific lymphocytes, special-
ized antigen-presenting cells (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 lympho-
cytes and APCs and then explain how these cells are
organized in lymphoid tissues. The numbers of some of
these cell typesin the blood are listed in Table 2-1.
Although these cells are found in the blood, their
responses to antigens are localized to lymphoid and
other tissuesand are generally not reflected in changes
in the total numbers of circulating leukocytes.

Lymphocytes

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

Protective immunity to microbes can be adoptively
transferred from immunized to naive individualsonly
by lymphocytesor 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, or cell type-specific antibodies, and more

Table 2-1. Normal Blood Cell Counts

Mean number | Normal
per microliter | range

- Whiits blood cells |' 7,400 4,500-11,000 |
o |
' Neutrophils - | 2,400 ~ [1800-7,700 |
| Eosinophils . _‘ 200 !0—450 ‘
Basophils | 40 0-200 |
| Lymphocytes | 2,500 | 1,000-4,800 \
Monocytes | 300 200-800
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recently by targeted gene disruptions in mice, leads to
impaired immune responses.

Stimulation of lymphocyteshy antigensin culture leads
to responses in vitro that show many of the character-
isticsof immune responsesinduced under more phys
iologic conditions in vivo.

Mogt important, specific high-affinity receptors for
antigens are produced by lymphocytes but not by any
other cdlls.

Morphology

Naive lymphocytes, which are cells that have not previ-
oudy been stimulated by antigens, are called small lym-
phocytes by morphologists. The small lymphocyte is 8
to 10um in diameter. It has alarge nucleus with dense
heterochromatin and a thin rim of cytoplasm that con-
tainsafew mitochondria, ribosomes, and lysosomes but
no specialized organelles (Fig. 2-2). Before antigenic
stimulation, small lymphocytes are in a state of rest, or
in the G, stage of the cdll cycle. In response to stimu-
lation, resting small lymphocytes enter the G, stage of
the cell cycle. They become larger (10 to 12 pm in
diameter), have more cytoplasm and organelles and
increased amounts of cytoplasmic RNA, and are called
large lymphocytes, or lymphoblasts (see Fig. 2-2).

Classes of Lymphocytes

Lymphocytes consist of distinct subsets that are dif-
ferent in their functions and protein products but
are morphologically indistinguishable (Table 2-2).
This heterogeneity of lymphocytes was introduced in
Chapter 1 (seeFig. 1-5).B lymphocytes, the cells that
produce antibodies, wereso called becausein birds they
were [ound 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 refer
to bursa-derived lymphocytes or bone marrow-derived
lymphocytes. T lymphocytes, the mediators of cellular
immunity, were named because their precursors arise
in the bone marrow but then migrate to and mature in
the thymus; "T" lymphocyte refers to thymus derived.
T lymphocytes consist of two subsets, helper T lympho-
cytesand cytolytic (orcytotoxic) T lymphocytes (CTLs).
Both B and T lymphocytes have clonally distributed
antigen receptors, meaning that there are many clones
of these cellswith different antigen specificities,and all
the members of each clone express antigen receptors
of the same specificity that are different from the recep-
tors of other clones. The genes encoding the antigen
receptors of B and T lymphocytes are formed by
recombinations of DNA segments during the develop-
ment of these cells. The somatic recombinations gen-
erate millionsof different receptor genes that result in
ahighly diverserepertoire of lymphocytes (see Chapter
7). NK (natural killer) cells are a third population of
lymphocytes whose receptors are different from those
of Band T cellsand whose major function isin innate
immunity.
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Figure 2-1 Overview of immune responses in vivo.

Antigens are captured from their site of entry by dendritic cells and concentrated in lymph nodes,
where they activate naive lymphocytes that migrate to the nodes through blood vessels. Effector and
memory T cells developin the nodes and enter the circulation, from which they may migrate to periph-
eral tissues. Antibodies are produced in lymphoid organs and enter the circulation, from which they
may locate antigens at any site. Memory cells also enter the circulation and may reside in lymphoid
organs and other tissues. This illustration depicts the key events in an immune response to a protein
antigen in a lymph node; responses in other peripheral lymphoid organs are similar.

Figure 2-2 Morphology of lymphocytes.

A. Light micrograph of a lymphocyte in a peripheral blood smear.

B. Electron micrograph of a small lymphocyte. (Courtesy of Dr. Noel Weidner, Department of
Pathology, University of California, San Diego.)

C. Electron micrograph of a large lymphocyte (lymphoblast). (From Fawcett DW. Bloom & Fawcett
Textbook of Histology, 12th ed. WB Saunders, Philadelphia, 1994.)

Table 2-2. Lymphocyte Classes

ClaS$ Functions Antigen Selected | Percent
‘ receptor phenotype | of total
markers lymphocytes
Lymph
T lymphocytes Blood | 5 4e | Spleen
Helper Stimuli for B cell growth and of heterodimers | CD3+, CD4+, | 50-60%*| 50-60 | 50-60
T lymphocytes differentiation (humoral immunity) CDs~
Macrophage activation by
secreted cytokines
(cell-mediated immunity)
Cytolync Killing of virus-infected cells, of} heterodimers | CD3*, CD4—, | 20-25 | 15-20 | 10-15
T Ivmphocvie tumor cells; rejection of allografts cD8*
YIBRRCYIoD (cell-mediated immunity)
B lymphocytes | Antibody production Surface antibody | Fc receptors; | 10-15 | 2025 | 40-45
(humoral immunity) (immunoglobulin) | class Il MHC;
CD19; CD21
Natural killer cells | Killing of virus-infected cells, Killer cell Ig-like | Fcreceptor | ~10 Rare ~10
tumor cells; antibody-dependent | receptor for IgG
cellular toxicity (CD16)

take up residence

in normal tissues
in preparation

for next infection

*In most tissues, the ratio of CD4+ CD8— to CD8+ CD4~ cells is about 2:1.
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Figure 2-1 See legend on opposite page.

The major classes of lymphocytes, their functions and selected surface molecules, and numbers in different tissues are shown. Some T
lymphocytes, called regulatory cells (not included), function to inhibit immune responses and differ in phenotype and function from
helper and cytolytic T cells. Smaller populations of lymphocytes, such e NK-T cells and y3 T cells, are also not listed.
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Membrane proteins may be used as phenotypic
markers to distinguish functionally distinct popula-
tions of lymphocytes (see Table 2-2). For instance,
most helper T cells express a surface protein called
CD4, and most CTLs express a different surface pro-
tein 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 II1.) Many of the surface proteins that were
initially recognized as phenotypic markers for various
lymphocyte subpopulations have turned out, on further
analysis, to play important roles in the activation and
functions of these cells. The accepted nomenclature for
lymphocyte markers uses the CD number designation.
CD stands for "cluster of differentiation,” a historical
term referring to a cluster (or collection) of mono-

From the time that functionally distinct classes of lympho-
cytes were recognized, immunologists have attempted to
develop methods for distinguishing them. The basc
approach was to produce antibodies that would selectively
recognize different subpopul ations. Thiswasinitially done
by raising alloantibodies (i.e., antibodies that might rec-
ognize dldicformsof cel surface proteins) by immuniz-
ing inbred strains of mice with lymphocytes from otl+er
strains. Such techniques were successful and led to the
developmentof antibodies,that reactedwith murineT cells
(enti-Thy-1 antibodies) and even againgt functionally dif-
ferent subsetsof T lymphocytes (anti-Lyt-1 and anti-Lyt-2
antibodies). The limitationsof thisapproach are obvious,
however, because it is useful only for cell surface proteins
that exist in dlelic forms. The advent of hybridoma tech-
nology gave such analyses a tremendous boost, with the
production of monoclonal antibodies that reacted specifi-
cdly and sdectively with defined populations of lympho-
cytes, first in humans and subsequently in many other
species. (Alloantibodies and monoclonal antibodies are
described in Chapter 3.)

Functionally distinct classes of lymphocytes express
distinct types of cell surface proteins. Immunologists
often rdly on monoclonal antibody probes to detect these
surface molecules. The cell surface molecules recognized
by monoclona antibodies are called antigens, because
antibodiescan be raised against them, or markers, because
they identify and discriminate between (“mark”) different
cel populations. These markers can be grouped into
severd categories; some are specificfor cdls of a particu-
lar lineage or maturational pathway, and the expression of
othersvaries according to the state of activation or differ-
entiation of the same cells. Biochemicd andyses of cell
surface proteins recognized by different monoclonal
antibodies demonstrated that these antibodies, in many
instances, recognized the equivaent protein in different
species. Considerabl econfusionwas created because these
surface markerswereinitially named according to the anti-
bodies that reacted with them. To resolve this, a uniform

clonal antibodies that are specific for various markers
of lymphocyte differentiation. The CD system provides
a uniform wey to identify cell surface molecules on
lymphocytes, APCs, and many other cell typesin the
immune sysem (Box 2-1). Examples of some CD pro-
teinsare mentioned in Table 2-2, and the biochemistry
and functions of the most important ones are described
in later chapters. A current list of known CD markers
for leukocytesis provided in Appendix II.

Development of Lymphocytes

Like al blood cells, lymphocytes arise from stem cells
in the bone marrow.
¢ The origin of lymphocytes from bone marrow pro-
genitors wes first demonstrated by experiments with
radiation-induced bone marrow chimeras. Lympho-

nomenclature Sysem wes adopted, initialy for human
leukocytes. According to this system, a surface marker
that identifiesa particular lineage or differentiation stage,
that has a defined structure, and that is recognized by
agroup ("cluster") of monoclona antibodiesis caled a
member of a cluster of differentiation. Thus, all leukocyte
surface antigens whose structures are defined are given a
CD designation (e.g., CD1, CD2). Although this nomen-
clature was originally used for human leukocyte antigens,
itisnow common practiceto refer to homologousmarkers
in other speciesand on cdls other than leukocytesby the
same CD designation. Nemy devel oped monoclonal anti-
bodies are periodicaly exchanged among laboratories,
and the antigens recognized are assigned to existing CD
structures or introduced as new "workshop" candidates
(CDw).

The dassfication of lymphocytes by CD antigen ex-
pression is now widdy used in clinicd medicine and
experimental immunology. For instance, most helper T
lymphocytes are CD3*CD4*CD8-, and most CTLs are
CD3"CD4°CD8*. This has dlowed immunologists to iden-
tify the cells participating in various immune responses,
isolate them, and individually andyze their specificities,
response patterns, and effector functions. Such antibodies
have dso been used to define specific dterationsin par-
ticular subsets of lymphocytes that might be occurringin
various diseases. For example, the declining number of
blood CD4* T cdlsis often used to follow the progression
of disease and response to treatment in human immu-
nodeficiency virus (HIV)—-infected patients. Further inves-
tigations of the effects of monoclonal antibodies on
lymphocyte function have shown that these surface pro-
teins are not merdy phenotypic markers but are them-
svesinvalved in avariety of lymphocyte responses. The
two most frequent functions attributed to various CD
moleculesare (1) promotion of cell-cell interactionsand
adhesion, and (2) transduction of signalsthat lead to lym-
phocyteactivation. Examplesof both typesof functionsare
described in Chapters 6 and 8.

cytes and their precursors are radiosensitiveand are
killed by high doses of virradiation. If a mouse of one
inbred strain isirradiated and then injected with bone
marrow cells of another strain that can be distin-
guished from the host, al the lymphocytes that
develop subsequently are derived from the bone
marrow cells of the donor. Such approaches have
proved useful for examining the maturation of lym-
phocytes and other blood cells (see Chapter 7)

All lymphocytes go through complex maturation
stages during which they express antigen receptors and
acquire thefunctional and phenotypic characteristics of
mature cells (Fig. 2-3). B lymphocytes attain full matu-
rity in the bone marrow, and T lymphocytes mature in
the thymus. We will discuss these processesof Band T
lymphocyte maturation in much more detail in Chapter
7. After the cells have matured, they leave the marrow
or thymus, enter the circulation, and populate the
peripheral lymphoid organs. These mature cells are
called naive lymphocytes.

The population of naive lymphocytes is maintained
at a steady state by the generation of new cells from
bone marrow progenitors and the death of cells that
do not encounter antigens. The function of naive lym-
phocytes is to recognize antigens and initiate adaptive
immune responses. If they do not encounter antigen,
the cells eventually die by a process of apoptosis (see
Chapter 10, Box 10-2). The haf-life of a naive lym-
phocyteis estimated to be 3 to 6 monthsin miceand a
few years in humans. It is believed that the survival of
naive lymphocytesis maintained by wesak recognition of
sf antigens, so that the cells receive signals that are
enough to keep them aive but not enough to activate
them to differentiate into effector cells. The nature of
the sdf antigens involved in lymphocyte survival is
not known. It is known that the antigen receptor
on naive lymphocytesis required not only for recogni-
tion of foreign antigens leading to effector cell dif-
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Figure 2-3 Maturation of lymphocytes.
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ferentiation but aso for survival of the cells in the
naive state. In addition, secreted proteins called
cytokines are aso essential for the survival of naive

lymphocytes.

The need for antigen receptor expression to maintain
the pool of naive lymphocytesin peripheral lymphoid
organs has been demonstrated by studiesin which the
immunoglobulin (1g) genc that encodes the antigen
receptors of B cellsweas knocked out after the B cells
had matured, or the antigen receptors of T cellswere
knocked out in mature T cells. (The method used is
called the cre-lox technique and isdescribed in Appen-
dix TII.) Mature naive lymphocytes that lost their
antigen receptors 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 sawv during their maturation in the
thymus. In Chapter 7, we will discuss the processof T
cell maturation and the selection of T cells by recog-
nition of sdf 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 lymphocytesare transferred into a mouse that
does not have any lymphocytes of its own, the trans-
ferred lymphocytes begin to proliferate and increase
in number until they reach roughly the numbers of
lymphocytes in normal mice. This process is called
homeostaticproliferationbecauseit serves to maintain
homeostasis (a steady state of cell numbers) in the
immune system. The proliferation of naive lympho-
cytesin the absence of overt exposure to antigen istrig-
gered by the recognition of self antigens. In addition,
acytokine called interleukin (IL.)-7 isaso essential for
proliferation of the naive cells. These resultsimply that
IL-7 may be asurviva factor for naive cellsin normal
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Mature lymphocytes develop from bone marow stem cdls in the generative lymphoid organs,
and immune responses to foreign antigens occur in the peripherd lymphoid tissues.
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mice (i.e., not just in the experimenta sygem o trans:
fer into lymphocyte-deficient recipients).As we shdl
sein Chepter 7, the same cytokine, IL-7, is ds0 essen
tid for the saurvivd and proliferation d immature lym
phocytes in the generative lymphoid organs.

Activation of Lymphocytes

In adaptive immune responses, naive lymphocytes are
activated by antigens and other stimuli to differenti-
ate into effector and memory cells (Fig. 2-4). The acti-
vationof lymphocytesfollowsaseriesof sequential steps.

SYNTHESIS OF NEW PROTEINS

Early after stimulation, lymphocytes begin to transcribe
genes that were previoudly silent and to synthesize a
variety of new proteins. These proteinsinclude secreted

cytokines (in T cells), which stimulate the growth and
differentiation of the lymphocytes themselves and of
other effector cells; cytokine receptors, which make
lymphocytes more responsive to cytokines;, and many
other proteins involved in gene transcription and cell
division.

CELLULAR PROLIFERATION

In response to antigen and growth factors made by the
antigen-stimulated lymphocytes and by other cells, the
antigen-specific lymphocytes undergo mitotic division.
This results in proliferation and increased sze of
the antigen-specific clone, so-called clonal expansion.
In some acute vira infections, the numbers of
virus-specific T cells may increase 50,000-fold, from a
basal (unstimulated) level of about 1 in 1 million
lymphocytes to 1 in 10 at the peak of the infection!
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Figure 2-4 Phases of lymphocyte activation.

Naive B lymphocytes (top panel)and T lymphocytes (bottom panel) respond to antigens and second
signals by protein synthesis, cellular proliferation, and differentiationinto effector and memory cells.
Homeostasis is restored as many of the antigen-activated lymphocytes die by apoptosis. Note that
these phases of lymphocyte responses correspond to the phases of adaptive immunity illustrated in

Figure 1-6, Chapter 1.

e i e

These are remarkable examples of the magnitude
of clonal expansion during immune responses to
microbes.

DIFFERENTIATION INTO EFFECTOR CELLS

Some of the progeny of the antigen-stimulated lym-
phocytes differentiate into effector cells, whose func-
tion is to eliminate the antigen. Effector lymphocytes
include helper T cells, CTLs, and antibody-secreting B
cells. Differentiated helper T cells express surface pro-
teins that interact with ligands on other cells, such
as macrophages and B lymphocytes, and they secrete
cytokines that activate other cells. Differentiated CTLs
develop granules containing proteins that kill virus-
infected and tumor cells. B lymphocytes differentiate
into cellsthat actively synthesize and secrete antibodies.
Some of these antibody-producing cellsare identifiable
as plasma cells. They have characteristic nuclei, abun-
dant cytoplasm containing dense, rough endoplasmic
reticulum that is the site where antibodies (and other
secreted and membrane proteins) are synthesized, and
distinct perinuclear Golgi complexes where antibody
molecules are converted to their final forms and pack-
aged for secretion (Fig.2-5). Itisestimated 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. The
majority of differentiated effector lymphocytes are
short-lived and not self-renewing.

DIFFERENTIATION INTO MEMORY CELLS

Some of the progeny of antigen-stimulated Band T lym-
phocytes differentiate into memory cells, whose func-
tion is to mediate rapid and cnhanccd (i.e., secondary
or recall) responses to second and subsequent expo-
sures to antigens. Memory cells may survive in afunc-
tionally quiescent or dowly cycling state for many years

Figure 2-5 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.)
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after the antigen iseliminated. Several lines of evidence
indicate that memory cells do not require antigen
recognition for their prolonged survival in vivo.

If memory CD8* or CD4" T cdls are transferred into
mice that lack mgor hisocompatibility complex
(MHC) molecules, the memory cdlssurvive dmost as
wdl &s they do in norma mice Since MHC-deficient
mice cannot digolay antigens that are recognizable by
T cdls, the survivd o the memory cdls must be
antigen independent.

If the antigen receptors d T codls are knocked out
ater cdls have matured (as in the experiment
described in our discusson d naive cells), memory
cdlsthat were generated by previousantigen exposure
continue to survive even without antigen receptors.

Memory cells express surface proteins that distin-
guish them from naive and recently activated effector
lymphocytes, although it is still not clear which of these
surface proteins are definitive markers of memory
populations (Table 2-3). Memory B Ilymphocytes
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 3 and 9). Compared with naive T cdlls,
memory T lymphocytes express higher levels of adhe-
sion molecules, such as integrins and CD44 (see
Chapter 6), which promote the migration of the
memory cellsto sitesof infection anywherein the body.
In humans, most naive T cellsexpressa 200-kD isoform
of a surface molecule called CD45 that contains a
segment encoded by an exon designated A. This CD45
isoform can bc recognized by antibodies specificfor 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, thiswey of distin-
guishing between naive and memory T cells is not

Rough endoplasmic
reticulum

Mitochondrion Golgi complex
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Table 2-3. Characteristics of Naive, Effector, and Memory Lymphocytes

Naive lymphocytes Activated or effector Memory

|Iymphocytes | lymphocytes'-

T lymphocytes

viigration Preferentiaily to Preferentiai ly fo Preferentiaily to inflamed

peripheral Iymph nodes inflamed tissues tissues, mucosai trssues

Frequency of cells responsive | very low High Low

to particular antigen

Effector functions None Cytokine secretlon; None

cyiolyt:c actiwty

Cell cycling No Yes +/—

Surface protein expression |
High-affinity IL-2 receptor | Low High Low 1
Peripheral lymph node High Low Low or variable '

homing receptor ,
(L-selectin, CD62L) ;
Adhesion molecules: Low High High '
integrins, CD44 Sl _
Chemokine receptor: CCR7 | High = | Low | Variable
Major CD45 isoform CD45RA CD45R0O | CD45RO:; variable
(humans only) e T i il L ]
Morphology Small; scant cytoplasm | -arge; more cytoplasm Small

B lymphocytes

Membrane immunoglobulin IgM and IgD

(Ig) isotype
Affinity of'lg produced

Relatively low

perfect, and interconversion between CD45RA* and
CD45RO" populations has been documented.

Memory cells appear to be heterogeneous in many
respects. Some migrate preferentially to lymph nodes,
where they provide a pool of antigen-specific lympho-
cytesthat can rapidly be activated to proliferate and dif-
ferentiate into effector cells if the antigen is
reintroduced. Other memory cells reside in mucosal
tissues or circulate in the blood, from which they
may be recruited to any site of infection and mount
rapid effector responses that serve to eliminate the
antigen.

Several key questions about memory cells remain
unanswered. We do not know what stimuli induce a

Effectbr fﬁ:nétion Wil ' None Amibody secretion None [

Morphology Small scant cyioplasm Large more cyiaﬁfésﬁ___ Srﬁall__ R
plasma cell

Chemokine receptor: CXCR5 | High Low [ 2

.l Frequently IgG, IgA, IgE | Frequently IgG, IgA, IgE
|

Increases during
immune response

Relatively high

small fraction of the progeny of antigen-stimulated
lymphocytesto differentiate into memory cells. It isalso
not known how memory cells are able to survive in vivo
apparently without antigen, given that both naive and
recently activated lymphocytes die by apoptosis unless
they are constantly exposed to surviva stimuli, includ-
ing antigen and growth factors.

Antigen-Presenting Cells

Antigen-presenting cells (APCs) are cell populations
that are specialized to capture microbial and other
antigens, display them to lymphocytes, and provide
signals that stimulate the proliferation and differen-
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Figure 2-6 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.

tiation of the lymphocytes. By convention, APC usually
refersto 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 pre-
sent antigens to T cells during cell-mediated immune
responses, and B lymphocytes function as APCs for
helper T cells during humoral immune responses. A
specialized cell type called the follicular dendritic cell
displays antigens to B lymphocytes during particular
phases of humoral immune responses.

Dendritic Cells

Dendritic cells play important rolesin antigen capture
and the induction of T lymphocyte responses to
protein antigens. Dendritic cells are found under
epithelia and in most organs, where they are poised to
capture foreign antigens and transport these antigens
to peripheral lymphoid organs. Most of these dendritic
cells are derived from the monocyte lineage and are

caled myeloid dendritic cells. We will return to the
biology and function of dendritic cellsin antigen pres
entation in Chapter 5.

Mononuclear Phagocytes

The mononuclear phagocyte system consists of cells
that have a common lineage whose primary function is
phagocytosis. The cells of the mononuclear phagocyte
system originate in the bone marrow, circulate in the
blood, and mature and become activated in various
tissues (Fig. 2-6). The first cell type that enters the
peripheral blood after leaving the marrow is incom-
plctcly diffcrentiated and is called the monocyte.
Monocytes are 10 to 15pm in diameter, and they have
bean-shaped nuclei and finely granular cytoplasm con-
tai ning lysosomes, phagocyticvacuolcs, and cytoskel etal
filaments (Fig. 2-7). Once they settle in tissues, these
cells mature and become macrophages. Macrophages

Figure 2-7 Morphology of mononuclear phagocytes.

A. Light micrograph of a monocyte in a peripheral blood smear.

B. Electron micrograph of a peripheral blood monocyte. (Courtesy of Dr. Noel Weidner, Depart-
ment of Pathology, University of California, San Diego.)

C. Electron micrograph of an activated tissue macrophage showing numerous phagocytic vacuoles
and cytoplasmic organelles. (From Fawcett DW. Bloom & Fawcett Textbook of Histology, 12th ed. WB
Saunders, Philadelphia, 1994.)
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may assume different morphologic forms after ac-
tivation by external stimuli, such as microbes. Some
develop abundant cytoplasm and are called epithelioid
cells because of their resemblance to epithelia cells
of the skin. Activated macrophages can fuse to form
multinucleate giant cells. Macrophages are found in
all organs and connective tissues and have been given
special names to designate specific locations. For
instance, in the central nervous system, they are called
microglia cells; when lining the vascular sinusoids of
the liver, they are called Kupffer cells; in pulmonary
arways, they are caled aveolar macrophages;
and multinucleate phagocytes in bone are called
osteoclasts.

Mononuclear phagocytes function as APCs in T
cell-mediated adaptive immune responses. Macro-
phages containing ingested microbes display microbial
antigens to differentiated effector T cells. The effector
T cells then activate the macrophages to kill the
microbes. This process is a mgjor mechanism of cell-
mediated immunity against intracellular microbes (see
Chapter 13). Macrophages that have ingested microbes
may also play arolein activatingnaive T cellsto induce
primary responses to microbial antigens, although it is
likely that dendritic cellsare more effective inducers of
primary responses.

Mononuclear phagocytesare aso important effector
cdlsin both innate and adaptiveimmunity. Their effec-
tor functions in innate immunity are to phagocytose
microbes and to produce cytokines that recruit and
activate other inflammatory cells (see Chapter 12).
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

Follicular dendritic cells (FDCs) are cells with mem-
branous projections present in the germinal centers of
lymphoid follicles in the lymph nodes, spleen, and
mucosal lymphoid tissues. Most FDCs are not derived
from precursorsin the bone marrow and are unrel ated
to the dendritic cells that present antigens to T lym-
phocytes. FDCs trap antigens complexed to antibodies
or complement products and display these antigens on
their surfacesfor recognition by B lymphocytes. Thisis
important for the selection of activated B lymphocytes
whose antigen receptors bind the displayed antigens
with high affinity (see Chapter 9).

Anatomy and Functions of
Lymphoid Tissues

To optimize the cellular interactions necessary for the
recognition and activation phases of specific immune
responses, lymphocytesand accessory cellsarelocalized

and concentrated in anatomically defined tissues or
organs, which are aso the siteswhere foreign antigens
are transported and concentrated. Such anatomic com-
partmentalization is not fixed because, aswewill discuss
later in this chapter, many lymphocytes recirculate and
constantly exchange between the circulation and the
tissues.

Lymphoid tissues are classijied as generative
organs, also called primary lymphoid organs, where
lymphocytes jirst express antigen receptors and attain
phenotypic and functional maturity, and as periph-
eral organs, also called secondary lymphoid organs,
where lymphocyte responses to foreign antigens are
initiated and develop (see Fig. 2-3). Included in the
generative lymphoid organs of mammals are the bone
marrow, where al the lymphocytes arise, and the
thymus, where T cellsmature and reach a stage of func-
tional competence. The peripheral lymphoid organs
and tissuesinclude the lymph nodes, spleen, cutaneous
immune system, and mucosal immune system. I n addi-
tion, poorly defined aggregates of lymphocytes are
found in connective tissue and in virtually al organs
except those in 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
lymphocytes, and is the site of B cell maturation.
During fetal development, the generation of al blood
cells, caled hematopoiess, occurs initialy in blood
islandsof the yolk sac and the para-aortic mesenchyme
and later in the liver and spleen. Thisfunction is taken
over gradually by the bone marrow and incrcasingly
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 isfound in
these bones consists of a spongelike reticular frame-
work located between long trabeculae. The spacesin
this [ramework are filled with fat cells, stromal fi-
broblasts, and precursors of blood cells. These precur-
sors mature and exit through the dense network of
vascular sinusesto 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 dtes of
extramedullary hematopoiesis.

All the blood cells originate from a common stem
cell that becomes committed to differentiate along
particular lineages (i.e., erythroid, megakaryocytic,
granulocytic, monocytic, and lymphocytic) (Fig. 2-8).
Stem cells lack the markers of differentiated blood
cells and instead express two proteins caled CD34
and stem cell antigen-1 (Sca-1). These markers are
used to identify and enrich stem cellsfrom suspensions
of bone marrow or peripheral blood cells for use in
bone marrow transplantation. The proliferation and
maturation of precursor cells in the bone marrow
are stimulated by cytokines. Many of these cytokines
are caled colony-stimulating factors because they
were originaly assayed by their ability to stimulate
the growth and development of various leukocytic

Chapter 2 — Cells and Tissues of the Immune System ¥4

Erythrocytes Platelets

Self-renewing
stem cell

Myeloid Lymphoid
progenitor progenitor
0.2 M \'L
Pluripotent ——
stem cell

Basophils Eosinophils Neutrophils Monocytes

Natural killer
(NK) cell

T lymphocytes

VoY

Figure 2-8 Hernatopoiesis.

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 11, Figure 11-15. CFU, colony-

forming unit.

or erythroid colonies from marrow cells. These mole-
cules are discussed in Chapter 11 (see Fig. 11-15).
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 lym-
phocytes and cytokine-activated or microbe-activated
macrophages, providing a mechanism for replenishing
leukocytesthat may be consumed during immune and
inflammatory reactions.

In addition to self-renewing stem cells and their
differentiating progeny, the marrow contains numerous
antibody-secreting plasma cells. These plasmacellsare
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.

Thymus

The thymus is the site of T cell maturation. The
thymusisabilobed organ situated in the anterior medi-
astinum, Each lobe is divided into multiple lobules by
fibrous septa, and each lobule consists of an outer
cortex and an inner medulla (Fig. 2-9). The cortex
contains a dense collection of T lymphocytes, and the

lighter staining medulla is more sparsely populated
with lymphocytes. Scattered throughout the thymus
are nonlymphoid epithelial cells, which have abun-
dant cytoplasm, as wedl as bone marrow-derived
macrophages and dendritic cells. Some of these thymic
dendritic cells express markers, such as CD8q, that
are typicdly found on T lymphocytes and are called
lymphoid dendritic cells to distinguish them from
the myeloid dendritic cells described earlier. In the
medulla are structures called Hassal's corpuscles,
which are composed of tightly packed whorlsof epithe-
lial 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 branchia clefts.
In the "nude" mouse strain, a mutation in the gene
encoding a transcription factor causes a failure of
differentiation of certain types of epithelial cells
that are required for normal development of the
thymusand hair follicles. Consequently, these micelack
T cels and hair (see Chapter 20). Humans with
DiGeorge syndrome also suffer from T cell deficiency
because of mutations in genes required for thymus
development.
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Figure 2-9 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 thy-
mocytes. (Courtesy of Dr. JamesGulizia, Department of Pathology,
Brigham and Women's Hospital, Boston.)

B Schematic diagram of the thymus illustrating a portion of a
lobe divided into multiple lobules by fibrous trabeculae.

The lymphocytes in the thymus, also called thymo-
cytes, are T lymphocytesat variousstages of maturation.
In general, the most immature cellsof the T cell lineage
enter the thymic cortex through the blood vessels. Mat-
uration beginsin the cortex, and as thymocytes mature,
they migrate toward the medulla, so that the medulla
contains mostly mature T cells. Only mature T cellsexit
the thymus and enter the blood and peripheral lym-
phoid tissues. The details of thymocyte maturation are
described in Chapter 7.

Lymph Nodes and the Lymphatic System

Lymph nodes are the organs in which adaptive
immune responses to lymph-borne antigens are initi-
ated. Lymph nodes are small nodular aggregates of
lymphocyte-rich tissue situated along lymphatic chan-
nels throughout the body. A lymph node consists of an
outer cortex and an inner medulla. Each lymph node
is surrounded by a fibrous capsule that is pierced by
numerous afferent lymphatics, which empty the lymph
into a subcapsular or marginal sinus (Fig. 2-10). The
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Figure 2-10 Morphology of a lymph node.

A Schematic diagram of alymph node illustratingthe T cell-rich
and B cell-rich zones and the routes of entry of lymphocytes and
antigen (shown captured by a dendritic cell).

B. 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.)

lymph percolates through the cortex into the
medullary sinus and leaves the node through the effer-
ent lymphatic vessd in the hilum. Beneath the subcap-
sular sinus, the outer cortex contains aggregates of cells
called follicles. Some follicles contain central areas
called germinal centers, which stain lightly with com-
monly used histologic stains. Follicleswithout germinal
centers are called primary follicles, and those with
germinal centers are secondary follicles. The cortex

around the folliclesis organized into cords, which are
spaces contai ning lymphocytesas well as dendritic cells
and mononuclear phagocytes, arranged around lym+-
phatic and vascular sinusoids. Lymphocytes and APCs
in these cords are often found near one another, but
they do not form intercellular junctions, which is
important for maintaining the ability of the lympho-
cytes to migrate and recirculate among lymph, blood,
and tissues. Beneath the cortex is the medulla, consist-
ing of medullary cords that lead to the medullary
sinus. These 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.

Differentclasses of lymphocytes are sequestered in
distinct regions of lymph nodes (Fig. 2-11). Follicles
are the B cell zones of lymph nodes. Primary follicles
contain mostly mature, naive B lymphocytes. Germinal
centers develop in response to antigenic stimulation.
They are sites of remarkable B cell proliferation, selec-

Figure 2-11 Segregation of B cells and T cells in a
lymph node.

T and B lymphocytes migrate to different areas of alymph node.
The lymphocytes enter through a high endothelial venule,
shown in cross-section, and 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 alymph node, the B lymphocytes, located
in the follicles, are stained green; the T cells, in the parafollicu-
!ar cortex, are red. The method used to stain these cells is called
Immunofluorescence (see Appendix IlI for details). (Courtesy of
Drs. Kathryn Pape and JenniferWalter, University of Minnesota
School of Medicine, Minneapolis.)

The anatomic segregation of T and B cells is also seen in the
spleen (not shown).

A The schematic diagram illustrates the path by which naive (B)

’ dendritic cell- chemokine
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tion of B cells producing high-affinity antibodies, and
generation of memory B cells. The processes of FDCs
interdigitate to form a dense reticular network in
the germinal centers. The T lymphocytes are located
mainly beneath and between thefaollicles, in the cortex.
Most (-70%) of these T cellsare CD4" helper T cells,
intermingled with relatively sparse CD8* cells. Dendritic
cells are also concentrated in the T cell zones of the
lymph nodes.

The anatomic segregation of different classes of
lymphocytes in distinct areas of the node is depend-
ent on cytokines (see Fig. 2-11). Nave T and B lym-
phocytesenter the node through an artery. These cells
leave the circulation and enter the stroma of the node
through specialized vessdls called high endothelial
venulesin the cortex (described in more detail later).
The naive T cells express a receptor for a chemo-
attractant cytokine, or chemokine; this receptor is
called CCR7. (Chemokines and other cytokines will
be described in Chapter 11.) CCR7 recognizes
chemokines that are produced only in the T cell zone
of the node, and these chemokines attract the naive T
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celsinto the T cell zone. Dendritic cells also express
CCR?7, and thisiswhy they migrate to the same area of
the node as do naive T cells (see Chapter 5). Naive B
cells expressanother chemokine receptor, CXCR5, that
recognizes a chemokine produced only in follicles.
Thus, B cdlls are attracted into the follicles, which are
the B cell zones of lymph nodes. Another cytokine,
caled lymphotoxin, may play a role in stimulating
chemokine production in different regions of the
lymph node, especialy in the follicles. The functions
of various cytokines in directing the movement of
lymphocytesin lymphoid organs and in the formation
of these organs have been established by numerous
studiesin mice.

) Knockout mice lacking the membrane form of the
cytokine lymphotoxin (LTB) or the LT receptor show
absence of peripherallymph nodes and a marked dis-
organization ofthe architecture ofthe spleen, with loss
of the segregation of B and T cells.

Overexpression of lymphotoxin or tumor necrosis
factor in an organ, either as a transgene in experi-

mental animals or in response to chronic inflamma-
tion in humans, can lead to the formation in that
organ oflymphnode-like structures that contain B cell
follicles with FDCs and interfollicular T cell-rich areas
containing mature dendritic cells.

® Knockout mice lacking CXCR5 show absent B cell
zones in lymph nodes and spleen. Similarly, knockout
mice lacking CCR7 show absent T cell zones.

The anatomic segregation of T and B cells ensures
that each lymphocyte population isin close contact with
the appropriate APCs (i.e., T cellswith dendritic cells
and B cellswith 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. Aswe will seein Chapter 9, after stimu-
lation by antigens, T and B cells lose their anatomic
constraints and begin to migrate toward one another.
Activated T cellsmay ultimately exit the node and enter
the circulation, whereas activated B cells migrate into
germina centers or the medulla, from which they
secrete antibodies.
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Figure 2-12 The lymphatic system.

The major lymphatic vessels and collections of lymph nodes are illustrated on the right. The left
panels show where 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.

i

Antigens are transported to lymph nodes mainly in
lymphatic vessels. Thefunctionsof collecting antigens
from their portals of entry and delivering them to
lymph nodes are performed largely by the lymphatic
system (Fig. 2-12). The skin, epithelia, and parenchy-
mal organs contain numerouslymphatic capillariesthat
absorb and drain interstitial fluid (made of plasma fil-
trate) from these sites. The absorbed interstitial fluid,
called lymph, flows through the lymphatic capillaries
into convergent, ever larger lymphatic vessals, eventu-
dly culminating in onelarge lymphatic vessd called the
thoracic duct. Lymph from the thoracic duct isemptied
into the superior vena cava, thus returning the fluid
to the blood stream. Liters of lymph are normally
returned to the circulation each day, and disruption
of the lymphatic sysem may lead to rapid tissue
swelling.

Microbesenter the body most often through the skin
and the gastrointestinal and respiratory tracts. All these
tissuesare lined by epithelia that contain dendritic cells.
The dendritic cells capture microbial antigens and
enter lymphatic vessdls. Lymph nodes are interposed
along lymphaticvessdsand act asfiltersthat sample the
lymph at numerous points before it reaches the blood.
In thiswey, antigens capturcd from the portals of entry
are transported to lymph nodes. Cell-free antigens may
adso betransported in the lymph. Lymphaticvessalsthat
carry lymph into alymph node are referred to as affer-
ent, and vesdsthat drain the lymph from the node are
caled efferent. Because lymph nodes are connected
in series along the lymphatics, an efferent lymphatic
exiting one node may serve as the afferent vessd for
another.

When lymph enters alymph node through an affer-
ent lymphatic vessd, it percolates through the nodal
stroma. Antigen-bearing dendritic cellsenter the T cell
zone and settle in this region. Lymph-borne soluble
antigens can be extracted from the fluid by cells, such
as dendritic cells and macrophages, that are resident
in the stroma of the nodes (see Chapter 5). The net
result of antigen uptake by these various cell typesis
accumulation and concentration of the antigen in the
lymph node and display of the antigen in aform that
can be recognized by specific T lymphocytes.

Spleen

The spleen is the major site of immune responses to
blood-borne antigens. The spleen, an organ weighing
about 150 g 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
dividesinto progressively smaller branches that remain
surrounded by protective and supporting fibrous tra-
beculae (Fig. 2-13).Small arterioles are surrounded by
cuffs of lymphocytes, which are the T cell zone of the
spleen. Because of their anatomic location, morpholo-
gists call these areas periarteriolar lymphoid sheaths.
Lymphoid follicles, some of which contain germinal
centers, are attached to the T cell zones; asin the lymph
nodes, thefolliclesare the B cell zones. Thefolliclesare
surrounded by a rim of lymphocytes and macrophages,
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Figure 2-13 Morphology of the spleen.

A. Schematic diagram of the spleen illustrating T cell and B cell
zones, which make up the white pulp.

B. Photomicrograph of a section of human spleen showing a tra-
becular artery with adjacent periarteriolar lymphoid sheath and a
lymphoid follicle with a germinal center. Surrounding these areas is
the red pulp, rich in vascular sinusoids.

C. Immunohistochemical demonstration of T cell and B cell zones
in the spleen, shown in a cross-section of the region around an arte-
riole. T cells in the periarteriolar lymphoid sheath are stained red,
and B cells in the follicle are stained green. (Courtesy of Drs. Kathryn
Pape and Jennifer Walter, University of Minnesota School of
Medicine, Minneapolis.)

caled the margina zone. These dense lymphoid
tissuesconstitute the white pul p of the spleen. The arte-
rioles ultimatcly cnd in vascular sinusoids, scattered
among which are large numbers of erythrocytes,
macrophages, dendritic cells, sparse lymphocytes, and
plasma cells; these constitute the red pulp. The sinus-
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oids end in venules that drain into the splenic vein,
which carries blood out of the spleen and into the
portal circulation.

Different classes of lymphocytes are segregated in
the spleen as they are in lymph nodes, and the mecha-
nisms of this segregation are similar in both organs
(see Fig. 2-11). Antigens and lymphocytes enter the
spleen through the vascular sinusoids. In response to
chemokines, T cells are attracted to the T’ cell zones
adjacent to arterioles, and B cells enter the follicles,

The spleen is also an important filter for the blood.
Its red pulp macrophages clear the blood of microbes
and other particles, and the spleen is the major site
for the phagocytosis of antibody-coated (opsonized)
microbes. Individuals lacking a spleen are extremely
susceptible to infections with encapsulated bacteria
such as pneumococci and meningococci because such
organisms are normally cleared by opsonization and
phagocytosis, and this function is defective in the
absence of the spleen.

Cutaneous Immune System

The skin contains a specialized cutaneous immune
system consisting of lymphocytes and APCs. The skin
is the largest organ in the body and is an important
physical barrier between an organism and its external
environment. In addition, the skin is an active partici-
pant 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, so that many immune responses are initiated
in this tissue.

The principal cell populationswithin the epidermis
are keratinocytes, melanocytes, epidermal Langerhans
cells, and intraepithelial T cells (Fig. 2-14). The ker-
atinocytes and melanocytes do not appear to be im-
portant mediators of adaptive immunity, although
keratinocytes do produce severa cytokines that may
contribute to innate immune reactions and cutaneous
inflammation. Langerhans cells, located in the
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suprabasal portion of the epidermis, are the immature
dendritic cells of the cutaneous immune svstem.
Langerhans cellsform an almost continuous meshwork
that enables them to capture antigens that enter
through the skin. On stimulation by proinflammatory
cytokines, Langerhans cells retract their processes, lose
their adhesivenessfor epidermal cells, and migrate into
the dermis. They subsequently home to lymph nodes
through lymphatic vessels, and this process may be
stimulated by chemokines that act specifically on
Langerhans cells.

Intragpidermal lymphocytes constitute only about
2% of skin-associated lymphocytes (the rest reside in
the dermis), and the majority are CD8* T cells. Intraepi-
dermal T cells may express a more restricted set of
antigen receptorsthan do T lymphocytesin most extra-
cutaneous tissues. In mice (and some other species),
many intraepidermal lymphocytes are T cells that
expressan uncommon type of antigen receptor formed
by v and 6 chainsinstead of the usual @ and 3 chains of
the antigen receptors of CD4* and CD8" T cells (see
Chapter 6). Aswe shall discuss shortly, thisis aso true
of intraepithelial lymphocytesin the intestine, raising
the possibility that ¥y T cells, at least in some species,
may be uniquely committed to recognizing microbes
that are commonlv encountered at epithelial surfaces.
However, neither the specificity nor the function of this
T cell subpopulation is clearly defined.

The dermis contains T lymphocytes (both CD4* and
CD8" cells), predominantly in a perivascular location,
and scattered macrophages. Thisisessentially similar to
connective tissues in other organs. The T cells usualy
express phenotypic markers typical of activated or
memorv cells. It is not clear whether these cells reside
permanently within the dermis or are merely in transit
between blood and lymphatic capillaries as part of
memory T cell recirculation (described later). Many
dermal T cells also express a carbohydrate epitope,
caled the cutaneous lymphocyte antigen-1, that may
play arole in specific homing of the cells to the skin.
Thisis discussed further at the end of the chapter.

Figure 2-14 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 epi-
dermis, and T lymphocytes and macrophages,
located in the dermis.

Mucosal Immune System

The mucosal surfaces of the gastrointestinal and res
piratory tracts, like the skin, are colonized by lym-
phocytes and APCs that initiate immune responses to
ingested and inhaled antigens. Like the skin, these
mucosal epitheliaare barriers between theinternal and
external environmentsand are therefore an important
site of entry of microbes. Much of our knowlcdgc of
mucosal immunity is based on studies of the gastroin-
testinal tract, and this is emphasized in the discussion
that follows. In comparison, little is known about
immune responses in the respiratory mucosa, even
though the airwaysare a major portal of antigen entry.
It is likdy, however, that the features of immune
responses are similar in al mucosal lymphoid tissues.
In the mucosa of the gastrointestinal tract, lympho-
cytes are found in large numbers in three main
regions—within the epithelial layer, scattered through-
out the lamina propria, and in organized collectionsin
the lamina propria such as Peyer's patches (Fig. 2-15).
Cdls at each site have distinct phenotypic and func-
tional characteristics. The majority of intraepithelial
lymphocytesare T cells. In humans, most of these are
CD8" cells. In mice, about 50% of intraepithelial lym-
phocytes express the ¥d form of the T cell receptor
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(TCR), similar to intragpidermal lymphocytesin the
skin. In humans, only about 10% of intraepithelial lym-
phocytes are y5 cells, but this proportion is still higher
than the proportions of yd cellsfound among T cellsin
other tissues. Both the off and the 6 TCR-expressing
intraepithelial lymphocytes show limited diversity of
antigen receptors. All these findings support the idea
that intraepithelial lymphocytes have a limited range
of specificity, distinct from that of most T cells, which
may have evolved to recognize commonly cncountcrecd
intraluminal antigens.

The intestinal lamina propria containsa mixed pop-
ulation of cclls. These include T lymphocytes, most of
which are CD4* and have the phenotype of activated
cels. It is likely that T cells initialy recognize and
respond to antigens in mesenteric lymph nodes drain-
ing the intestine and migrate back to the intestine to
populate the lamina propria. Thisissimilar to the pos-
tulated origin of T cellsin the dermis of the skin. The
lamina propria also containslarge numbers of activated
B lymphocytesand plasmacells aswell 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
thesmall intestine. Likelymphoid folliclesin the spleen
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Figure 2-15 The mucosal immune
System. Lamina

A. Schematic diagram of the cellular propria
components of the mucosal immune
system.

B. Photomicrograph of mucosal lym-

phoid tissue in the human appendix. Similar  Lymphoid
aggregates of lymphoid tissue are found follicle
throughout the gastrointestinal tract and

the respiratory tract.
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and lymph nodes, the central regions of these mucosal
follicles are B cel-rich areas that often contain
germinal centers. Peyer's patches aso contain small
numbers of CD4" T cells, mainly in the interfollicular
regions. In adult mice, 50% to 70% of Peyer's patch
lymphocytes are B cells, and 10% to 30% are T cells.
Some of the epithelial cells overlying Peyer's patches
are specialized M (membranous) cells. M cells lack
microvilli, are actively pinocytic, and transport macro-
moleculesfrom the intestinal lumen into subepithelial
tissues. They are thought to play an important role in
delivering antigens to Peyer's patches. (Note, however,
that M cellsdo not function as APCs.) Folliclessimilar
to Peyer's patches are abundant in the appendix and
are found in smaller numbersin much of the gastroin-
testinal and respiratory tracts. Pharyngeal tonsils are
also mucosal lymphoid follicles analogous to Peyer's
patches.

Immune responses to oral antigens differ in some
fundamental respects from responses to antigens
encountered at other sites. The two most striking dif-
ferencesare the high levelsof IgA antibody production
associated with mucosal tissues (see Chapter 14) and
the tendencv of oral immunization with protein anti-
gens to induce T cell tolerance rather than activation
(see Chapter 10).

Pathways and Mechanisms of
Lymphocyte Recirculation
and Homing

Lymphocytes continuously move through the blood
stream and lymphatics, from one peripheral (second-
ary) lymphoid tissue to another, and then to periph-
eral inflammatory sites (Fig. 2-16). The movement of
lymphocytes between these various locations is called
lymphocyte recirculation, and the process by which
particular subsetsof lymphocytes selectively enter some
tissues but not others is called lymphocyte homing.
Recirculation of lymphocytesservescritical functionsin
adaptiveimmune responses. Firgt, it enables the limited
number of lymphocytesin an individual that are spe-
cificfor a particular foreign antigen to search for that
antigen throughout the body. Second, it ensures that
particular subsets of lymphocytes are delivered to the
particular tissue microenvironments where they are
required for adaptive immune responses and not,
wastefully, to placeswhere they would serve no purpose.
For instance, the recirculation pathways of naive lym-
phocytes differ from those of effector and memory
lymphocytes, and these differences are fundamental
to the way immune responses develop (see Fig. 2-16).
Specificdly, naive lymphocytes recirculate through
peripheral lymphoid organs and effector lymphocytes
migrate to peripheral tissues at sites of infection and
inflammation. In the following section, we describe the
mechanisms and pathways of lymphocyte recircul ation.
Our discussion emphasizesT cells because much more
is known about their movement through tissues than is
known about B cell recirculation.

Lymphocyte recirculation and migration to par-
ticular tissues are mediated by adhesion molecules
on lymphocytes, endothelial cells and extracellular
matrix, and chemokines produced in the endothelium
and in tissues. Adhesion of lymphocytes to the
endothelial cellslining postcapillary venulesin partic-
ular tissues determines which tissues the lymphocytes
will enter. Adhesion to and detachment from extracel-
lular matrix components within tissues determine how
long lymphocytes are retained at a particular extravas-
cular site before they return through the lymphaticsto
the blood. The adhesion molecules expressed by the
lymphocytes are called homing receptors, and their
ligands expressed on vascular endothelium are called
addressins. The homing receptors on lymphocytes
include members of three families of molecules, the
selectins, the integrins, and the Ig superfamily. These
homing receptors are distinct from antigen receptors,
and the normal patterns of recirculation are inde-
pendent of antigen. The only role of antigen recogni-
tion in lymphocyte recirculation may be to increase the
affinity of lymphocyte integrins for their ligands,
leading to retention of those cellsthat encounter their
antigen at the anatomic site where the antigen is
present.

Recirculation of Naive T Lymphocytes
Through Lymphoid Organs

Naive T cells preferentially home to and recirculate
through peripheral lymphoid organs, where they rec-
ognize and respond to foreign antigens. The net flux of
lymphocytes through lymph nodes is very high, and it
has been estimated that approximately 25 x 10° cells
pass through lymph nodes each day (i.e., each lym-
phocyte goes through a node once a day on the
average). Antigens are concentrated in the lymph
nodes 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 lymph nodes and spleen maximizes
the chances of specific encounter with antigen and ini-
tiation of an adaptive immune response.

Nave lymphocytes that enter lymph nodes in the
blood leave the circulation and migrate into the stroma
of lymph nodes selectively through modified postcapil-
lary venules that are lined by plump endothelial cells,
which are therefore called high endothelial venules
(HEVS) (Fig. 2-17). HEVs are aso present in mucosal
lymphoid tissues, such as Peyer's patches in the gut, but
not in the spleen. Naive T cell migration from the
circulation into the stroma of alymph node involves a
multistep sequence of interactions between lympho-
cytes and endothelial cells in HEVs This sequence,
whichissimilar for migration of leukocytesinto periph-
eral tissues, includes initial low-affinity interactions
mediated by sel ectins, followed by chemokine-mediated
up-regulation of T cell integrin affinity, and then
integrin-mediated firm adhesion of the T cell to the
HEV. Nave lymphocytes express on their surface a
homing receptor that belongsto the selectin family and
is called L selectin (CD62L) (Fig. 2-18). HEV's express
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Figure 2-16 Pathways of T lymphocyte recirculation.

Naive T cells preferentially leave the blood and enter lymph nodes across the high endothelial
venules. 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 lym-
phatics 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. Recirculationthrough peripheral lym-
phoid organs other than lymph nodes is not shown.

sulfated glycosaminoglycans, collectively called periph-
eral node addressin (PNAd), that are ligands for L-
selectin. The carbohydrate groups that bind L-selectin
may be attached to different siadlomucins on the
endothelium in different tissues. For example, on
lymph node HEVs, the PNAd is displayed by two sialo-
mucins, called GlyCAM-1 (glycan-bearingcell adhesion
molecule-1) and CD34. | n Peyer's patchesin the intes-
tinal wal, the Lselectin ligand is a molecule called
MadCAM-1 (mucosal addressin cell adhesion molecule-
1). Thus, different molecules bearing carbohydrate
ligands for L-selectin may beimportant for recruitment

of naiveT cellsto endothelium in different tissues. The
binding of Lselectin to itsligand isa low-affinity inter-
action that is readily broken by the shear force of the
flowing blood. As a result, naive T cells that attach to
HEVs remain loosely attached only for a few seconds,
detach, bind again, and thus begin to roll on the
endothelial surface. Meanwhile, chemokines that are
produced in the lymph node may be displayed on
the surface of the endothelial cells bound to gly-
cosaminoglycans. Rolling T cells that encounter these
chemokines are able to increase their strength of
attachment further, to spread out into motile forms,
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Figure 2-17 High endothelial venules (HEVs).

A Light micrograph of an HEV in a lymph node illustrating the
tall endothelial cells. (Courtesy of Dr. Steve Rosen, Department of
Anatomy, University of California San Francisco.)

B. Expression of L-selectin ligand on HEVs, stained with a specific
antibody by the immunoperoxidase technique. (The location of the
antibody is revealed by a brown reaction product of peroxidase,
which is coupled to the antibody; see Appendix Ill 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, Uni-
versity 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 selectivelyto HEVs. (Courtesy of Dr. Steve Rosen, Depart-
ment of Anatomy, University of California San Francisco.)

D. Scanning electron micrograph of an HEV with lymphocytes
attached to the luminal surface of the endothelial cells. (Courtesy of
J. Emerson and T. Yednock, University of California San Francisco
School of Medicine, San Francisco. From Rosen 9D, and LM
Stoolman. Potential role of cell surface lectin in lymphocyte recir-
culation. In Olden K and ] Parent. Vertebrate Lectins. Van Nostrand
Reinhold, New York, 1987.)

and to crawl between the endothelial cells into the
stroma of the lymph node. Once the lymphocytes exit
the HEVs, the cells migrate toward the chemokine gra-
dient. As mentioned previoudy, naive T cells express
the chemokine receptor CCR7 and migrate into the T
cell zones, where the chemokines that bind to CCR7 are
produced, and naive B cells express CXCR5 and
migrate into lymphoid follicles under the influence of
chemokines that bind to CXCR5. The important role
for L-selectin and chemokines in lymphocyte homing
to secondary lymphoid tissuesissupported by many dif-
ferent 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-
cytesin peripheral lymph nodes.

Immunohistochemical and insitu hybridizationstudies
indicate that SLC and ELC, two chemokines that bind
to CCR7 on T cells, are produced in T cell zones
of lymph nodes, whereas BCA-1, a chemokine that
attracts B cells, is produced in follicles.

Lessis known about the nature of homing receptors
or addressins involved in lymphocyte recirculation
through the spleen, even though the rate of lympho-
cyte passage through the spleen is about half the total
lymphocyte population every 24 hours. MadCAM-1 is
expressed on the endothelial cellsof the marginal sinus
in the T cell zones of the spleen and is likely to play a
role in nave T cell homing. The spleen does not
contain morphologically identifiable HEVS, and it is
possible that homing of lymphocytesto the spleen does
not show the same degree of sdlectivity for naive cells
as do lymph nodes.

Nave T cellsthat enter alymph node may be acti-
vated by antigens that are transported to that node (see
Fig. 2-1). Within afew hours after antigen exposure at
a peripheral site, blood flow through a draining lymph
node may increase by more than 20-fold, alowing an
increased number of naive lymphocytes access to the
site where antigens are concentrated. Efflux of cells
from the node may decrease at the same time. These
changes are probably due to an inflammatory reaction
to microbes or adjuvants associated with the antigen.
NaiveT cellsthat enter the T cell zonesof alymph node
scan dendritic cellsin these areas for the presence of
antigens that the T cellsmay recognize. If naive T cells
do recognize antigen, they undergo clonal expansion,
differentiate into effector or memory T cells, and enter
a distinct recirculation pattern, as described next. If
the naive T cells do not encounter antigen, they exit
through an efferent lymphatic vessdl, re-enter the cir-
culation, and home to other lymph nodes.

Migration of Effector and Memory T
Lymphocytes to Sites of Inflammation

Effector and memory T cells exit lymph nodes and
preferentially home to peripheral tissues at sites of
infection, where they are needed to eliminate microbes
in the effector phase of adaptive immune responses.
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Figure 2-18 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 high
endothelial venules, which are present only in lymph nodes. Activated T lymphocytes, including effec-
tor cells, home to sites of infection in peripheral tissues, and this migration is mediated by E and P-
selectins and integrins. In addition, different chemokines that are produced in lymph nodes and sites
of infection also participate in the recruitment of T cells to these sites (not shown).

B. The ligands for the principal T cell homing receptors, and the functions of these receptors and

ligands, are shown.

The differentiation of naive T cellsinto effector cells,
which occurs in the peripheral lymphoid organs, is
accompanied by changes in several adhesion mole-
cules. The expression of L-selectin decreases, and the
levels of several integrins, ligandsfor E- and P-selectins,
and CD44 increase (see Fig. 2-18). (Wewill describe
selectins and integrinsin moredetail in Chapter 6.) Dif-
ferentiated effector T cells also lose expression of the

CCR7 chemokine receptor. Asaresult, effector cellsare
no longer constrained to stay in the node, and they
leave through efferent lymphaticsand enter the circu-
lation. At sites of infection, there is an innate immune
response during which several cytokines are produced.
Some of these cytokines act on the vascular endothe-
lium at the site and stimulate expression of ligandsfor
the integrins aswdl as E- and P-selectins and secretion



Saction | — Introduction to Immunology

of chemokines that act on T cells. In response to these
chemokines, the T cellsincrease the binding avidity of
their integrins for the ligands. As a result, the T cells
bind firmly to the endothelium and migrate out of the
vess into the area of infection. Because integrins and
CD44 aso bind to extracellular matrix proteins, effec-
tor T cellsareretained at these sites. Thus, the effector
cells are able to perform their function of eradicating
the infection. We will describe this process in more
detail in Chapter 13, when we consider cell-mediated
immunity.

Memory T cells are heterogeneous in their patterns
of expression of adhesion molecules and in their
propensity to migrate to different tissues. Some
memory cells migrate to mucosal tissues and skin, and
special adhesion molecules may be involved in these
processes. For instance, some memory cells express an
integrin (o,Ps) that interactswith the mucosal endothe-
lia addressin MadCAM-1 and thus mediates homing of
memory T cells to mucosal lymphoid tissues. T cells
within theintestinal epithelium expressadifferent inte-
grin (ozB,) that can bind to E-cadherin molecules on
epithelial cells, allowing T cells to maintain residence
as intraepithelial lymphocytes. Other memory T cells
that preferentially home to skin express a carbohydrate
ligand called CLA-1 (for cutaneous|lymphocyte antigen-
1) that binds to E-selectin. Y& other memory cels
express Lselectin and CCR7, and these preferentially
migrate to lymph nodes, where they can expand rapidly
if they encounter the antigen that activated them
initially.

Recirculation of B Lymphocytes

In principle, the migration of B lymphocytesto different
tissuesissimilar to that of T lymphocytesand isregul ated
by the same molecular mechanisms. Nave B cells
migrate to lymph nodes, and specifically to follicles,
using L-selectin and the CXCR5 chemokine receptor
to do so. On activation, the B cellslose expression of
CXCRb5 and exit the fallicles into the T cell zones of
the lymphoid organ. Activated B cells expressintegrins
and use these to migrate to peripheral tissues. Some
antibody-producing plasma cells migrate to the bone
marrow; the moleculesinvolved in this process are not
identified. Other antibody-secreting cellsremain in the
lymphoid organs, and the antibodies they produceenter
the circulation and find antigens throughout the body.

Summary

e The anatomic organization of the cellsand tissues of
the immune system is of critical importance for the
generation of immune responses. This organization
permits the small number of lymphocytes specificfor
any one antigen to locate and respond effectively to
that antigen regardless of where in the body the
antigen isintroduced.

e The adaptive immune response depends on an-
tigen-specific lymphocytes, antigen-presenting cells

required for lymphocyte activation, and effector cells
that eliminate antigens.

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

Both B and T lymphocytes arisefrom a common pre-
cursor in the bone marrow. B cell development pro-
ceedsin the bone marrow, whereas T cell precursors
migrate to and mature in the thymus. After matur-
ing, Band T cellsleavethe bone marrow and thymus,
enter the circulation, and populate peripheral lym-
phoid organs.

NaveBand T cellsare mature lymphocytesthat have
not been stimulated by antigen to become
differentiated lymphocytes. When they encounter
antigen, they differentiate into effector lymphocytes
that have functionsin protective immune responses.
Effector B lymphocytesare antibody-secreting plasma
cells. Effector T cellsinclude cytokine-secretingCD4*
helper T cellsand 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.

Antigen-presenting cells (APCs) function to display
antigens for recognition by lymphocytes and to
promote the activation of lymphocytes. APCsinclude
dendritic cells, mononuclear phagocytes, and follic-
ular dendritic cells (FDCs).

The organs of the immune system may be divided
into the generative organs (bone marrow and
thymus), where lymphocytes mature, and the peri-
pheral organs (lymph nodes and spleen), where
naive lymphocytes are activated by antigens.

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

The lymph nodes are the siteswhere B and T cells
respond to antigens that are collected by the lymph
draining 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 (thefallicles) and T cell zones. The
T cell areas are also the sites of residence of mature
dendritic cels, which are APCs specialized for the
activation of naive T cells. FDCsreside 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 cutaneousimmune system consists of specialized
collections of APCs and lymphocytes adapted to
respond to environmental antigens encountered in
the skin. A network of immature dendritic cellscalled
Langerhans cells, present in the epidermis of the
skin, servesto trap antigensand then transport them
to draining lymph nodes. The mucosal immune
system includes specialized collections of lympho-
cytes and APCs organized to optimize encounters
with environmental antigensintroduced through the
respiratory and gastrointestinal tracts.

Lymphocyte recirculation is the process by which
lymphocytes continuously move between sites
throughout the body through blood and lymphatic
vessels and itiscritical for theinitiation and effector
phases of {fgmune responses.

NaveT cellsnormally recirculate among the various
peripheral 'lymphoid organs, increasing the likeli-
hood of éncounter with antigen displayed by
APCssuch as mature dendritic cells. Effector T cells
more typicaly are recruited to peripheral sites of
inflammation where microbial antigens are located.
Memory T cellsmay enter either lymphoid organs or
peripheral tissues.

The process of lymphocyte recirculation is regulated
by adhesion molecules on lymphocytes, called
homing receptors, and their ligands on vascular
endothelial cells, called addressins. Endothelial cells
in different tissues may express different ligands for
homing receptors that promote tissue-specific lym-
phocyte homing.

Different populations of lymphocytes exhibit dis-
tinct patterns of homing. Naive T cells migrate pre-
ferentially to lymph nodes; this process is largely

Chepter 2 — Cdlsand Tissuesd the Immune Sygem

mediated by binding of L-selectin on the T cellsto
peripheral lymph node addressin on high endo-
thelial venules in lymph nodes. The effector and
memory T cellsthat are generated by antigen stimu-
lation of naiveT celsexit thelymph node. They have
decreased L-selectin expression but increased expres-
sion of integrinsand E-selectin and P-selectinligands,
and these molecules mediate binding to endothe-
lium at peripheral inflammatory sites.
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Recognition of

Antigens

Adaptive 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 speci-
ficities 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 3 describes the structure of anti-
bodies and how these proteins recognize antigens.

The next three chapters consider antigen recogni-
tion by T lymphocytes, which play a central role in all
immune responses to protein antigens. In Chapter 4,
we describe the genetics and biochemistry of the
major histocompatibility complex (MHC), whose prod-
ucts are integral components of the ligands that T cells
specifically recognize. Chapter 5 discusses the associ-
ation of foreign peptide antigens with MHC molecules
and the cell biology and physiologic significance of
antigen presentation. Chapter 6 deals with the T cell
antigen receptor and the other T cell membrane mol-
ecules that are involved in the recognition of antigens
and the responses of the T cells.
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Antibodies and Antigens

One of the earliest experimental demonstrations of
adaptive immunity was the induction of humoral
immunity against microbial toxins. In the early 1900s,
patients with life-threatening diphtheriainfection were
successfully treated by the administration of serum
from horses immunized with diphtheria toxin. This
form of immunity, called humoral immunity, is medi-
ated by a family of glycoproteins called antibodies.
Antibodies, major histocompatibility complex (MHC)
molecules (see Chapter 4),and T cell antigen receptors
(see Chapter 6) are the three classes of molecules used
in adaptive immunity to recognize antigens (Table
3-1). Of these three, antibodies bind the widest range
of antigenic structures, show the greatest ability to dis-
criminate among different antigens, and bind antigens
with the greatest strength. Antibodies are aso the best
studied of the three typesof antigen-binding molecules.
Therefore, we begin our discussion of how the immune
system specifically recognizes antigens by describing
the structure and the antigen-binding properties of
antibodies.

Antibodies specifically bind antigens in both the
recognition phase and the effector phase o humoral
immunity. Antibodies are produced in a membrane-
bound form by B lymphocytes, and these membrane
moleculesfunction asB cell receptorsfor antigens. The
interaction of antigen with membrane antibodies on
naive B cdlls initiates B cell responses and thus con-
stitutes the recognition phase of humoral immune
responses. Antibodies are also produced in a secreted
form by antigen-stimulated B cells. In the effector
phase of humoral immunity, these secreted antibodies
bind to antigens and trigger several effector mechanisms
that eliminate the antigens. The elimination of antigen
often requiresinteraction of antibody with components
of the innate immune system, including molecules
such as complement proteins and cells such as
phagocytes and eosinophils. Antibody-mediated ef-
fector functions include neutralization of microbes or
toxic microbial products; activation of the complement
systemn; opsonization of antigensfor enhanced phagocy-
tosis, antibody-dependent cell-mediated cytotoxicity
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Table 3-1 Festuresd Antigen Binding by the Antigen-Recognizing Moleculesd the Immune

Sydem
Feature Antigen-binding molecule
Immunoglobulin (Ig) | T cell receptor (TCﬁ) MHC molecules*
Antigen- Made up of three Made up of three Peptide-bindingcleft
binding site CDRs in Vy and CDRs in Vg and made of o1 and a2 (class )

three CDRs in Vi

three CDRs in Vg

or a1 and B1 (class Il)

Macromolecules (proteins,
lipids, polysaccharides)
and small chemmals

Nature of antigen
that may be bound

Peptide-MHC
complexes

Llnear and conformational

Nature of antigenic:
determinanis of various

determinants

Peptides

Linear determinants of
peptides; only 2 or 3 amino

Linear determinants of
peptides; only some

recognized macromolecules acid residues of a peptide | amino acid residues
and chem:cals boundto an MHC molecule| of a peptide
Affinity of Kg 1071011 M; average | Kq105—107 M Ks106M §
antigen binding affinity of Igs increases
during immune response
On-rate Rapid on-rate, Slow or-rate, o Slow on ra_lté,
and off-rate vanable off-rate -slow off-rate very slow off-rate

*The structures and functions of MHC and TCR molecules are dlscussed in Chapters 4 and 6, respectively.
Abbreviations: CDR, complementarity-determiningregion; K,, dissociation constant; MHC, major histocompatibility complex;

Vi, variable domain of heavy chain Ig; V., variable domain of Ilght chain Ig.

(ADCCQC), by which antibodies target microbesfor lyssby
cells of the innate immune system; and immediate
hypersensitivity, in which antibodies trigger mast cell
activation. These effector functions of antibodies are
described in detail in Chapter 14. In this chapter, we
discuss the structural features of antibodies that under-
lie their antigen recognition and effector functions.

Natural Distribution and Production
of Antibodies

Antibodies are distributed in biologic fluids through-
out the body and are found on the surface of a limited
number of cell types. B lymphocytes are the only cells
that synthcsize antibody molecules. Within B cells, anti-
bodies are present in cytoplasmic membrane-bound
compartments (endoplasmic reticulum and Golgi com-
plex) and on the surface, where they are expressed
asintegral membrane proteins. Secreted forms of anti-
bodies are present in the plasma (fluid portion of the
blood), in mucosal secretions, and in the interstitial
fluid of the tissues. Antibodies synthesized and secreted
by B cells often attach to the surface of certain other
immune effector cells, such as mononuclear phago-
cytes, NK (natural killer) cells, and mast cells, which
have specific receptors for binding antibody molecules
(see Chapter 14).

d

When blood or plasma forms a clot, antibodies
remain in the residual fluid, called serum. Serum that
contains a detectable number of antibody molecules
that bind to a particular antigen is commonly called
antiserum. (Thestudy of antibodies and their reactions
with antigens is therefore classically called serology.)
The concentration of serum antibody molecules
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 mole-
culesspecific for a particular antigen are said to have a
"high titer."

A healthy "70kg adult human produces about 3g of
antibodies every day. Almost two thirdsof thisisan anti-
body called IgA, which is produced by B cellsin the
wadlls 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. After exposure to an antigen, much of
theinitial antibody response occursin lymphoid tissues,
mainly the spleen, lymph nodes, and mucosal lymphoid
tissues, but long-lived antibody-producing cells may
persist in other tissues, especialy in the bone marrow
(see Chapter 9). Antibodies that enter the circulation
have limited half-lives. The most common type of anti-
body found in the serum, called IgG, has a half-life of
about 3 weeks.
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Molecular Structure of Antibodies

Early studies of antibody structure relied on antibodies
purified from the blood of individuals immunized
with various antigens. It was not possible, by use of
this approach, to define antibody structure precisely
because serum contains mixtures of different anti-
bodies produced by many clones of B lymphocytesthat
may respond to different portions (epitopes) of an
antigen (so-called polyclonal antibodies). Two break-
throughs were critical for providing antibodies whose
structures could be elucidated. The first wes the dis-
covery that patients with multiple myeloma, a mono-

.........

Monoclonal Antibodies

The ability to produce virtualy unlimited quantities of
identical antibody molecules specific for a particular anti-
genic determinant has revolutionized immunology and
has had afar-reachingimpact on researchin diversefields
aswadl asin clinical medicine. Thefirst and now generaly
used method for producing homogeneousor monoclonal
antibodies of known specificity wes described by Georges
Kéhler and Cesar Milstein in 1975. Thistechnique isbased

asingle specificity. Because normal B lymphocytes cannot
grow indefinitely, it isnecessary to immortalize B cellsthat

or somatic cdl hybridization, between a normal antibody-
producing B cell and amyelomacell, followed by selection
of fused cellsthat secreteantibody of the desired specificity
derived from the normal B cell. Such fusionderived
immortalized antibody-producing cell lines are called:
hybridomas, and the antibodies they produce are mono-
clonal antibodies. o

‘I'he technigue of producing hybridomas requn‘es ‘cul-
tured mveloma 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 defec-
tive 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 uncon-
trolled 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 nove pathway requiring
tetrahydrofolate. Antifolate drugs, such as aminopterin,
block activationof tetrahydrofolate, thereby inhibiting the
synthesis of purines and therefore preventing DNA syn-
thesis by the de novo pathway. Aminopterin-treated cells
can use a sdvage pathway in which purine is synthe-
szed from exogenously supplied hypoxanthine by the
enzyme hypoxanthine-guani ne phosphoribosyltransferase
(HGPRT), and thymidylate is synthesized from thymidine
by the enzyme thymidine kinase (TK). Therefore, cells
grow normally in the presence of aminopterin if the
culture medium is also supplemented with hypoxanthine

on the fact that each B lymphocyte produces antibody of,

produce a specific antibody. Thisisachieved by cdll fusion, -
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clonal tumor of antibody-producing plasmacells, often
have large amounts of biochemicallyidentical antibody
molecules (produced by the neoplastic clone) in their
blood and urine. Immunologists found that these anti-
bodies can be purified to homogeneity and analyzed.
The second, and more important, breakthrough wes
the technique for producing monoclonal antibodies,
described by Georges Kohler and Cesar Milstein in
1975. They developed a method for immortalizing indi-
vidual antibody-secreting cells from an immunized
animal by producing "hybridomas," enabling them to
isolate individual monoclonal antibodies of predeter-
mined specificity (Box 3-1). The availability of he

and thymidine (called HAT medium). Myeomacell lines
can be made defective in HGPRT or TK by mutagenesis
followed by selection in media containing substrates for
these enzymesthat yield lethal products. Only HGPRT- or
TK-deficient cellswill survive under these selection condi-
tions. Such HGPRT- or TK-negative myeloma cells cannot
use the sadvage pathway and will therefore die in HAT
medium. If normal B cells are fused to HGPRT- or TK-
negative cells, the B cellsprovide the necessary 7 /masso
- that the hybrids synthesze DNA and grow in HAT
medium.

To produce a monoclonal antibody specific fm a
deflned antigen, a mouse or rat is immunized with that
antigen, and B cellsare isolated from the spleen or lymph
#nodes of the animal. These B cellsare then fused with an
“appropriate immortalized cell line. Mydomalines are the

:;‘!best fusion partners for B cells because like cells tend to
fuse and give rise to stable hybrids more efficiently than
.unlikecells. In current practice,the myelomalinesthat are
~used do not produce their own immunoglobulin, and cell
fusion is achieved with polyethylene glycol. Hybrids are
selected for growth in HAT medium; under these condi-
tions, unfused IIGPRT- or TK-negative myeloma cells die
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 cultured at a concentra-
tion at which each culture well is expected initidly to
contain only one hybridoma cell. The culture supernatant
from each well in which growing cells are detected isthen
tested for the presence of antibody reactive with the
antigen used for immunization. The screening method
depends on the antigen being used. For soluble anti-
gens, the usual technique is radioimmunoassay (RIA) or
enzyme-linked immunosorbent assay (ELISA); for cell
surface antigens, a variety of assays for antibody binding to
viable cells can be used (see Appendix III: Laboratory
Methods Using Antibodies). Once positive wells (i.e., wells
containing hybridomas producing the desired antibody)
are identified, the cells are cloned in semisolid agar or by
limiting dilution, and clones producing the antibody are
isolated by another round of screening. These cloned
hybridomas produce monoclonal antibodies of a desired
specificity. Hybridomas can be grown in large volumes or

Continued on following page
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Monoclonal Antibodies (Continued)

fimmunized

Isolate spleen
cells from mouse

with antigen X /

N

P Jox

Mixture of spleen cells, including
some producing anti-X antibody

fused and
unfused cells

Only fused cells
(hybridomas)
grow

V4

g

B

o

Mutant myeloma line;
unable to grow in HAT

selection medium; does
not produce antibody

In vitro selection
in HAT medium

\

L 1 N
“Clone" cells (so each well
contains the progeny of one cell)

¥ v N\

_Q‘%-

L

Screen supe}natants for presence of anti-X antibody|

and expand positive clones

4 g
' Hybridomas producing
monoclonal anti-X antibody
R e

Continued on following page

Chapter 3 — Antibodies and Antigens [i: ¥4

asascitic tumorsin syngeneic mice to produce large quan-
titiesof monoclonal antibodies.

Some of the common applicationsof hybridomas and
monoclonal antibodiesinclude the following:

® Identificationof phenotypic markersunique to par-
ticular cel types. The basisfor the modern classifi-
cation of lymphocytes and other leukocytesis the
binding of population-specific monoclonal anti-
bodies. These have been used to define clusters of
differentiation (CD markers) for various cell types
(seeChapter 2).

® Immunodiagnosis. The diagnosisaf many infectious
and systemic diseases relies on the detection of
particular antigens or antibodiesin the circulation
or in tissues by use of monoclona antibodies in
immunoassay’s.

#® Tumor diagnosisand therapy. Tumor-specific mono-
clonal antibodies are used for detection of tumors
by imaging techniques and for immunotherapy of
tumors in vivo.

@ Functional andyss of cell surface and secreted
molecules. In immunologic research, monoclonal
antibodies that bind to cell surface molecules and
either stimulate or inhibit particular cellular func-
tionsare invaluable toolsfor defining the functions
of surface molecules, including receptors for anti-
gens. Antibodies that bind and neutralize cytokines
are routinely used for detecting the presence and
functional roles of these protein hormones in vitro
and in vivo.

At present, hybridomas are most often produced by
fusing HAT-sendtive mouse myelomas with B cells from
immunized mice, rats, or hamsters. The same principleis
used to generate mouse T cell hybridomas, by fusing
T cédls with a HAT-sendtive, T cell-derived tumor line.
Attemptsare being made to generate human monoclonal
antibodies, primarily for administration to patients, by
developing human myelomalinesasfusion partners. (Itis
ageneral rulethat thestability of hybridsislow if cellsfrom
speciesthat are far apart in evolution are fused, and this
is presumablywhy human B cellsdo not form hybridomas
with mouse myelomalinesat high efficiency.)

Geneticengineering techniquesare used to expand the
usefulnessof monoclonal antibodies. The complementary

DNAs (cDNAs) that encode the polypeptide chains of a
monoclonal antibody can be isolated from a hybridoma,
and these genes can be manipulated in vitro. As we shall
discusslater in the chapter, only smal portionsof the anti-
body molecule are responsiblefor binding to antigen; the
remainder of the antibody molecule can be thought o
as a "framework." This structural organization dlows the
DNA segments encoding the antigen-binding sitesfrom 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 (seeBox 3-3) that limit the usefulnessof murine
monoclonal antibodies when they are administered to
patients.

Geneticengineering is aso being used to create mono-
clonal antibody-like molecules of defined specifi-
city without the need for producing hybridomas. One
approach uses random collections of ¢cDNAs encoding
just the antigen-binding regions of antibodies. These
cDNAs are generated from RNA, isolated from the spleens
of immunized mice, by polymerase chain reaction (PCR)
technology. The cDNAs are then put into bacteriophages
to form phage display libraries. Although the antigen-
binding regions of antibodies are formed from two dif-
ferent polypeptide chains, synthetic antigen-binding sites
can be created by expressing fusion proteins in which
sequencesfrom the two chains are covaently 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 synthetic 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 con-
struct can then be transfected into a suitable cell type,
expressedin solubleform, purified, and used. The advan-
tage of phage display technology liesin the fact that the
number of binding sites that can be-screened for the
desired specificity is three to four orders of magnitude
greater than the practical limit of hybridomas that tan he
screened!

geneous populations of antibodies and antibody-
producing cels permitted complete amino acid
sequence determination and molecular cloning of indi-
vidua antibody molecules. These studies culminated in
the x-ray crystallographic determinations of the three-
dimensional structure of several antibody molecules
and of antibodies with bound antigens.

General Features of Antibody Structure

Plasma or serum glycoproteins are traditionally sepa
rated by solubility characteristics into albumins and
globulinsand may befurther separated by migration in
an electric field, a process called electrophoresis. Most
antibodies are found in the third-fastest migrating
group of globulins, named gamma globulins for the

third letter of the Greek alphabet. Another common
name for antibody isimmunoglobulin (1g),referring to
the immunity-conferring portion of the gamma globu-
lin fraction. The terms immunoglobulinand antibody are
used interchangeably throughout this book.

All antibody molecules share the same basic struc-
tural characteristics but display remarkable variabil-
ity 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 more than
107, and perhaps as many as 10°, different antibody mol-
eculesin every individual, each with unique amino acid
sequences in their antigen-combining sites. The effec-
tor functions and common physicochemical properties
of antibodies are associated with the non-antigen-
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binding portions, which exhibit relativelyfew variations
among different antibodies.

An antibody molecule has a symmetric core struc-
ture composed of two identical light chains and two
identical heavy chains (Fig. 3—1). Each light chain is
about 24 kD, and each heavy chain is55 to 70kD. One
light chain is covalently attached to one heavy chain by
adisulfide bond, and the two heavy chains are attached
to each other by disulfide bonds. Both the light chains
and the heavy chains contain a series of repeating,
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Figure 3-1 Structure of an antibody molecule.

A Schematic diagram of a secreted |gG molecule. The
antigen-binding sites are formed by the juxtaposition of vari-
able light chain (V|) and variable heavy chain (Vy) domains.
The heavy chain C regions end in tail pieces. The locations of
complement- and Fc receptor-binding sites within the heavy
chain constant regions are approximations.

B Schematic diagram of a membrane-bound IgM mole-
cule on the surface of a B lymphocyte. The IgM molecule has
one more heavy chain C region (Cy) domain than IgG, and
the membrane form of the antibody has C-terminal trans-
membrane and cytoplasmic portions that anchor the mole-
cule in the plasma membrane.

C. Structure of a human IgG molecule & revealed by x-
ray crystallography. In this ribbon diagram of a secreted IgG
molecule, the heavy chains are colored blue and red, and the
light chains are colored green; carbohydrates are shown
in gray. (Courtesy of Dr. Alex McPherson, University of
California, Irvine.)

homologous units, each about 110 amino acid residues
in length, that fold independently in a globular motif
that is called an |g domain. An Ig domain contains two
layers of [B-pleated sheet, each layer composed of
three to five strands of antiparallel polypeptide chain
(Fig. 3-2). 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 g amino acid sequences. All molecules that
contain this motif are said to belong to the Ig super-
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Figure 3-2 Structure of an antibody light chain.

The secondary and tertiary structures of a human Ig light chain are shown schematically. The vari-
able (V) and constant (C) regions each independentlyfold into Ig domains. Each domainis composed
of two antiparallel arrays of B-strands represented by the flat arrows, colored yellow and red, respec-
tively, 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 composed of five and four strands. The dark blue bars are intrachain disulfide bonds, and
the numbers indicate the positions of amino acid residues counting from the amino (N) terminus.
These 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 3-2. (Adapted from Edmundson AB, KR By, EE
Abola, M Schiffer, and N Panagiotopoulos. Rotational allostery and divergent evolution of domains in
immunoglobulin light chains. Biochemistry 14:3953-3961, 1975. Copyright 1975 American Chemi-

cal Society.)

family, and al the gene segments encoding the Ig
domains of these molecules are believed to have
evolved from one ancestral gene (Box 3-2).

Both heavy chains and light chains consist of
amino terminal variable (V) regions that participate
in antigen recognition and carboxyl terminal constant
(C)regions, the C regions of the heauy chains mediate
effector functions. In the heavy chains, the V region is
composed of one Ig domain and the C region is com-
posed of three or four Ig domains. Each light chain is
made up of oneV region |g domain and one C region
Ig domain. Variableregions are so named because they
contain regions of variability in amino acid sequence
that distinguish the antibodies made by one clone of B
cellsfrom 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. 3-1). Because the core structural
unit of each antibody molecule contains two hcavy
chains and two light chains, it has two antigen-binding
stes. The C region domains are separate from the
antigen-binding site and do not participate in antigen
recognition. The heavy chain C regions interact with
other effector molecules and cells of the immune
System and therefore mediate most of the biologicfunc-
tions of antibodies. In addition, the carboxyl terminal
endsof the heavy chains anchor membrane-bound anti-
bodiesin the plasmamembranes of Blymphocytes. The

C regions of light chains do not participate in effector
functions and are not attached to cell membranes.

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
regions of heavy and light chains called the hyper-

variable segments. These 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 (Fig. 3-3;
see adso Fig. 3-2). The genetic mechanisms leading to
the amino acid variability are discussed in Chapter 7. In
an antibody molcculc, the three hypervariable regions
of aV, domain and the three hypervariable regions of
aVy domain are brought together in three-dimensional

space to form an antigen-binding surface. Because
these sequences form a surface that is complementary
to the three-dimensional structure of the bound
antigen, the hypervariable regions are aso called
complementarity-determining regions (CDRs) (see Fig.
3-3). Proceeding from either the V. or the V4 amino
terminus, these regions are called CDR1, CDR2, and
CDRS3, respectively. The CDR3s of both the Vi segment
and the V;, segment are the most variable of the CDRs.
Aswewill discussin Chapter 7, there are special genetic
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The |g Superfamily

Many of the cel surface and soluble molecules that
mediaterecognition, adhesion, or bindingfunctionsin the
vertebrate immune sysem share partial amino acid
sequence homology and tertiary structural features that
were originally identified in Ig heavy and light chains. In
addition, the samefeatures are found in many molecules
outside theimmune system that aso perform similar func-

tions. These diverse proteins are membersof the lgsuper-
family (sometimes called the Ig supergene family). A
superfamily is broadly defined asa group of proteins that
share a certain degree of sequence homology, usualy at
least 15%. The conserved sequencesshared by superfam-
ily membersoften contribute to theformation of compact
tertiary structures referred to as domains, and most often. . .

Class | MHC Class Il MHC
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the entire sequence of a domain characteristicof a partic-
ular superfamily isencoded by a single exon. Members of
asuperfamily are likely to be derived from acommon pre-
cursor gene by divergent evolution, and multidomain pro-
teins may belong to more than one superfamily. The
criterion for inclusion of a protein in the Ig superfamily
is the presence of one or more Ig domains (also called
Ig homology units), which are regionsof 70 to 110 amino
acid residues homologousto either Ig variable (V) or Ig
constant (C) domains. The Ig domain contains conserved
residues that permit the polypeptideto assume a globular
tertiary structure called an antibody (or 1g) fold, com-
posed of a sandwich arrangement of two B-sheets, each
made up of three to fiveantiparallel Pstrands of five to ten
amino acid residues. This sandwich-like structure is stabi-
lized by hydrophobicamino acid residueson the B-strands
pointing inward, which alternate with hydrophilicresidues
pointing out. Because the inward-pointing residues are
essential for the stability of the tertiary structure, they are
the mgjor contributors to the regions that are conserved
between Ig superfamily members. In addition, there are
usualy conserved cysteine residues that contribute to the
formation of an intrachain disulfide-bonded loop of 55 to
75 amino acids (approximately 90 kD). Ig domains are
classfied as V-like or Glike on the basisof closest homol-
ogy to either IgV or Ig C domains. V domainsare formed
fromalonger polypeptidethan are C domainsand contain
two extra B-strands within the B-sheet sandwich. A third
type of 1g domain, called C2 or H, hasalength similar to
C domains but has sequences typica of both V and C
domains.

Using severd criteriaof 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 membersof the Ig superfamily. In thisscheme, 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 different
numbers of v or C domains. The early divergence is

reflected by the lack of significantsequence homology in
Ig and TCR V and C units, athough they share similar
tertiary structures. A second early event in the evolution
of thisfamily wes the acquisition of the ability to undergo
DNA recombination, which hasremained a unique feature
of the antigen receptor gene membersof the family.

Mog identified members of the Ig superfarnily (see
Figure) are integral plasma membrane proteins with Ig
domains in the extracellular portions, transmembrane
domains composed of hydrophobic amino acids, and
widdy divergent cytoplasmic tails, usualy with nointrinsic
enzymatic ectivity. There are exceptions to these general -
izations. For example, the platelet-derived growth factor
receptors have cytoplasmic tailswith tyrosine kinase activ-
ity, and the Thy-1 molecule has no cytoplasmic tail but,
rather, is anchored to the membrane by a phosphatidyli-
nositol linkage.

One recurrent characteristic of the Ig superfamily
membersis that interactions between Ig domains on dif-
ferent polypeptidechainsare essential for the functionsof
the molecules. These interactions can be homophilic,
occurring between identical domains on opposing poly-
peptide chainsof a multimeric protein, asin the case of
Cy:Cy pairing to form functional Fc regions of 1g mol-
ecules. Alternatively, they can be heterophilic, asoccursin
the case of Vy:Vy, or VgV, pairing to form the antigen-
binding sites of Ig or TCR molecules, respectively. Het-
erophilic interactions can also occur between Ig domaing
on entirely distinct moleculesexpressed on the surfaces or
different cells. Such interactions provide adhesive forces
that stabilizeimmunologically significant cell-cell interac-
tions. For example, the presentation of an antigen to a
helper T cell by an antigen-presenting cell probably
involves heterophilic intercellular Ilg domain interactions
between at least three pairs of 1g superfamily molecules,
including CD4:class II MHC, CD2:LFA-3, and CD28B7
(see Chapter 6). Severd Ig superfamily members have
been identified on cels of the developing and mature
nervoussystem, consistentwith the functional importance
of highly regulated cell-cell interactionsin these sites.

mechanismsfor generating more sequence diversity in
CDR3than in CDR1 and CDR2. Crystallographic analy-
ses 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
FHg. 3-3). Sequence differences among the CDRsof dif-
ferent antibody molecules result in unique chemical
structures being displayed at the surfaces of the pro-
jecting loops and therefore in different specificities
for antigens. The ability of aV region to fold into an
Ig domain is mostly determined by the conserved
sequences of the framework regions adjacent to the
CDRs. Confining the sequence variability to three short
stretches dlows the basic structure of al antibodies to
be maintained despite the variability among different
antibodies.

Antigen binding by antibody moleculesis primarily
a function o the hypervariable regions of ¥y 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. 3-4). The most extensive contact is
with the third hypervariable region (CDRS3), which is
adso the most variable of the three. However, antigen
binding is not solely afunction of the CDRs, and some
framework residues may also contact the antigen. More-
over, 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 differencesin the
structure of their heavy chain C regions. The classes
of antibody molecules are also called isotypesand are
named IgA, IgD, IgE, IgG, and IgM (Table 3-2). In
humans, IgA and IgG isotypes can be further subdi-
vided into closely related subclasses, or subtypes, called
IgAl and IgA2, and IgGl, IgG2, IgG3, and IgG4. (Mice,
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Figure 3-3 Hypervariableregions in lg 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 independ-
ently 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 cor-
responding 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 hypervariable CDR loops in a light chain variable (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. 3-4).

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 al antibody molecules of one isotype or
subtype have essentially the same amino acid sequence.
This sequence is different in antibodies of other iso-

Antigen

types or subtypes. Heavy chains are designated by the
letter of the Greek alphabet corresponding to the
isotype of the antibody: IgAl contains ol heavy chains;
IgA2, a2; IgD, §; IgE, ¢; IgGl, v1; 1gG2, v2; 1gG3, v3;
IgG4, v4; and IgM, . In human IgM and IgE antibod-
ies, the C regions contain four tandem Ig domains. The

Figure 34 Binding of an antigen by an
antibody.

This model of a globular protein antigen (chicken
lysozyme) bound to an antibody molecule shows
how the antigen-binding site can accommodate
soluble macromolecules in their native (folded) con-
formation. The heavy chains of the antibody are
colored red and the light chains are yellow, and the
antigen is colored blue. (Courtesy of Dr. Dan Vaughn,
Cold Spring Harbor Laboratory.)
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Table 3-2. Human Antibody Isotypes

Isotype of | Subtypes | H chain | Serum | Serum | Secreted form Functions
antibody concentr. | half-life
(mg/mL) | (days)
[ I I !
IgA IgAt, 2 o(1or2) 3.5 | 6 IgA Monomer, dimer, | Mucosal immunity
| ‘ (dimer) trimer
| : co
J d, /Coﬂ
| o 5% %
| -2 SR\
- {7\ Co2
Y Coa3
.| \_’)\ J chain
lgD None 3 | 3 ‘ None | Naive B cell
| S . I antigen receptor _
IgE | None £ 0.05 2 IgE Ced Monomer | Immediatsitivity E
(4 Ce2
? Ce3
I | | Ce4
| 1gG lgG1-4 v(1,2,3,| 135 | 23 lgG1 V4 Monomer i Opsonization, '
| or4) | complement
| i . : activation, antibody-
. | dependentcell- _
| | | mediated cytotoxicity, |
i [ | neonatal immunity,
| feedback inhibition
‘ of B cells
IgM None " il ] 1.5 | 5 Naive B cell antigen
receptor, complement
[ activation
|
|
|
!
B | |

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

Giregions of IgG, IgA, and IgD contain only three Ig
domains. These domains are designated Cy and num-
bered sequentially from amino terminus to carboxyl
terminus (e.g., Cyl, Cyx2, and so on). In each isotype,
these regions may be designated more specificaly (e.g.,
G, G2 in IgG). Antibodies can act as antigens when
introduced into foreign hosts, eliciting the production
of anti-antibodies (Box 3—3). By immunizing an animal
of one specieswith Ig of another species, it is possible
to produce anti-antibodies specific for one Ig class or
subclass, and such antibodies are routinely used in the

clinical and experimental analyses of humoral immune
responses.

Different isotypes and subtypes of antibodies
perform different effector functions. I'he reason for this
is that most of the effector functions of antibodies are
mediated by the binding of heavy chain C regions to
receptors on different cells, such as phagocytes, NK
cells, and mast cedlls, and to plasma proteins, such as
complement proteins. Antibody isotypes and subtypes
differ in their C regionsand therefore in what they bind
to and what effector functionsthey perform. The effec-
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Anti-Lg Antibodies: Allotypes and Idiotypes

Antibody molecules are proteins and can therefore be
immunogenic. Immunologists have exploited this fact to
produce antibodies specific for Ilg 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 asforeign. The
simplest approach isto immunizean animal of one species
(e.g., rabbit) with Ig molecules of a second species (e.g.,
mouse). Populations of antibodies generated by such
cross-species immunizations are largely specific for epi-
topes present in the constant (C) regionsof 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 responseis confined to epitopesof the immuniz-
ing g that are absent or uncommon on the g molecules
of the responder animal. Two types of determinants have
been defined by thisapproach. First, determinants may be
formed by minor structural differences (polymorphisms)
in amino acid sequenceslocated in the conserved portions
of 1g molecules, called allotopes. All antibody molecules
that share a particular allotope are said to belong to the
same allotype. Mogt allotopesare located in the C regions
of llight or heavy chains, but some arefound in the frame:
work portionsof variable (V) regions. Allotypicdifferenees
have been important in the study of Ig genetics. For
example, allotypesdetected by anti-1g antibodieswere ini-
tially used to locate the position of Ig genes by linkage
andysis. In addition, the remarkable observation that, in
homozygous animals, al the heavy chains of a particular
isotype (e.g., IgM) share the same allotype even though
theV regionsof theseantibodieshave different amino acid
sequences provided the first evidence that the C regions
of al Ig molecules of a particular isotype are encoded by
asingle gene segment that is separate from the gene seg-
mentsencoding V regions. Asisdiscussed in Chapter 7, we
now know that this surprising conclusion is correct.

Thesecond type of determinant on antibody molecules
that can be recognized as foreign by other animals of
the same species is that formed by the hypervariable
regions of the Ig variabledomains. When a homogeneous
population of antibody molecules (e.g., a myeloma
protein, or amonoclonal antibody) is used as an immuno-
gen, antibodies are produced that react with the unique
hypervariable loops of that antibody. These determinants
are recognizedasforeign because they are usualy present
in very small quantitiesin any given animal (i.e., at too low
aleve toinduce self-tolerance). The unique determinants
of individual antibody moleculesare calledidiotopes, and
al antibody molecules that share an idiotope are said to
belong to the sameidiotype. Asis discussed in Chapter 7,
hypervariable sequences that form idiotopes arise both
frominherited germline diversityand from somatic events.
Idiotopes may beinvolvedin regulation of B cell functions.
The theory of lymphocyte regulation through idiotopes of
antigen receptors called the network hypothesis, is men-
tianed in Chapter 10.

In addition to experimentaily elicited anti-ig antibod-
ies, immunol ogistshave been interested in naturally occur-
ring antibodies reactive with sdf 1g 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 usudly an IgM antibody that reacts
with the constant regionsof sdf IgG. The significance of
rheumatoid factor in the pathogenesis of rheumatoid
arthritis is unknown.

Pati entstreated with mouse monoclonal antibodiesmay
make antibodiesagainst the mouse g, called ahuman anti-
mouse antibody (HAMA) response. These anti-lg anti-
bodies eliminate the injected monoclonal. Humanized
antibodies have been developed to circumvent this
problem, but even humanized antibodies contain hyper-
variable regions derived from the original monoclonal,
and these can dlicit aresponsein treated patients.

tor functions mediated by each antibody isotype are
listed in Table 3-2 and are discussed in more detail later
in this chapter and in Chapter 14.

Antibody molecules are flexible, permitting them to
bind to different arrays of antigens. Every antibody
contains at least two antigen-binding sites, each formed
by a pair of Vi and V, domains. Many Ig molecules can
orient these binding sites so that two antigen molecules
on aplanar (e.g., cell) surface may be engaged at once
(Fig. 3-5). Thisflexibility is conferred, in large part, by
ahingeregion located between Cy1 and Cy;2 in certain
isotypes. The hinge region variesfrom 10 to more than
60 amino acid residuesin different isotypes. Portions of
this sequence assume a random and flexible confor-
mation, permitting molecular motion between Cg1 and
Cyg2. Some of the greatest differences between the con-
stant regions of the IgG subclassesare 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 Vi domain to
rotate with respect to the adjacent Cy1 domain.

There are two classes or isotypes of light chains,
called k¥ and A, which are distinguished by their car-
boxyl terminal constant (C) regions. An antibody mole-
cule has either two K light chains or two A light chains,
but never one of each. The amino acid sequences of the
x light chain C regions (C,) differ from the sequences
of the A chain C regions (G,), but al C, sequences of
different antibody molecules are identical, as are al
(,, sequences. Despite the sequence differences, C, and
C, are structurally homologous to each other, and
each foldsinto onelgdomain. In humans, about 60% of
antibody molecules have k light chains, and about 40%
have A light chains. Marked changes in this ratio can
occur in patientswith monoclonal B cell tumorsbecause
the neoplastic clone produces antibody molecules with

C&}TWidely spaced cell (BP Closely spaced cell

“‘|’sun‘ace determinants| [ surface determinants

Figure 3-5 Flexibility of antibody molecules.

The two antigen-bindingstes d an Ig monomer can simultane-
oudy hind to two determinants separated by varying distances. In
A, a Ig molecule is depicted binding to two widdy spaced deter-
minantson acdl surfece, and in B the same antibody is binding to
two determinants that are close together. This flexibility is manly
due to the hinge regions located between the first constant heavy
chan (Cy1) and the second constant heavy chain (Cy2) domains,
which permit independent movement d antigen-binding sites rda
tive to the rest d the molecule.

the samelight chain. In fact, the ratio of k-bearing cells
to A-bearing cellsisoften used clinicallyin the diagnosis
of B cell lymphomas. In mice, K-containing antibodies
are about 10 times more abundant than h-containing
antibodies. Unlikein heavy chain isotypes, there are no
known differences in function between K-containing
antibodies and h-containing antibodies.

Antibodies may be expressed in secreted or mem-
brane-associated forms, which differ in the amino
acid sequence of the carboxyl terminal end of the
heavy chain C region. In the secreted form, found
in blood and other extracellular fluids, the sequence
of the last Cy region terminates with charged and
hydrophilic amino acid residues. In the membrane
form of antibody, found only on the plasmamembrane
of the B lymphocytes that synthesize the antibody, the
last Cy region is followed by 26 amino acids with
hydrophaobic side chains and variable numbers of basic
amino acid residues (Fig. 3-6). This structural motif is
characteristic of integra membrane proteins. The
hydrophobic residues form an a-helix that extends
across the lipid bilayer of the plasma membrane, and
the basic terminal (cytoplasmic) amino acids are
located in the cytoplasm, where their side chains inter-
act with the phospholipid head groups on the cyto-
plasmic surface of the membrane and anchor the
protein to the membrane. In membrane IgM and IgD
molecules, the cytoplasmic portion of the heavy chain
is short, only 3 amino acid residuesin length; in mem-
brane IgG and IgE molecules, it is somewhat longer, up
to 30 amino acid residuesin length.

Secreted IgG and IgE, and al membrane Ig mole-
cules, regardlessof 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
complexes in which two or more of the four-chain
core antibody structural units are covalently joined.
These complexes are formed by interactions between
regions, called tail pieces, that are located at the car-
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boxyl terminal ends of p and & heavy chains (see Table
3-2). Multimeric IgM and IgA molecules also contain
an additional 15-kD polypeptide called the joining (J)
chain, which is disulfide bonded to the tail piecesand
serves to stabilize the multimeric complexes.

Associations Between Heavy and
Light Chains

Heavy chains and light chains are covalently linked
in such a way that the V4 and ¥, domains are juxta-
posed to form the antigen-binding sites and the Cj
domains form the sites that interact with cell surface
receptors or effector molecules (seeFig. 3-1).The cova
lent interactions that link the heavy and light chains are
disulfide bonds formed between cysteine residues in
the carboxyl terminus of the light chain and the Cyl
domain of the heavy chain. Noncovalent interactions
between the V; and V; domains and between the C;.
and Cy1 domains may also contribute to the association
of heavy and light chains.

The two heavy chains of each antibody molecule
are also covalently linked by disulfide bonds. In IgG
antibodies, these bonds are formed between cysteine
residuesin the Cy2 regions, closeto the hinge. In other
isotypes, the disulfide bonds may be in different loca-
tions. 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 anti-
bodies were first deduced from experiments done by
Rodney Porter in which rabbit IgG was cleaved by pro-
teolytic enzymesinto fragments with distinct structural
and functional properties. In IgGG molecules, the hinge
between C,1 and C,2 of the heavy chain is the region
most susceptible to proteolytic cleavage. If rabbit IgG
istreated with the enzyme papain under conditions of
limited proteolysis, the enzyme acts on the hinge
region and cleaves the IgG into three separate pieces
(Fig.3-7).Two of the piecesareidentical to each other
and consist of the complete light chain (Vi and C;)
associated with a Vi-C,1 fragment of the heavy chain.
These fragments retain the ability to bind antigen
because each contains paired Vi, and Vi domains, and
they are called Fab (fragment, antigen binding). The
third piece is composed of two identical, disulfide-
linked peptides containing the heavy chain C,2 and
C,3 domains. This piece of IgG has a propensity to self-
associate and to crystallize into a lattice and is thcere-
fore called Fc (fragment, crystallizable).

When pepsin (instead of papain) is used to cleave
rabbit IgG under limiting conditions, proteolysis is
restricted to the carboxyl terminusof the hinge region,
generating an antigen-binding fragment of IgG with
the hinge and the interchain disulfide bonds intact
(seeFig. 3-7). Fab fragments retaining the heavy chain
hinge are called Fab’; when the interchain disulfide
bonds are preserved, the two Fab' fragments remain
associated in aform called F(ab’),. Fab and F(ab’), are
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Figure 3-6 Membrane and secreted forms of lg 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 differentisotypes. The cytoplasmic portion of the membrane form of the u chain contains
only 3 residues, whereas the y3 cytoplasmic region contains 28 residues. The secreted forms of the
antibodies end in C-terminal tail pieces, which also differ among isotypes: i has a long tail piece (21
residues) that is involved in pentamer formation, whereas y3 has only a short tail piece (3 residues).
In this figure, the u and y3 chains are compared, but other y isotype heavy chains have structures
similar to y3. Amino acids are shown in the letter code, and the last amino acid of the terminal C

region domain (i.e., Ci4 or C,3) is indicated.

useful experimental tools because they can bind to
antigens without activating Fc-dependent effector
mechanisms.

Theresultsof limited papain or pepsin proteolysisof
other isotypes besides IgG, or of IgGs of species other
than the rabbit, do not dways recapitulate the studies

with rabbit IgG. However, the basic organization of the
Ig molecule that Porter deduced from his experiments
iscommon to al Ig molecules of al isotypesand of al
species. In fact, these proteolysis experiments provided
thefirstevidence that the antigen recognition functions
and the effector functions of 1g molecules are spatially

segregated.

Figure3-7 Proteolyticfragments -
of an IgG molecule. (
IgG molecules 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
molecule that binds to complement
and Fc receptors (the Fc fragment).
Pepsin generates a single bivalent
antigen-binding fragment, F(ab’),.

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
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 tar-
geted for degradation unless they become properly
folded and assembled into 1g molecules. The covalent
association of heavy and light chains, created by thefor-
mation of disulfide bonds, and N-linked glycosylation
aso occur in the endoplasmic reticulum. After assem-
bly, 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 ves-
cles, where they become anchored into the cell mem-
brane or are secreted by a process of cxocytosis. Other
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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 cells
producing such antibodies, 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 pro-
genitors is accompanied by specific changes in Ig gene
expression, resulting in the production of Ig molecules
in different forms (Fig. 3-8). The earliest cell in the B
lymphocyte lineage that produces Ig polypeptides,
called the pre-B cell, synthesizesthe membrane form of
the 1 heavy chain, but most of the protein remains in
the cytoplasm. Thisis because chaperone proteins asso-
ciated with newly synthesized p heavy chains restrict
their movement out of the cell. Most of the cytoplasmic
1L heavy chains in pre-B cells are degraded intracellu-
larly. A small amount of these p chainsis expressed on
the cell surface in association with proteins called sur-
rogate light chains to form the pre-B cell receptor.
Immature and mature B cells produce ¥ or A light
chains (seeFig. 3-8), which associate with p proteins to
form IgM molecules. This assembly protects the heavy
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Figure 3-8 Immunoglobulin expression during B lymphocyte maturation.
Stages in B lymphocyte maturation are shown with associated changes in the production of Ig
heavy and light chains. The molecular events accompanying these changes are discussed in Chapters V
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Figure 3-9 The nature of antigenic determinants.

Antigenic determinants (shown in orange, red, and blue) may depend on protein folding (con-
formation) as well as on covalent structure. Some determinants are accessible in native proteins and
are lost on denaturation (A), whereas others are exposed only on protein unfolding (B). Neodetermi-
nants arise from covalent modifications such as peptide bond cleavage (C).

Antibody Binding of Antigens

Features of Biologic Antigens

the

ture of the antigen, influencing the binding of the
second antibody by means other than steric hindrance.
Such interactions are called all osteric effects.
Antigenic determinants may be formed by the cova-
lent structure of a molecule or, in the case of proteins
and nucleic acids, by the noncovalent folding of the
molecule (Fig. 3-9). The antigenic determinants of
complex carbohydrates and phospholipids are usually
formed by the covalent structure. In the case of
proteins, the formation of some determinants de-
pends only on covalent structure, and formation of
other determinants reflectstertiary structure. Epitopes
formed by several adjacent amino acid residues are
caled linear determinants. The antigen-binding site of
an antibody can usually accommodate a linear deter-
minant made up of about six amino acids. If linear
determinants appear on the external surface or in a
region of extended conformation in the native folded
protein, they may be accessible to antibodies. More
often, linear determinants may be inaccessiblein the
native conformation and appear only when the protein
is denatured. I n contrast, confor mational deter minants
are formed by amino acid residues that are not in a
sequence but become spatially juxtaposed in thefolded
protein. Antibodies specific for certain linear determi-
nants and antibodies specificfor conformational deter-
minants can be used to ascertain whether a protein is

denatured or in its native conformation, respectively.
Proteins may be subjected to modifications such as
phosphorylation or proteolysis. These modifications, by
altering the covalent structure, can produce new epi-
topes. Such epitopes are called neoantigenic deter mi-
nants, 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 conforma-
tional epitopes of macromolecules, allowing the anti-
bodies to bind large macromolecules. Asis discussed in
Chapter 4, thisis a key difference between the antigen-
binding sites of antibody molecules and those of
certain other antigen-binding moleculesof theimmune
system, namely, MHC molecul es, which contain antigen-
binding clefts that bind small peptides but not native
globular proteins (see Table 3-1). In some instances,
such as antibodies specific for small carbohydrates,
the antigen is bound in a cleft between V; and Vy
domains.

The recognition of antigen by antibody involves
noncovalent, reversible binding. Various types of
noncovalent interactions may contribute to antibody
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sites of a single IgG molecule can bind,
leading to a higher avidity bivalent interac-
tion. The hinge region of the 1gG molecule
accommodates the shape change needed for
R simultaneous engagement of both binding
| sites. IgM molecules have 10 identical
antigen-binding sites that can theoretically
bind simultaneously with 10 repeating deter-
minants on a cell surface, resulting in a poly-

valent, very high avidity interaction.
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binding of antigen, including electrostatic forces,
hydrogen bonds, van der Wads forces, and hydropho-
bic interactions. The relative importance of each of
these depends on the structures of the binding site of
the individual antibody and of the antigenic determi-
nant. The strength of the binding between asinglecom-
bining site of an antibody and an epitope of an antigen,
which can be determined experimentally by equilib-
rium didyss (see Appendix 111),is called the affinity of
the antibody. The affinity is commonly represented by
a dissociation constant (K,), which indicates the con-
centration of antigen that is required to occupy the
combining sites of half the antibody molecules present
in a solution of antibody. A smaller K, indicates a
stronger or higher affinity interaction because a lower
concentration of antigen is needed to occupy the sites.
The K, of antibodies produced in typica humoral
immune responses usualy varies from about 107 M
to 107 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-
tivalentantigen by more than one binding site. For TgG
or IgE, thisattachment 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

Very
high

(Fig. 3-10). Polyvaentantigens will have more than one
copy of a particular determinant. Although the affinity
of any one antigen-bindingsitewill be the samefor each
epitope of a polyvalent antigen, the strength of attach-
ment of the antibody to the antigen must take into
account binding of al the sites to all the available
epitopes. This overal strength of attachment is called
the avidity and is much greater than the affinity of any
one antigen-binding site. Mathematically, the avidity
increases almost geometrically (rather than additively)
for each occupied site. Thus, alow-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 asingle high-avidity interaction.
Polyvalent interactions between antigen and anti-
body are of biologicsignificance 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 poly-
valent antigen is mixed with a specific antibody in a
test tube, the two interact to form immune complexes
(Fig. 3-11). At the correct concentration, called azone
of equivalence, antibody and antigen form an exten-
svey cross-linked network of attached molecules such
that most or all of the antigen and antibody molecules
are complexed into large masses. Immune complexes
may be dissociated into smaller aggregates either by
increasing the concentration of antigen so that free

Figure 3-11 Antigen-antibody complexes.
The sizes of antigen-antibody (immune) com-

plexes are a function of relative concentrations of

antigen and antibody. Large complexes are formed

at concentrations of multivalent antigens and anti- . Sma 7| ¢

anti oda/ nﬁ%icess
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equivalence antigen excess
exes) (large complexes) (small complexes)

bodies that are termed the zone of eguivalence; the
complexes are smaller in relative antigen or antibody
excess.

antigen molecules will displace 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 cxccss). If azonc of cquivalcncc is rcached in
vivo, large immune complexes can form in the circula-
tion. Immune complexes that are trapped or formed in
tissues can initiate an inflammatory 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 fea
tures of antigen recognition reflect the properties of
antibody V regions.

Specificity

Antibodies can be remarkably specific for antigens,
distinguishing between small differences in chemical
structure.

Classic experiments performed by Karl Landsteiner in
the 1930s demonstrated that antibodies made in re-
sponse to an aminobenzene hapten with a meta-
substituted sulfonate group would bind strongly to this
hapten but weskly 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 bcnzenc ring.

The fine specificity of antibodies applies to the
recognition of all classes of molecules. For example,

gi”ﬁ*

Ly | ¥,
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antibodies can distinguish between two linear protein
determinants differing by only a single conservative
amino acid substitution that haslittle 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 anti-
bodies generated in response to the antigens of one
microbe usualy do not react with structurally similar
sf molecules or the antigens of other microbes.
However, some antibodies produced against one anti-
gen may bind to a different but structurally related
antigen. This is referred to as a crossreaction. Anti-
bodies that are produced in response to a microbial
antigen sometimes cross-react with saf antigens, and
this may be the basisfor certain immunologic diseases
(see Chapter 18).

Diversity

As we discussed earlier in this chapter, an individual is
capable of making atremendous number of structurally
distinct antibodies, perhaps up to 10°, each with a dis-
tinct specificity. The presence of alarge number of anti-
bodies that bind different antigens is called diversty,
and the total collection of antibodies with different
specificities is called the antibody repertoire. The
genetic mechanismsthat can generate such alarge anti-
body repertoire occur exclusively in lymphocytes. They
are based on the random recombination of a limited
set of inherited germline DNA sequences into func-
tional genes that encode the V regions of heavy and
light chains as wel as on the random addition of non-
template nucleotide sequences to these V segment
genes. These mechanisms are discussed in detail in
Chapter 7. The millionsof resulting variationsin struc-
ture are concentrated in the hypervariable regions of
both heavy and light chains and thereby determine
specificity for antigens.

Affinity and Avidity

The ability of antibodies to neutralize toxins and infec-
tious microbes is dependent on tight binding of the
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Figure 3-12 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 & cells (one clone) and the related changes in function. During affinity matura-
tion, mutations in the variable (V) region (indicated by red dots) lead to changes in fine specificity
without changes in constant (C) region-dependent effector functions. Activated B cells may shift pro-
duction from largely membrane-bound antibodies containingtransmembrane and cytoplasmicregions
to secreted antibodies. Secreted antibodies may or may not show V gene mutations (i.e., secretion of
antibodies occurs before and after affinity maturation). In isotype switching, the C regions change
(indicated by color change from blue to orange) without changes in the antigen-binding V region.
Isotype switching is seen in membrane-bound and secreted antibodies. The molecular basis for these

changes is discussed in Chapter 9.

antibodies. As we have discussed, tight binding is
achieved by high-affinity and high-avidity interactions.
A mechanism for the generation of high-affinity anti-
bodies involvessubtle changesin the structure of theV
regions of antibodies during the humoral responses.
These changes come about by a process of somatic
mutation in antigen-stimulated B lymphocytesthat gen-
erates new V domain structures, some of which bindthe
antigen with greater affinity than did the original V
domains (Fig. 3-12). Those B cells producing the
higher affinity antibodies are preferentially stimulated
by antigen and become the dominant B cellswith each
subsequent exposure to the antigen. This process,
called affinity maturation, resultsin an increase in the
average binding affinity of antibodies for an antigen as
a humoral response develops. Thus, an antibody pro-
duced during a primary immune response to a protein
antigen often hasakK, in therange of 107 to 10° M; in
secondary responses, the affinity increases, with a K, of

10" M or even less. The mechanisms of affinity matu-
ration are discussed in Chapter 9.

Features Related to Effector Functions

Many of the effector functions of immunoglobulinsare
mediated by the Fe¢ portions of the molecules, and
antibody isotypes that differ in these Fc regions
perform distinct functions. We have mentioned previ-
oudly that the effector functions of antibodies require
the binding of heavy chain C regions, which make up
the Fc portions, to other cellsand plasmaproteins. For
example, IgG coats microbes and targets them for
phagocytosis by neutrophils and macrophages. This
occurs because the antigen-complexed IgG molecule is
able to bind, through its Fc region, to vy heavy chain-
specific Fc receptors (FcRs) that are expressed on
neutrophils and macrophages. In contrast, IgE coats
helminths and targets them for destruction by

eosinophils because eosinophils express |gE-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 promotes microbial
phagocytosis and lysis It isinitiated by the binding of a
complement protein called Clq to the Fc portions of
antigen-complexed IgG or IgM. The FcR- and comple-
ment-binding sites of antibodies are found within the
heavy chain C domains of the different isotypes (see
Fig. 3-1). The structure and functions of FcRs and
complement proteins are discussed in more detail in
Chapter 14.

The effector functions of antibodies are initiated
only by antibodies that have bound antigens and not
by free 1g. The reason that only antibodieswith bound
antigens activate effector mechanisms is that two or
more adjacent antibody Fc portions are needed to bind
to and trigger variouseffector systems, such as comple-
ment proteinsand FcRsof phagocytes (see Chapter 14).
This requirement for adjacent antibody molecules
ensures that the effector functions are targeted specifi-
caly 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 stimu-
lation by an antigen, a single clone of B cells may
produce antibodies with different isotypesyet identical
V domains, and therefore identical antigen specificity.
Naive B cells, for example, simultaneously produce IgM
and IgD that function as membrane receptors for
antigens. When these B cellsare 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
(seeFig. 3-12). As aresult of isotype switching, differ-
ent progeny of the original IgM- and IgD-expressing
B cell may produce isotypes and subtypes that are best
able to eliminate the antigen. For example, the anti-
body response to many bacteria and viruses is domi-
nated by IgG antibodies, which promote phagocytosis
of the microbes, and the response to helminths
consists mainly of IgE, which aids in the destruction
of the parasites. The mechanisms and functional
significance of isotype switching are discussed in
Chapter 9.

The heavy chain C regions of antibodies also deter-
mine the tissue distribution of antibody molecules.
IgA is the only isotype that can be secreted efficiently
through mucosal epithelia, and therefore itis the major
cdass of antibody in mucosal secretions and milk.
Neonates are protected from infections by IgG anti-
bodies they acquire from their mothers during gesta-
tion and early after birth. This transfer of maternal IgG
1s 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 of the
neonate (through which antibodies are absorbed from
ingested milk).
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Summary

e Antibodies, or immunoglobulins, are a family of
structurally related glycoproteins produced in mem-
brane-bound or secreted form by B lymphocytes.
M embrane-bound antibodies serve as receptors that
mediate the antigen-triggered activation of B cells.
Secreted antibodies function as mediators of specific
humoral immunity by engaging various effector
mechanisms that serve to eliminate the bound
antigens.

e The antigen-binding regions of antibody molecules
are highly variable, and any one individual produces
up to 10° different antibodies, each with distinct
antigen specificity.

e All antibodies have a common symmetric core struc-
ture of two identical covalently linked heavy chains
and two identical light chains, each linked to one of
the heavy chains. Each chain consists of two or more
independently folded g domains of about 110 amino
acidscontaining conserved sequences and intrachain
disulfide bonds.

e The N-terminal domains of heavy and light chains
form the V regions of antibody molecules, which
differ among antibodiesof 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.

e 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 dif-
ferent functional properties. The antibody classesare
called IgM, IgD, IgG, IgE, and IgA. Both light chains
of asingle Ilg molecule are of the same light chain
isotype, either x or A, that differ in their single C
domains.

e Most of the effector functionsof antibodies are medi-
ated by the C regions of the heavy chains, but these
functions are triggered by binding of antigens to the
spatially distant combining sitein the V region.

e Antigens are substances specifically bound by anti-
bodies or T lymphocyte antigen receptors. Antigens
that bind to antibodies are awide variety of biologic
molecules, including sugars, lipids, carbohydrates,
proteins, and nucleic acids. Thisisin contrast to T
cell antigen receptors, which recognize only peptide
antigens.

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

e The affinity of the interaction between the combin-
ing site of a single antibody molecule and a single
epitope is measured as a dissociation constant (K;).
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Polyvalent antigens contain multiple identical epi-
topes to which identical antibody molecules can
bind. Antibodies can bind to two or, in the case of
IgM, up to 10 identical epitopes simultaneously,
leading to enhanced avidity of the antibody-antigen
interaction. The relative concentrations of polyvalent
antigens and antibodies may favor the formation of
immune complexes that may deposit in tissues and
cause damage.

e Antibody binding to antigen can be highly specific,
distinguishing small differences in chemical struc-
tures, but cross-reactions may aso occur in which
two or more antigens may bc bound by the same
antibody.

e Several changes in the structure of antibodies made
by one clone of B cellsmay occur in the course of an
immune response. B cells initially produce only
membrane-bound g, but changesin the carboxyl ter-
minal end of the antibody |ead to secretion of soluble
Ig with the same specificity asthe 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 changesin
effector function without a change in specificity.
Point mutationsin the V regions of an antibody spe-
cificfor an antigen lead to increased affinity for that
antigen (affinity maturation).

Selected Readings

HarrisLJ B Larsen, and A McPherson. Comparison of intact
antibody structures and the implicationsfor cffcctor func-
tions. Advancesin Immunology 72:191-208, 1999.

HustonJS, and AJ George. Engineered antibodies take center
stage. Human Antibodies10:127-142, 2001.

Kohler G, and C Milstein. Continuous cultures of fused
cdlls secreting antibody of predefined specificity. Nature
256:495-497, 1975.

Ravetch ]V, and S Bolland. IgG Fc receptors. Annual Review
of Immunology 19:275-290, 2001.

Wilson IA, and RL Stanford. Antibody-antigen interactions:
new structures and new conformational changes. Current
Opinionsin Structural Biology 4:857-867, 1994.

The Major

Histocompatibility Comple

Discovery of the MHC and Its Role in Immune
Responses 66

Discovery of the Mouse MHC 66

Discovery of the Human MHC 68

Properties of MHC Genes 69

Structure of MHC Molecules 70
Properties of MHC Molecules 70
Class | MHC Molecules 70
Class Il MHC Molecules 71

Binding of Peptides to MHC Molecules 75 ¢

Characteristics of Peptide-MHC Interactions 74
Structural Basis of Peptide Bindina to MHC
Molecules 75

Genomic Organization of the MHC 76
Expression of MHC Molecules 78
Summary 80

T h e 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 cedlls, which may be infected host cells, dendritic
cells, macrophages, and B lymphocytes. T lymphocytes
are able to interact with other cellsbecause the antigen
receptorsof T cellscan only recognize antigens that are
displayed on other cells. This specificity of T lympho-
cytesisin contrast to that of B lymphocytes and their
secreted products, antibodies, which can recognize
soluble antigens aswell as cell-associated antigens. The
task of displaying cell-associated antigens for recog-
nition by T cdls is performed by specialized proteins
that are encoded by genesin a locus called the major
histocompatibility complex (MHC). The MHC wes dis-
covered as an extended locus containing. highly
polymorphic genes that determined the outcome of
tissue transplants exchanged between individuals. We
now know that the physiologic function of MHC mole-
culesis the presentation of peptides to T cells. In fact,
MHC moleculesare integral components of the ligands
that most T cells recognize because the antigen re-
ceptors of T cells are actually specific for complexes
of-foreign peptide antigens and self MHC molecules
(schematicallyillustrated in Figure 4-1). There are two
main types of MHC gene products, called class| MHC
molecules and class II MHC molecules, which sam-
ple different pools of protein antigens, cytosolic (intra-
cellular) antigens and extracellular antigens that have
been endocytosed, respectively. Class | molecules pre-
sent peptides to CD8* cytolytic T lymphocytes (CTLs}),
and class 11 molecules to CD4* helper T cells. Thus,
knowledge of the structure and biosynthesis of MHC
molecules arid the association of peptide antigens with
MHC moleculesis fundamental to understanding how
T cells recognize foreign antigens.

We begin our discussion of antigen recognition by T
cellswith a description of the structure of MHC mole-
cules, the biochemistry of peptide binding to MHC
molecules, and the genetics of the MHC. In Chapter 5,
we will discussin more detail the presentation of anti-
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Figure 4-1 T cell recognition of a peptide-MHC complex.
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gens to T lymphocytes, the roles of class| and class1I
MHC molecules in this process, and the physiologic
significance of MHC-associated antigen presentation.
The structure of T cell antigen receptors is described
in Chapter 6. Therole of MHC moleculesin graft rejec-
tion is described in Chapter 16. The terminology and
genetics of the MHC are best understood from a his-
torical perspective, and we begin with a description of
how the MHC wes 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 were 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 al the
members of a species (except for relatively rare muta
tions); such genes are said to be nonpolymorphic,
and the normal, or wild-type, gene sequence is usualy
present on both chromosomes of a pair in every mem-
ber of the species. In the case of other genes, alternative
forms, or variants, 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 caled an alele. For poly-
morphic genes, an individual can have the same allele
at that genetic locus on both chromosomes of the pair
and issaid to be homozygous,or an individual can have
two different alleles, one on each chromosome, and
is termed heterozygous.

In the 1940s, George Snell and his colleagues used
genetic techniques to analyze the rgection of trans
planted tumors and other tissues grafted between
strains of laboratory mice. To do this, it was necessary

first to 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 al locationson al chromosomes. I n other
words, inbred mice are homozygous at every genetic
locus, and every mouse of an inbred strain isgenetically
identical (syngeneic) to every other mouse of the same
strain. In the case of polymorphic genes, each inbred
strain, because it is homozygous, expresses a single
alele from the original population. Different strains
may express different alleles and are said to be allo-
geneic to one another.

When a tissue or an organ, such as a patch of skin,
is grafted from one animal to another, two possible
outcomes may ensue. In some cases, the grafted skin
survives and functions as normal skin. In other cases,
the immune system destroys the graft, a process called
rejection. Skin grafting experiments showed that grafts
exchanged between animals of one inbred strain are
accepted, whereasgraftsexchanged between animal's of
different inbred strains (or between outbred animals)
arergjected (Fig. 4-2). Therefore, the recognition of a
graft assdf or foreign is an inherited trait. The genes
responsible for causing a grafted tissue to be perceived
as similar to or different from one's own tissues were
called histocompatibility genes (for genes that deter-
mine tissue compatibility between individuals), and the
differences between self and foreign were attributed to
genetic polymorphisms among different histocompati-
bility gene dléeles.

The toolsof genetics, namely, breeding and anaysis
of the offspring, were then applied to identify the
relevant genes (Box 4-1). The critical strategy in this
effort wes the breeding of congenic mouse strains; in
two congenic strains, the mice are identical at all loci
except the one at which they are selected to be differ-
ent. Analyses of congenic mice that were selected for
their ability to reject graftsfrom one another indicated
that a single genetic region is primarily responsible
for rapid graft regection, and this region was called
the major histocompatibilitylocus. The particular locus
that was identified in mice by Snell's group was linked
to agene on chromosome 17 encoding a polymorphic
blood group antigen called antigen II, and therefore
this region was named histocompatibility-2 or, smply,
H-2. Initialy, thislocus was thought to contain asingle
gene that controlled tissue compatibility. However, oc-
casional recombination events occurred within the
H-2 locus during interbreeding of different strains,
indicating that it actually contained severa different
but closdly linked genes, each involved in graft rejec-
tion. The genetic region that controlled graft rejection
and contained several linked genes was named the
major histocompatibility complex, or MHC. Genes that
determine the fate of grafted tissues are present in
al mammalian species, are homologous to the H-2
genes first identified in mice, and are al called MHC
genes (Fig. 4-3). Other genes that contribute to graft
rejection to alesser degree are called minor histocom-
patibility genes; we will return to these in Chapter
16, when we discuss transplantation immunology. The
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Our knowledge of the organizationof the MHC locusisin
large part the result of mouse breeding studies. A key
developmentin these studies wes the creation of congenic
mouse strains that differ only in the genes responsiblefor
graft rejection. Mice of a congenic strain are identical to
one another at every genetic locus except the one for
which they are selected to differ. The strategy for deriving
congenic mice is based on breeding and selection for a
particular trait. In their original experiments, Snell and
colleagues used acceptance or rejection of transplantable
tumorsastheir assay for histocompatibility,but thisismore
eadly done with skin grafts. For instance, a cross between
inbred strains A and B generates (A x B)F,; offspring (F;
for firgt filia generation). The offspring are repeatedly
backcrossed to parental strain A, and at each stage the
mice that are selected for breeding are those that accept a
skin graft from strain B. By this method, one can generate
mice that are genetically identical to strain A except that
they have the MHC locusof strain B. In other words, mice
with the strain B MHC do not recognize strain B tissuesas
foreign and will accept strain B grafts, even though dl
other geneticloci 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 thefunction of the MHC genesand to produce anti-
bodies against MHC-encoded proteins.

Identification and Nomenclature of MHC Genes in Mice

Figure 4-2 MHC genes control graft rejection and immune
respbases. dransd miceshown are identical exceptfor their MHC dldes

Yes (referredto esaand b). Thesedrains rgect in graftsfrom eech other (A)
and regpond differently to immunization with a modd protein antigen
= (usudly a smple polypeptide) (B).

BOX 4-1

In mice, the MHC alelesof particular inbred strainsare
designated by lowercase letters (e.g., a h ¢). Theindivid-
ual geneswithin the MHC are named for the MHC type of
mouse strain in which they were first identified. The two
independent MHC loci known to be most important for
graft rejection in mice are called H-2K and H-2D. The K
gene wasfirst discoveredin astrain whose MHC had been
designated k, and the D gene wesfirst discoveredinastrain
whose MHC had been designated d. In the parlance of
mouse geneticists, the allele of the H-2K gene in a strain
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
iscaled K? (K of d). A third locussimilar to K and D was
discovered later and called L.

Severa other genes were subsequently mapped to the
region between the K and D genes responsible for skin
rejection. For example, Sgeneswerefound that coded for
polymorphic serum proteins, now known to be compo-
nentsof the complement syslem. Mostimportant, the poly-
morphicimmuneresponse (Ir) genesdescribedin the text
were assigned to a region within the MHC called | (the
letter, not the Roman numeral). Thel region, in turn, was
further subdivided into I-A and I-Esubregionson the basis
of recombination events during breeding between con-
genic strains. The | region was adso found to code for
certain' cdl surface antigens against which antibodies

Continued onfollowing page
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Identification and Nomenclature of MHC Genesin Mice (Continued)

could be produced by interstrain immunizations. These
antigenswere called | region-associated molecules, or la
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. Thel-A molecule
found in theinbred mouse grain with the K* and D* alleles
is called I-A* (pronounced | A of k). Similar terminology
isused for I-€ molecules. The ducidation of the molecu-

lar structure of the mouse class II region revealed some
sur prisesthat were not anticipated by dasscal genetics.For
instance, the I-A subregion, originally defined by recom-
binationsduringinter breedingof inbred strains, codesfor
thea and B chains of the I-A moleculeaswel asfor the
highly polymorphic B chain of the I-E molecule. The I-E
subregion identified from breeding codesfor only the less
polymorphica chain of the I-E molecule.

nomenclature of mouse MHC genes is described in
Box 4-1

MHC genes control immune responsiveness t0
protein antigens. For almost 20 yearsafter the MHC was
discovered, its only documented role was in graft rejec-
tion. Thiswas a puzzle to immunol ogists because trans-
plantation is not a normal phenomenon, and there
was No obvious reason why a set of genes should be
preserved through evolution if the only function of
the genes was to control the regjection of foreign tis
sue grafts. In the 1960s and 1970s, it wes discovered
that MHC genes are of fundamental importance for
all immune responses to protein antigens. Baruj
Benacerraf, Hugh McDevitt, and their colleaguesfound
that inbred strains of guinea pigsand mice differed in
their ability to make antibodies against simple synthetic
polypeptides, and responsiveness was inherited as a
dominant mendelian trait (see Fig. 4-2). The relevant
genes were called immune response (Ir) genes, and
they were dl found to map to the MHC. We now
know that Ir genesare, in fact, MHC genes that 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 célls.
These T cellsthen help B cells to produce antibodies.
Nonresponder strains express MHC molecules that

"Class Ill"
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‘ MHC
Class Il MHC locus
DP pa prll s [ g ¢
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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.

Definitive proof of the importance of MHC mole-
culesin T cell antigen recognition came with the dis-
covery of the phenomenon of MHC restriction of T
cells, which we will describe in Chapter 5 when we
consider the characteristics of the ligands that T cells
recognize.

Discovery of the Human MHC

Human MHC molecules are called human leukocyte
antigens (HLA) and are equivalent to the H-2 mole-
cules of mice. The kinds of experiments used to dis
cover and define MHC genes in mice, requiring
inbreeding, obvioudy cannot be performed in humans.
However, the development of blood transfusion and
especially organ transplantation as methods of treat-
ment in clinical medicine provided a strong impetus to
detect and define genes that control rejection reactions
in humans. Jean Dausset,Jan van Rood, and their col-
leaguesfirst showed that patientswho reject kidneys or
have transfusion reactions to white blood cells often
contain circulating antibodies reactivewith antigenson
the white blood cellsof the blood or organ donor. Sera

Class | MHC locus
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Class I-like genes
proteins: C4, LTB,TNF-o,, LT and pseudogenes
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L \ Figure 4-3 Schematic maps of human
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D and mouse MHC loci.
[ [I—I_ Sizes of genes and intervening DNA seg-
8] ments are not shown to scale. A more detailed
| " Y map of the human MHC is in Figure 4-10. Class
LV I—Mﬂésl% lclus—J LMCI-II%:SIS I J Mﬂ(ajslg(!us Il MHC locus refers to genes that encode mol-
Class | ocus
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ecules other than peptide-display molecules;
this term is not used commonly.

that react against the cells of other, allogeneic individ-
uas are called alloantisera and are said to contain
alloantibodies, whose molecular targets are caled
alloantigens. It was presumed that these alloantigens
are the products of polymorphic genes that distinguish
foreign tissues from sdif 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 trans-
fusion or transplant recipients. These sera were com-
pared for their ability to bind to and lyse lymphocytes
from different donors. Efforts at several international
warkshaps, involving exchanges of reagents among
laboratories, led to the identification of several poly-
morphic genetic loci, clustered together in a single
locus on chromosome 6, whose products are rec-
ognized by aloantibodies. 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. 4-3). The first three genes defined by purely
serologic approaches were called HLA-A, HLA-B, and
HLA-C.

The use of antibodies to study alloantigenic dif-
ferences between donors and recipients was com-
plemented by the mixed leukocyte reaction (MLR),
a test for T cell recognition of alogeneic cells. The
MLRisdso an in vitro model for alograft rejection and
will be discussed more fully in the context of trans
plantation (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 uscd to map the genes that elicited allo-
geneic T cell reactions. The first gene to be identified
from these studies of cellular responses mapped to a
region adjacent to the serologically defined HLA locus
and was therefore called HLA-D. The protein encoded
by the HLA-D locuswas | ater detected by alloantibodies
and wes called the HLA-D-related, or HLA-DR, mole-
cule. Two additional genes that mapped adjacent to
HLA-D were found to encode proteins structurally
similar to HLA-DR and also were found to contribute
to MLRs; these geneswere called HLA-DQ and HLA-DF,
with Q and P chosen for their proximity in the alpha
bet to R.

We now know that differences in HILLA aleles be-
tween individuals are important determinants of the
rejection of graftsfrom one individual to another (see
Chapter 16). Thus, the HLA locus of humans is func-
tionally equivalent to the H-2 locus of mice defined by
transplantation experiments. Aswe shall seelater, MHC
molecules in al 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. 4-3). 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 al of these are
%rouped asclass| MHC genes. The lr genesof mice (/-

and I-E) are homologous to the human genesidenti-
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fied by lymphocyte responses in the MLR (HT.A-DR,
HLA-DF, 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 the
chapter.

Properties of MHC Genes

Several important characteristics of MHC genes and
their products were deduced from the classical genetic
analysesdone in mice and humans.

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

MHC genes are the most polymorphic genes present
in the genome. The studies of the mouse MHC were
accomplished with a limited number of inbred and
congenic strains. Although it wes appreciated that
mouse MHC genes were polymorphic, only about 20
alelesof each MHC genewereidentified in the avalil-
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, more than 250 aleles
have been identified by serologic assays Molecular
sequencing has shown that a single scrologically
defined HLA allele may actually consist of multiple
variants that differ dightly. Therefore, the polymor-
phism is even grecatcr than that predicted from sero-
logic studies.

MHC genes are codominantly expressed in each
individual. In other words, each individual expresses
both the MHC alleles that are inherited from the two
parents. For the individual, this maximizes the
number of MHC molecules available to bind pep-
tidesfor presentation to T cells.

Theset of MHC allelespresent on each chromosome
is called an MHC haplotype. In humans, each HLA
alele 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 indi-
viduals, of course, have two HLA haplotypes. In mice,
each H-2 alele is given a letter designation. Inbred
mice, being homozygous, have a single haplotype.
Thus, the haplotype of an H-2¢ mouseis H-2K? I-A® |-E°
D L% In humans, certain HLA allelesat different loci
are inherited together more frequently than would be
predicted by random assortment, aphenomenon called
linkage disequilibrium.

The discoverics of the phenomena of MHC-linked
immune responsivenessand MHC restriction (seeChap-
ter 5) led to the conclusion that MHC genes control
not only graft regjection but also immune responses
to al protein antigens. These breakthroughs moved
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the study of the MHC to the forefront of immunol-
ogy research.

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 thisfield
was the solution of the crystal structures for the extra-
cellular portions of human classl and classII molecules
by Don Wiley, Jack Strominger, and their colleagues.
Subsequently, many MHC molecules with bound pep-
tides have been crystallized and analyzed in detail. On
the basis of this knowledge, we now understand how
MHC moleculesfunction to display peptides.

In thissection of the chapter, wefirst summarize the
biochemical features that are common to dass | and
class I MHC molecules and that are most important
for the function of these molecules. We then describe
the structures of class | and class 11 proteins, pointing
out their important similaritics and differences (Table
4-1).

Properties of MHC Molecules

All MHC molecules share certain structural character-
istics 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 a
pair of immunoglobulin (Ig)-like domains and is
anchored to the cell by transmembrane and cyto-
plasmic domains. As we shall see later, class |
molecules are composed of one polypeptide chain
encoded in the MHC and a second, non-MHC-
encoded chain, whereas classII molecules are made
up of two MHC-encoded polypeptide chains. Despite
this difference, the overall three-dimensional struc-
tures of class| and classII molecules are similar.

1 The polymorphic amino acid residues of MHC mol-
ecules are located in and adjacent to the peptide-
binding cleft. This cleft isformed 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 polymorphic residues, which are the
amino acids that vary among different MHC alleles,
are located in and around thiscleft. 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 a-helices of
the MHC molecules (seeFig. 4-1). Because of amino
acid variability in this region, different MHC mole-
culesbind and display different peptides and are rec-
ognized 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.

B The nonpolymorphic Zg-like domains of MHC mol-
ecules contain binding sites for the T cell molecules
CD4 and €D8. CD4 and CD8 are expressed on dis
tinct subpopulations of mature T lymphocytes and
participate, together with antigen receptors, in the
recognition of antigen; that is, CD4 and CD8 are T
cell "coreceptors" (see Chapter 6). CD4 binds selec-
tively to class I MHC molecules, and CD8 binds to
class| molecules. Thisiswhy CD4" T cellsrecognize
only peptides displayed by class II molecules, and
CD8 T cellsrecognize peptides presented by class|
molecules. Most CD4* T cdlsfunction as hel per cdlls,
and most CD8* cellsare CTLs.

Class | MHC Molecules

Class | molecules consist of two noncovalently linked
polypeptide chains: an MHC-encoded achain (or heavy
chain) of 44 to 47 kD and a non-MHC-encoded 12-
kD subunit called By-microglobulin (Fig. 4-4). Each a

Table 4-1. Features of Class | and Class Il MHC Molecules

Locations of
polymorphic residues

a1 and a2 domains

Feature | Class | MHC | Elass Il MHE
Polypeptide chain? | o (44-47 kD) o (32-34 kD)
Bo-Microglobulin (12 kD) | B (29-32 kD)

rﬁand[_ﬂ domains

Binding site for
T cell coreceptor

Size of
peptide-binding cleft

o3 region binds cDs
Accommodates peptides | Accommodates peptides ‘
of 8-11 residues

B2 region binds CD4

| of 10-30 residues ot more

Nomenclature
Human

Mouse

HLA-A, HLA-B, HLA-C
H-2K, H-2D, H-2L

HLA-DR, HLA-DQ, HLA-DP
I-A, I-E
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Figure 44 Structure of a class | MHC
molecule.

The schematic diagram (left) illustrates the
different regions of the MHC molecule (not
drawn to scale). Class I molecules are com-

osed of a polymorphic a chain noncovalently
attached to the nonpolymorphic B,-micro-

lobulin (B2m). The a chain is glycosylated; car-
gohydrate residues are not shown. The ribbon
diagram (right) shows the structure of the extra-
cellular portion of the HLA-B27 molecule with a
bound peptide, resolved by x-ray crystallogra-
pistit@ooft@sgchobl@yy, PBjastenagn, California
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chainisoriented so that about three quarters of thecom-
plete polypeptide extendsinto the extracellular milieu,
ashort hydrophobic segment spans the cell membrane,
and the carboxy terminal residues are located in the
cytoplasm. Theamino terminal (N-terminal) a1 and a2
segmentsof the &chain, each approximately 90 residues
long, interact to form a platform of an eight-stranded,
antiparallel B-pleated sheet supporting two parallel
strands of a-helix. Thisforms the peptide-binding cleft
of class | molecules. Its size is large enough (-25 A x
10A X 11A) to bind peptides of 8 to 11 amino acidsin a
flexible, extended conformation. The endsof the classl
peptide-binding cleft are closed so that larger peptides
cannot be accommodated. Therefore, native globular
proteins have to be "processed” to generate fragments
that are small enough to bind to MHC moleculesand to
be recognized by T cdlls (see Chapter 5).The polymor-
phicresiduesof class| moleculesare confined to the al
and a2 domains, where they contribute to variations
among different classl allelesin peptide binding and T
cell recognition (Fig. 4-5). The a3 segment of the a
chain folds into an Ig domain whose amino acid
sequence is conserved among al class| molecules. This
segment contains aloop that serves as the binding site
for CD8. At the carboxy terminal end of the a3 segment
is a stretch of approximately 25 hydrophobic amino
acidsthat traversesthelipid bilayer of the plasmamem-
brane. Immediately following thisare approximately 30
residueslocated in the cytoplasm, included in which is
acluster of basic amino acids that interact with phos-
pholipid head groups of the inner leaflet of the lipid
bilayer and anchor the MHC molecule in the plasma
membrane.

The light chain of cdass | molecules, which is
encoded by a gene outside the MHC, isidentical to a
protein previoudy identified in human urine and is
called Bgmicroglobulin for its electrophoretic mobil-
ity (Bs), size (micro), and solubility (globulin). B.-
microglobulin interacts noncovalently with the a3
domain of the a chain. Like the a3 segment, be-
microglobulin is structurally homologous to an Ig
domain and isinvariant among al class| molecules.

The fully assembled class | molecule is a het
erotrimer consisting of an achain, By-microglobulin,
and a bound antigenic peptide, and stable expression
of class | molecules on cell surfaces requires the pres-
ence of all three components of the heterotrimer. The
reason for thisis that theinteraction of the achain with
Be-microglobulin is stabilized by binding of peptide
antigens to the cleft formed by ol and o2, and con-
versdy, the binding of peptide is strengthened by
the interaction of By-microglobulin with the a chain.
Because antigenic peptides are needed to stabilize the
MHC molecules, only useful peptide-loaded MHC mol-
ecules are expressed on cell surfaces. The process of
assembly of stable peptide-loaded class | moleculeswill
be detailed in Chapter 5.

Every normal (heterozygous) individual expresses
six different class| molecules on every cell, containing
a chains derived from the two alleles of HLA-A, HLA-
B, and HLA-Cgenesthat areinherited from the parents.

Class Il MHC Molecules
Class T MHC molecules are composed of two nonco-
valently associated polypeptide chains, an achain of 32
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Figure 4-5 Polymorphic residues of a class | MHC
molecule.

The polymorphic resduesd dass| and dass il MHC mole
cules (shown as red circles) are located in the peptide-binding
defts and the ahelicesaround the defts. In the dass Il mole
cule shown (HLA-DR), essartidly dl the polymorphism is in
the B chain. However, other dass Il molecules in humans and
mice show varying degrees d polymorphism in the a chan
and usudly much more in the B chain. (Courtesy d Dr. |.
McCluskey, Universty d Mebourne, Pakville, Audrdia)
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to 34kD and aP chain of 29 to 32kD (Fig.4-6).Unlike
class | molecules, both chains of classIl molecules are
encoded by polymorphic MHC genes.

The amino terminal ol and 1 segments of the class
IT chains interact to form the peptide-binding cleft,
which is structurally similar to the cleft of class| mole-
cules. Four strands of the floor of the cleft and one of
the helicesareformed by o1, and the other four strands
of the floor and the second helix areformed by B1. The
polymorphic residues are located in ol and B1, in and
around the peptide-binding cleft, as in class | mole-
cules. In human class II molecules, most of the poly-
morphism isin the [) chain. In dass II molecules, the
ends of the peptide-binding cleft are open, so that pep-
tides of 30 residues or more can fit.

The a2 and B2 segments of class II molecules,
like class | a3 and Bemicroglobulin, are folded into
Ig domains and are nonpolymorphic among various
aleles of a particular class II gene. A loop in the B2

segment of class II molecules is the binding site for
CD4, similar to the binding site for CD8 in a3 of the
cdass| heavy chain. In general, achains of one classII
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 a2 and B2
segments continue into short connecting regions fol-
lowed by approximately 25-amino acid stretches of
hydrophobic transmembrane residues. In both chains,
the transmembrane regions end with clusters of basic
amino acid residues, followed by short, hydrophilic
cytoplasmic talls.

A nonpolymorphic polypeptide called the invariant
chain (I;) is associated with newly synthesized class 11
molecules. The I, playsimportant rolesin the traffic of
class II molecules and in the determination of where
in the cell peptides bind to class II molecules (see
Chapter 5).

Figure 4-6 Structure of a class I MHC
molecule.

The schematic diagram (left) illudrates the differ-
ent regions of the MHC molecule (not drawn to
scale). Class Il molecules are composed d a poly-
morphic a chain noncovaently attached to a poly-
morphic p chain. Bah chains are glycosylated;
carbohydrate resdues are not shown. The ribbon
diagram (right) shows the structure d the extracel-
Jular portion d the HLA-DRT molecule with a bound
peptide, resolved by x-ray crystalography. (Courtesy
of Dr. P. Bjorkman, Cdifornia Ingtituted Technology,
Pasadena.)
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The fully assembled class 11 molecule is a het-
erotrimer consisting of an achain, a B chain, and a
bound antigenic peptide, and stable expression of class
11 molecules on cell surfaces requires the presence of
all three components of the heterotrimer. Asin class |
molecules, this ensures that the MHC molecules that
end up on the cell surface are the molecules that are
serving their normal function of peptide display.

Six dass II MHC alleles are inherited, three from
each parent (one set of DP, DQ, and DR). However,
there may be some heterologous pairing (e.g., DQo
from one chromosome with DQB from another).
Therefore, the total number of class II moleculesin a
heterozygous individual is about 10 to 20, more than
the 6 class II aleles that are inherited from both
parents.

Binding of Peptides to
MHC Molecules

With the realization that MHC molecules are the pep-
tide display molecules of the adaptive immune system,
considerable effort has been devoted to elucidating
the molecular basis of peptide-MHC interactions and
the characteristics of peptides that alow them to bind
to MHC molecules. 'I'hese 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. For a protein to be
Immunogenic in anindividual, it must contain peptides
that can bind to the MHC moleculesof that individual.
Such information may be used to design vaccines, by
inserting M HC-bindingamino acid sequences into anti-

Ig domain D

gens used for immunization. In the following section of
this chapter, we summarize the key features of theinter-
actions between peptides and dlass | 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 CTIs responding to antigen-
presenting cellsthat wereincubated with different pep-
tides. 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 diaysis and gel filtration to quantitate
bound and free peptides.

The nature of MHC-binding peptides generated in
ui vo from intact proteins has been analyzed by expos-
ing antigen-presenting cells to a protein antigen for
various times, purifying the MHC molecules from
these cells by affinity chromatography, and eluting the
bound peptides for mass spectroscopy or amino acid
sequencing. The same approach may be used to define
the endogenouspeptides that are displayed by antigen-
presenting cellsisolated from animals or humans.

v X-ray crystallographic analysis of peptide-MHC com-
plexes has provided valuable information about how
peptides sit in the clefts of MHC molecules and about
the rcsiducs of cach that participate in this binding.
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On the basis of such studies, we now understand the
physicochemical characteristics of peptide-MHC inter-
actionsin considerable detail. It hasalso 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 3, Table 3-1).

Characteristics of Peptide-MHC Interactions

MHC molecules show a broad specificity for peptide
binding, and the fine specificity of antigen recognition
resides largely in the antigen receptors of T lympho-
cytes. Every peptide against which an immune response
can be generated must contain some residues that con-
tribute to binding to the clefts of MHC molecules and
must also contain other residues that project from the
clefts, where they are recognized by T cells. There are
several important features of the interactions of MHC
molecules and antigenic peptides.

B Each class | or class IT MHC molecule has a single
peptide-binding cleft that can accommodate many
different peptides. The ahility of one MHC molcculc
to bind many different peptides wes established by
several lines of experimental evidence.

© If aT cel 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. 4-7). In these
experiments, the MHC molecule bound different pep-

Antigen T cell
presentation response

APC |
presenting
peptide

specific
for ==mm

Excess
of different g
MHC-binding £
peptide -

Figure 4-7 Antigen competition for T cells.

AT odl recognizesa peptide presented by one MHC molecule.
An excess d a different peptide that binds to the same MHC mol-
ecule competitively inhibits presentation d the peptide that the T
odl recognizes ARC, antigen-presenting cdl.

tides, but the T cell recognized only one of these pep-
tides presented by the MHC molecule.

& Direct binding studieswith purified MHC moleculesin
solution definitively established that asingle MHC mol-
ecule can bind multiple different peptides (albeit only
oneat atime) and that multiple peptides competewith
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 classl and
classII MHC molecules confirmed the presence of a
single peptide-binding cleft in these molecules (see
Figs. 44 and 4-6). 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 | and 10 to 20 classII molecules
in aheterozygousindividual),and these must be able
to present peptides from the enormous number of
protein antigens that one islikely to encounter.

The peptides that bind to MHC molecules share
structural features that promote this interaction.
One of thesefeaturesisthe size of the peptide—class
I molecules can accommodate peptides that are 8 to
11 residues long, and class II molecules bind pep-
tides that may be 10 to 30 residues long or longer,
the optimal length being 12 to 16 residues. In addi-
tion, peptides that bind to a particular allelic form
of an MHC molecule contain amino acid residues
that dlow complementary interactions between the
peptide and that allelic MHC molecule (Table4-2).
The residues of a peptide that bind to MHC mole-
cules are distinct from those that are recognized by
T célls.

The association of antigenic peptides and MHC
molecules is a saturable, low-affinity interaction
(dissociation constant [K,] ~10"* M) with a slow
on-rate and a very slow off-rate. The affinity of
peptide-MHC interactionsis much lower than that of
antigen-antibody binding, which usually has a K; of
107 to 10" M (see Chapter 3, Table 3-1). Because
the K, is equal to the ratio of the rate constants for
dissociation (K.s) and association (K.,), a low-
affinity interaction can be stable (i.e., have a dow
K. as long as the K,, is dso dow. In a solution,
saturation of peptide binding to classII MHC mole-
cules takes 15 to 30 minutes. Once bound, peptides
may stay associated for hours to many days! The
extraordinarily dow off-rate of peptide dissociation
from MHC molecules dlows peptideeMHC com-
plexes to persist long enough on the surfaces of
antigen-presenting cells to ensure productive inter-
actions with antigen-specificT cells.

The MHC molecules o an individual do not dis-
criminate between foreign peptides (e.g., those
derived from microbial antigens) and peptides
derived from the antigens of that individual (self
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Table 4-2. Peptide Binding to MHC Molecules

HLA | HLA-binding residues required in
molecule peptides at position #

(allele) #2 | #5 | #8/9
HLA-A2 Leucinelisoleucine Variable*_ ‘V_aFiabIe; usually valinel

leucine/isoleucine

HLA-B27  Arginine

Variable '

Arginine/lysine

HLA-B8 Lysinelargini_ne

Lysine/arginine | Valine/leucine/isoleucine

HLA-B35 | Proline

Variable

T;lrosine/phenylalanine/
tryptophan

Different MHC dldes bind different peptides, which often share conserved features.
The table ligs some examplesd dass | human MHC dldes each d which binds
peptides with particular redduesat certain podtions.

antigens). Thus, MHC molecules display both sdf
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
moleculesto discriminate between sdf antigens and
foreign antigens raises two questions. First, because
MHC molecules are continuously exposed to, and
presumably occupied by, abundant sdf peptides,
how can they bind and display foreign peptides,
which are likely to be relatively rare? Second, if self
peptides are constantly being presented, why do indi-
viduas not develop autoimmune reactions? The
answer to these questions liesin the cell biology of
MHC biosynthesisand assembly, in the specificity of
T cedls, and in the exquisite sengitivity of these cells
to small amounts of peptidc-MHC complcxcs. Wce
will return to these questions in more detail in
Chapter 5.

Structural Basis of Peptide Binding to
MHC Molecules

The binding of peptides to MHC molecules is a non-
covalent 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
5).These peptides bind to the cleftsof MHC molecules
in an extended conformation. Once bound, the pep-
tides and their associated water moleculesfill the clefts,
making extensive contactswith the amino acid residues
that form the B-strands of the floor and the a-helices
of the sides of the cleft (Fig.48) . In most MHC mole-
cules, 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 pocketsand bind
to complementary amino acids in the MHC mole-
cule, often through hydrophobic interactions (seeTable
4-2). Such residues of the peptide are called anchor
resdues because they contribute most of the favor-

able 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 dlows 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 sidesof the MHC cleft also contribute
to peptide binding by forming hydrogen bonds or
charge interactions (salt bridges). Class | -binding pep-
tides usualy 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 poly-
morphic (i.e., they differ among various MHC alleles),
different allelesfavor 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.

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. Thesame T cell receptor also interacts with poly-
morphic residues of the a-helices of the MHC molecule
itself (see Fig. 4-1). Thus, amino acids from both the
antigenic peptide and the MHC molecules contribute
to T cell antigen recognition, with the peptide being
responsible for the fine specificity of antigen recogni-
tion and the MHC residues accounting for the MHC
restriction of the T cells. Predictably, variations either
in the peptide antigen or in 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 incorpo-
rating into it a residue that strengthens its binding to
commonly inherited MHC molecules in a population.
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Figure 4-8 Peptide binding to MHC molecules.

A These top views of the crystal structures of MHC molecules
show how peptides (in yellow) lie on the floors of the peptide-
binding clefts and are available for recognition by T cells. The class
I molecule shown is HLA-A2, and the class || molecule is HLA-DRT.
Note that the cleft of the class | molecule is closed, whereas that of
the class Il molecule is open. As a result, class Il molecules accom-
modate longer peptides than do class | molecules. (Courtesy of Dr.
P. Bjorkman, California Institute of Technology, Pasadena.)

B The side view of a cut-out of a peptide bound to a class II
MHC molecule shows how anchor residues of the peptide hold itin
the pockets in the cleft of the MHC molecule. (From Scott CA
PA Peterson, L Teyton, and 1A Wilson. Crystal structures of two |-
A’-peptide complexes reveal that high affinity can be achieved
without large anchor residues. Immunity 8:319-329, 1998. Copy-
right 1998, with permission from Elsevier Science.)

Thisapproach isbeing tried for the synthesisof custom-
designed vaccines.

By introducing mutationsin an immunogenicpeptide,
it is possble to identify resduesinvolved in binding to
MHC molecules and those that are critical for T cdl
recognition. This approach has been applied to many
peptide antigens, usng T cdlsto measure responsesto
these peptides (Fig.4-9).

The redlization 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-
shility is that the presence of multiple MHC alleles
in a population will ensure that virtualy all peptides
derived from microbial antigens will be recognized by
the immune sysem of at least some individuals. At
the population level, this will increase the range of
microbial peptides that may be presented to T cells
and reduce the likelihood of a microbe's evading the
immune systems of all individuals by mutating its anti-
genic proteins.

Cenomic Organization of the MHC

In humans, the MHC is located on the short arm of
chromosome 6 and By-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, alarge human gene may extend
up to 50 to 100kb, and the size of the entire Escherichia
coli genome is approximately 4500kb.) In classicd
genetic terms, the MHC extends about 4 centimorgans,
meaning that crossoverswithin the MHC occur with a
frequency of about 4% at each meiosis. A molecular
map of the human MHC is shown in Figure 4-10.
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| genes, HLA-A, HLA-B, and HLA-C,
arein the most telomeric portion of the HLA locus, and
the class1I genes are the most centromeric in the HLA
locus. Within the class II locus are genes that encode
several proteins that play critical rolesin antigen proc-
essing. One of these proteins, called the transporter
associated with antigen processng (TAP), is a het-
erodimer that transports peptides from the cytosol into
the endoplasmic reticulum, where the peptides can
associate with newly synthesized class| 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 acytosolicprotease 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 het-
erodimeric class11-like molecule, called HLA-DM (or
H-2M in mice), that is involved in peptide binding to
class II molecules. The functions of these proteins in
antigen presentation are discussed in Chapter 5.
Between the class | and class IT gene clusters are
genes that code for several components of the
com-plement system; for three structurally related cyto-
kines, tumor necrosis factor, lymphotoxin, and lym-
photoxin-B; andfor some heat shock proteins. The genes
within the MHC that encode these diverse proteins have
been called dass IIT MHC genes. Between HLA-C and
HLA-A, and telomeric to HLA-A, are many genes that
are called class |-like because they resemble class |
genes but exhibit little or no polymorphism. Some of
these encode proteins that are expressed in association

Figure 4-9 MHC-binding residues and T cell
receptor contact residues of a model peptide
antigen.

The immunodominant epitope of the protein
hen €gg lysozyme (HEL) in H-2* mice is a peptide
composed of residues 52-62. The ribbon diagrams
modeled after crystal structures show 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 (A) and with side chains
(B). Mutational analysis of the peptide has shown that
the residues involved in binding to MHC molecules
are P1 (Asp52), P4 (lle55), P6 (GIn57), P7 (lle 58),
and P9 (Ser60); these are the residues that project
down and fit into the peptide-binding cleft. The
residues involved in recognition by T cells are P2
(Tyr53), P5 (Leu56), P8 (Asn59), P10 (Argé61), and
P11 (Trp62); these residues project upward and are
available to T cells. (From Fremont DH, D Monnale,
CA Nelson, WA Hendrickson, and ER Unanue. Crystal
structure of I-A in complex with a dominant epitope
of lysozyme. Immunity 8:305-317, 1998. Copyright
1998, with permission from Elsevier Science.)

with By-microglobulin and are called class|B molecules,
to distinguish 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 NK
(natural killer) cells, and HLA-H, which appears to be
involved in iron metabolism and has no known func-
tion in the immune system. Many of the class |-like
sequences are pseudogenes. The functions of most
of these class |-like genes and pseudogenes are not
known. One function may be that these DNA sequences
serve as a repository of coding sequences to be used
for generating polymorphic sequences in conventional
cdass | 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 introduced at once, and amino acids necessary for
maintaining protein structure can remain unchanged
if identical amino acids at those positions are encoded
by both of the genes involved in the conversion
event. It is clear from population studies that the
extraordinary polymorphism of MHC molecules has
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been generated by gene conversion and not by point
mutations.

The mouse MHC, located on chromosome 17, occu-
piesabout 2000 kb of DNA, and the genesare organized
in an order dightly different from the human MHC
gene. One of the mouse class | genes (H-2K) is cen-
tromeric to the classll region, but the other class| genes
and the nonpolymorphic class|B genes are telomeric to
the classII region. Asin the human, Bgmicroglobulin is
encoded not by the MHC but by agenelocated on asep-
arate chromosome (chromosome 2).

There are Bymicroglobulin-associated proteins
other than class| MHC moleculesthat may serveimpor-
tant functionsin the immune system. These include the
neonatal Fc receptor (see Chapter 14) and the CD1
molecules, which may he involved in presenting non-
peptidic antigens to unusual populations of T cells.
These proteins are homologous to the class| MHC a
chain but are encoded outside the MHC, on different
chromosomes.

Individual class | and class II MHC genes have the
same pattern of intron-exon organization. The first
exon encodes the signal sequence, and each of the
approximately 90—-amino acid residue extracellular seg-
ments (e.g., cdass| al, o2, and a3 or classif al, a2, B1,
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Figure 4-10 Map of the human MHC.

This map is simplified to exclude many genes that are of unknown function. HLA-E, HLAF, HLA-
G, HLA-J, and HLA-X are class I-like molecules; HLA-H does not appear to be involved in the immune
system. C4, C2, B complement proteins; DM, TAP, proteasomes, proteins involved in antigen
processing; HLA, human leukocyte antigen; HSP, heat shock protein; LT, TNF, cytokines.

and P2) is encoded by a separate exon. The trans-
membrane and cytoplasmic regions are encoded by
several small exons.

Expression of MHC Molecules

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

B Class | molecules are constitutiuely expressed on
virtually all nucleated cells, whereas class 11 mol-
ecules are normally expressed on only dendritic
cells, B lymphocytes, macrophages, and a few other
cell types. This pattern of MHC expression is inti-
mately linked to the functions of class | -restricted
and class11-restricted T cells. The effector function
of class I-restricted CD8" T cells is to kill cels
infected with intracellular microbes, such asviruses.
Because viruses can infect virtualy any nucleated
cell, the ligands that CD8' T cells recognize need to
be displayed on al nucleated cells. The expression
of class| MHC molecules on nucleated cells serves
precisely this purpose, providing a display system for
viral antigens. In contrast, class 11-restricted CD4'
helper T lymphocytes have a set of functions that

require recognizing antigen presented by a more
limited number of cell types. In particular, naive
CD4' T cellsneed to recognize antigens that are pre-
sented by dendritic cells in peripheral lymphoid
organs. Differentiated CD4 helper T lymphocytes
function mainly to activate (or help) macrophages
to eliminate extracellular microbes that have been
phagocytosed and to activate B lymphocytesto make
antibodies that also eliminate extracellular microbes.
ClassII moleculesare 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 adap-
tive immune responses (Fig. 4-11). On most cell
types, the interferons IFN-o, IFN-B, and IFN-y
increase the level of expression of class| molecules,
and tumor necrosis factor (TNF) and lymphotoxin
(LT) can have the same effect. (The properties
and biologic activities of cytokines are discussed
in Chapter 11.) The interferons are produced
during the early innate immune response to many
viruses, and TNF and LT are produced in response
to many microbial infections. Thus, innate immune
responses to microbesincrease the expression of the
MHC molecules that display microbial antigens to
microbe-specific T cells. This is one of the mecha-
nisms by which innate immunity stimulates adaptive
immune responses.
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Figure 4-11 Enhancement of class It MHC expression ]
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The expression of classII moleculesis also regu-
lated by different cytokines in different cells. IFN-y
is the principal cytokine involved in stimulating
expression of class II molecules, in antigen-present-
ing cells such as macrophages. These cells express
low levelsof classII moleculesuntil stimulated to do
0 by IFN-y (see Fig. 4-11). The IFN-y may be pro-
duced by NK cdlls during innate immune reactions;
this is one mechanism by which innate immunity
stimulatesadaptiveimmunity. IFN-y is also produced
by antigen-activated T cells during adaptiveimmune
reactions, and its ability to increase class Il expres-
sion on antigen-presenting cells is an amplification
mechanism in adaptive immunity. In dendritic cells,
the expression of classII moleculesincreasesasthese
cells mature, often under the influence of cytokines
such as TNF. B lymphocytes constitutively express
class II molecules and can increase expression in
response to interleukin-4. Vascular endothelial cells,
like macrophages, increase class II expression in
response to IFN-y. Most nonimmune cell types
express few, if any, class II MHC molecules unless
exposed to high levels of IFN-y. These cells are
unlikely to present antigens to CD4" T cells except
in unusual circumstances. Some cells, such as
neurons, never appear to express class II molecules.
Human, but not mouse, T cells cxpress class11 mol-

‘-.—'t*‘

ecules after activation; however, no cytokine has
been identified in this responsc, and its functional
significanceis unknown.

The rate of transcription is the major determinant
of the level of MHC molecule synthesis and expres
sion on the cell surface. Cytokines enhance MHC
expression by stimulating the rate of transcription of
class | and class II 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 assem-
bled and bind a protein called the cassII transcrip-
tion activator (CIITA), and the entire complex binds
to the classII promoter and promotes efficient tran-
scription. By keeping the complex of transcription
factors together, CIITA functions as a master regula
tor of classII gene expression. ClITA is synthesized
in response to IFN-y, explaining how this cytokine
can increase expression of class II MHC molecules.
Mutations in severa of these transcription factors
have been identified as the cause of human immun-
odeficiency diseasesassociatedwith defective expres-
sion of MHC molecules. The best studied of these
disorders is the bare lymphocyte syndrome (see
Chapter 20).Knockout micelacking CIITA aso show
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an absence of class II expression on dendritic cdlls
and B lymphocytes and an inability of IFN-y to
induce class II on macrophages.

The expression of many of the proteinsinvolved in
antigen processing and presentation is coordinately
regulated. For instance, IFN-y increases the transcrip-
tion not only of class| and classII genes but also of Bo-
microglobulin, of the genes that encode two of the
subunits of the proteasome, and of the genes encoding
the subunits of the TAP heterodimer.

Summary

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

e MHC moleculeswere originally recognized for their
role in triggering T cell responses that caused the
rejection of transplanted tissue. It is now known that
MHC-encoded dass | and class II molecules bind
peptide antigens and display them for recognition by
antigen-specific T lymphocytes. Peptide antigens
associated with class 1 molecules are recognized by
CD8" CTLs, whereas class 11-associated peptide anti-
gens are recoghized by CD4* (mostly helper) T cells.

Class | MHC molecules are composed of an a (or
heavy) chain in a noncovalent complex with a non-
polymorphic polypeptide called Be-microglobulin.
The cdass II molecules contain two MHC-encoded
polymorphic chains, an achain and a3 chain. Both
classes of MHC moleculesare structurally similar and
consist of an extracellular peptide-binding cleft, a
nonpolymorphic lg-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| molecules
isformed by the o1 and a2 segments of the achain,
and that of class IT molecules by the o1 and 31 seg-
ments of the two chains. The Ig-like domains of
cdass | and dass II molecules contain the bind-
ing sites for the T cell coreceptors CD8 and CD4,

respectively.

e MHC moleculesbind only one peptide at atime, arid

al the peptides that bind to a particular MHC mole-
cule share common structural motifs. Peptide
binding is of low affinity (K4 ~10°M), and the off
rate is very dow, so that complexes, once formed,
persist for a sufficiently long time to be recognized
by T cells. The peptide-binding cleft of class| mole-
cules can accommodate peptides that are 8 to 11

amino acid residues | ong, whereasthe cleft of classII
molecules dlows larger peptides (up to 30 amino
acid residues in length or more) to bind. The poly-
morphic residues of MHC moleculesare localized to
the peptide-binding domain. Some polymorphic
MHC residues determine the binding specificitiesfor
peptides by forming structures, called pockets, that
interact with complementary residues of the bound
pcptide, called anchor residues. Other polymorphic
MHC residues and some residues of the peptide are
not involved in binding to MHC molecules but
instead form the structure recognized by T cells.
Every MHC molecule has a broad specificity for pep-
tides and can bind multiple peptides that have
common structural features, such asanchor residues.

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

e Class| moleculesare expressed on all nucleated cells,
whereas class II molecules are expressed mainly on
specialized antigen-presenting cells, such asdendritic
cells, macrophages, and B lymphocytes, and a few
other cel types, including endothelial cells and
thymic epithelial cells. The expression of MHC gene
productsis enhanced by inflammatory and immune
stimuli, particularly cytokines like IFN-y, which stim-
ulate the transcription of MHC genes.

Selected Readings

Bjorkman PJ, MA Saper, B Samraoui, WS Bennett, JL
Strominger, and DC Wiley. Structurc of the human class|
histocompatibility antigen HLA-A2. Nature 329:506-512,
1987.

Campbell RD, and J Trowsdale. Map of the human MHC.
Immunology Today 14:349-352, 1993.

Engelhard VH. Structure of peptides associated with class |
and class II MHC molecules. Annual Review of Immunol-
ogy 12:181-207, 1994.

HammerJ, T Sturniolo, and FSinigaglia. HLA classII binding
specificity and autoimmunity. Advances in Immunology
66:67-100, 1997.

Klein J, and A Sato. The HLA system. New England Journal
of Medicine 343:702-709 and 782-786, 2000.

Mach B, V Steimle, E Martinez-Soria, and W Reith. Regula-
tion of MHC class1I genes: lessonsfrom a disease. Annual
Review of Immunology 14:301-331, 1996.

Madden DR. The three dimensional structure of peptide-
MHC complexes. Annual Review of Immunology
13:587-622, 1995.

Parham P, and T Ohta. Population biology of antigen pres-
entation by class | MHC molecules. Science 272:67-74,
1996.

Antigen Processing and
Presentation to
T Lymphocytes

Properties of Antigens Recognized by
T Lymphocytes 81

Presentation of Protein Antigens to CD4*
T Lymphocytes 83
Discovery of Antigen-Presenting Cells and Their
Role in Immune Responses 84
Types of Antigen-Presenting Cells for CD4*
Helper T Lymphocytes 85
Capture and Presentation of Protein Antigens
in Vivo 88

Presentation of Protein Antigens to CD8*
T Lymphocytes 90

Cell Biology of Antigen Processing 90
Processing of Endocytosed Antigens for Class I
MHC-Associated Presentation 93
Processing of Cytosolic Antigens for Class |
MHC-Associated Presentation 97

Physiologic Significance of MHC-Associated
Antigen Presentation 100
T Cell Surveillance for Foreign Antigens 100
Nature of T Cell Responses 101
Immunogenicity of Protein Antigens 101

Summary 103

T lymphocytes play central roles in al adaptive
immune responses against protein antigens. In cell-
mediated immunity, CD4 T cellsactivate macrophages
to destroy phagocytosed microbes, and CD8" T cellskill
cells infected with intracellular microbes. In humoral
immunity, CD4" helper T cdllsinteract with B lympho-
cytesand stimulate the proliferation and differentiation
of these B cells. Both the induction phase and the
effector phase of T cell responses are triggered by the
specific recognition of antigen. In Chapter 4, we intro-
duced the concept that T cells recognize peptide frag-
ments that are derived from protein antigens and are
bound to cell surface molecules encoded by genes of
the major histocompatibility complex (MHC) (see Fig.
4-1). The cells that display MHC-associated peptides
are caled antigen-presenting cells (APCs). Certain
APCs present antigens to naive T cells during the
recognition phase of immune responses to initiate
these responses, and some APCs present antigens to dif-
ferentiated T cells during the effector phase to trigger
the mechanismsthat eliminate the antigens. In Chapter
4, we focused on the structures and functions of MHC
molecules. In this chapter, we continue the discussion
of the ligands that T cells recognize by focusing on
the generation of peptide-MHC complexes on APCs.
Specifically, we describe the characteristics of the APCs
that form and display these peptide-MHC complexes
and how protein antigens are converted by APCsto pep-
tides that associate with MHC molecules. We conclude
with a discussion of the importance of MHC-restricted
antigen presentation in immune responses.

Properties of Antigens Recognized
by T Lymphocytes

Our current understanding of T cell antigen recogni-
tion isthe culmination of avast amount of research that
began with studies of the nature of antigens that

81
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stimulate cell-mediated immunity. The early studies
showed that the physicochemical forms of antigensthat
are recognized by T cellsare different from those rec-
ognized by B lymphocytes and antibodies, and this
knowledge led to the discovery of the role of the MHC
in T cell antigen recognition. Several featuresof antigen
recognition are uniqueto T lymphocytes (Table5-1).

Most T lymphocytes recognize only peptides,
whereas B cells can recognize peptides, proteins,
nucleic acids, polysaccharides, lipids, and small
chemicals. As a result, T cell-mediated immune
responses are induced only by protein antigens
(the natural source of foreign peptides), whereas
humoral immune responses are seen with protein
and nonprotein antigens. Some T cells are specific
for small chemical haptens such as dinitrophenol,
urushiol of poison ivy, and B lactams of penicillin
antibiotics. In these situations, it is likely that the
haptens bind to self proteins and that hapten-
conjugated peptides are recognized by T cells. Rare
populations of T cells have been described that rec-
ognize nonpeptide antigens; these include so-called
v0 T cells (see Chapter 6).

T cells are specific for amino acid sequences of
peptides. In contrast, B cells may recognize con-
formational determinants that exist when antigens,
such asglobular proteins, are in their native tertiary
(folded) configuration.

© When an animal is immunized with a native protein,
the antigen-specific T cells that are stimulated will
respond to denatured or even proteolytically digested
forms of that protein. In contrast, after immunization

with a native protein, B cells produce antibodies that
react with only the native protein (Table5-2).

The antigen receptors of T cells recognize very
few residues even within a single peptide, and dif-
ferent T cells can distinguish peptides that differ
even at single amino acid residues. We will return to
the structural basisof this remarkable fine specificity
of T cellsin Chapter 6.

T cells recognize and respond to foreign peptide
antigens only when the antigens are attached to the
surfaces of APCs, whereasB cells and secreted anti-
bodies bind soluble antigensin body fluids aswell as
exposed cell surface antigens. Thisisbecause T cells
can rccognize only peptides bound to and displayed
by MHC molecules, and MHC moleculesare integral
membrane proteins expressed on APCs The prop-
erties and functions of APCs are discussed later in
this chapter.

T cells from any one individual recognize foreign
peptide antigens only when these peptides are
bound to and displayed by the MHC molecules
o that individual. This feature of antigen recogni-
tion by T cells, called self MHC restriction, can be
demonstrated in experimental situationsin which T
lymphocytes from one individual are mixed with
APCs from another individual.

© Thefirstdemonstration of MHC restriction camefrom
the studies of Rolf Zinkernagel and Peter Doherty that
examined the recognition of virus-infected cells by
virus-specificcytolytic T lymphocytes (CTLs) in inbred
mice. If a mouse is infected with a virus, CD8" CTLs
specific for the virus develop in the animal. These

Table 5-1. Features of T Cell Antigen Recognition

Features of éhﬁg’ens recognized by T cells

Explanation

Most T cells recognize
peptides and no
other molecules

' Ohiy peptfdes bind to MHC molecules

T cells recognize linear and not
conformational determinants
of peptide antigens

Peptides bind to clefts of MHC molecules
in linear (extended) conformation, and
extended peptides cannot form
conformational determinants

T cells recognize cell-associated
and not soluble antigens

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

CD4+ and CD8+ T cells preferentially

cellular and cytosolic pods, respectively

!Abbreviations:APC, antigen-presenting cell; MHC, maj

recognize antigens sampled from the extra-

Pathways of assembly of MHC molecules
ensure that class Il molecules preferentially
display peptides that are derived from extra-
cellular proteins and taken up into vesicles
in APCs, and class | molecules present
peptides from cytosolic proteins; CD4 and
CD8 bind to nonpolymorphic regions of

‘ class Il and class 1, respectively

or histocompatibility complex. |
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Table 5-2. Differences in Antigen Recog

Antigen Processing and Presentationto T Lymphocytes

nition by T and B Lymphocytes

In an animal immunized with a protein antigen, B cells are specific
therefore distinguish between native and denatured antigens. In co

Primary Secondary Secondary immune response |

Immunization 2:23:: B cell response T cell response
ge (Antibody production) | (Delayed-type hypersensitivity)

Kative protein .l\i;{ii/gprotein + +

Denatured protein | Native protein - I E .

_Nétive protein _Sénaturedprotein - _ R E

_D_gnatured prote_in“Denatured prot__ei_ri + A T+ ) _ -

for conformational determinants of the antigen and
ntrast, T cells do not distinguish between native and

denatured antigens because T cells recognize linear epitopes on peptides derived from the native antigens.

CTLsrecognize and lysevirus-infected cells only if the
infected cells express alleles of MHC molecules that
are expressed in the animal in which the CTLs were
generated (Fig.5-1).By use of MHC congenic strains
of mice, it was shown that the CTLs and the infected
target cell must be derived from mice that share aclass
I MHC alele. Thus, the recognition of antigens by
CD8* CTLs is restricted by sdf dass | MHC alleles.
Essentially similar experiments demonstrated that
responses of CD4* helper T lymphocytes to antigens
are sdf classII MHC restricted.

The sdf MHC restriction of T cellsis a conse-
quence of selection processesduring T cell matura-
tion in the thymus, and it ensures that each
individual'sT cellsare able to recognizeforeign anti-
gens displayed by that individual's APCs. During the
maturation of T cells, the cells that express antigen
receptors specific for self MHC-associated peptides
are selected to survive, and the cellsthat do not "see"
sdf MHC are dlowed to die (see Chapter 7). This
process ensures that the T cells that attain maturity
are the useful ones because they will be able to rec-
ognize antigens displayed by the individual's MHC
molecules. The discovery of sdf MHC restriction
provided the definitive evidence that T cells see not
only protein antigens but also polymorphic residues
of MHC molecules, which are the residues that
distinguish sdf from foreign MHC. Thus, MHC mol-
ecules display peptides for recognition by T lym-
phocytes and are also integral components of the
ligands that T cellsrecognize. Although T cells are
saf MHC restricted, they recognize foreign MHC
molecules present in tissue grafts and reject these
grafts. The basisof thiscross-reactionagainst foreign
MHC moleculeswill be described in Chapter 16.

CDA4 class Il-restricted T cells recognize peptides
derived mainly from extracellular proteins that are
internalized into the vesicles of APCs, whereas
CDS&" T cells recognize peptides derived from
cytosolic, usually endogenously synthesized, pro-
teins. The reason for thisis that vesicular proteins
enter the class 1l peptide loading and presentation
pathway, and cytosolic proteins enter the class |
pathway. The mechanisms and physiologic signifi-
cance of this segregation are major themes of this
chapter.

In addition to MHC-associated presentation of
peptides, there is another antigen presentation
system that is specialized to present lipid antigens.
The dass I-like nonpolymorphic molecule CD1 is
expressed on avariety of APCs and epithelia, and it
presents lipid antigens to unusual populations of
non-MHC-restricted T cells. Studies with culture-
derived cloned lines of T cellsindicate that a variety
of cells can recognize lipid antigens presented by
CD1; these include CD4*, CD8*, and CD4 CD8 T
cells expressing the off TCR as well as v8 T cells.
There has been much interest in asmall subset of T
cellsthat expressmarkers of NK (natural killer) cells.
These are called NK-T cells, and they recognize CD1-
associated lipids. However, it is not known whether
CD1-restricted responsesto lipid antigensare impor-
tant components of host defense against microbes.
In this chapter, we focus on the presentation of
peptide antigens by class | and class II MHC mole-
culesto CD8" and CD4* T lymphocytes.

Presentation of Protein Antigens to

CD4* helper T cells recognize peptides bound to  CD4* T Lymphocytes

class IT MHC molecules, whereas CD&" CTLs rec-

ognize peptides bound to class | MHC molecules.  CD4" helper T lymphocytescontrol virtually all immune
Stated differently, CD4" T cells are class I MHC  responsesto protein antigens. GCD4" T cellsare effector

restricted, and CD8" T cels are dass | MHC cel

Isof cell-mediatedimmunity and providestimuli that

restricted. In Chapter 6, we will return to the roles  are important for the proliferation and differentiation

of CD4 and CD8in determining the MHC restriction of
patterns of T cells. Th

B lymphocytes and CTLs (see Chapters 9 and 13).
erefore, a great deal of effort has been devoted o
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Figure 5-1 MHC restriction of cytolytic T lymphocytes.

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

defining how antigens are presented to helper T cells
to initiate immune responses. From these studies, it has
become apparent that only afew cell typesthat express
class II MHC molecules can function as APCsfor CD4"
T lymphocytes. In this section of the chapter, we
describe the APCs that are involved in activating CD4

T cells and the functions of these APCs in immune
responses to protein antigens.

Discovery of Antigen-Presenting Cells and
Their Role in Immune Responses

The responses of antigen-specific T lymphocytes to
protein antigens require the participation of antigen-
presenting cells (APCs), which capture and display the
antigens to T cells. This conclusion is based on severa
lines of experimental evidence.
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Figure 5-2 Antigen-presenting

cells are required for T cell IAntigen reCOgnition!

T cell response

Antigen

respond to a protein antigen by itself T cell !E %:%
present a peptide derived from the

activation.
purified CD4* T cells do not CD4+
but do respond to the antigen in the
presence of an antigen-presenting cell
(APC). The function of the APCs is to
antigen to the T cell. APCs also express [
costimulators that are important for T
cell activation; these are not shown.

~Antigen- - -
Peptide epitope of

presenting p
antigen presente
cell (APC) gby %PC

T cdls present in the blood, spleen, or lymph nodes
d individuds immunized with a protein antigen can
be activated by exposure to that antigen in tissue
culture. If contaminating dendritic cells macrophages,
and B cdls are removed from the cultures, the puri-
fied T lymphocytesdo not respond to the antigen, and
regoonsiveness can be restored by adding back den-
dritic cdlls macrophages, or B lymphocytes (Fig.5-2).
Such experimenta gpproaches are commonly used to
determinewhich cdll typesare abile tofunction ass ARCs
for the activation of T lymphocytes.

If an antigen istaken up by macrophagesor other ARCs
in vitro and then injected into mice, the amount
o cdl-associatedantigen required to induce aresponse
iS1000 timesless than the amount d the same antigen
requiredwhen administered by itsdf in acell-freeform.
In other words, cdl-associated proteinsare much more
immunogenic than are soluble proteins on a molar
bess The explandtion for this finding is that the
immunogenicform o the antigenisthe APC-associated
form,and only asmdl fraction o injected free antigen
ends up associated with ARCs in wive. This concept is
now being exploited to immunize patientswith cancer
agang their tumors by growing ARCs (specificaly den-
dritic cells) from these patients, incubating the ARCs
with tumor antigens, and injecting them back into the
patientsas acdl-basedvaccine.

APCs serve two important functionsin the activation
of CD4* T cdlls. First, APCs convert protein antigens to
peptides, and they display peptide-MHC complexesfor
recognition by the T cells. The conversion of nativepro-
teins to MHC-associated peptide fragments by APCs is
called antigen processing and is discussed later in the
chapter. Second, some APCs provide stimuli to the T
cell beyond those initiated by recognition of peptide-
MHC complexes by the T cell antigen receptor. These
stimuli, referred to as costimulators, are required for
the full responses of the T célls. The nature and mode
of action of costimulators are discussed further in
Chapters 6 and 8.

Toinduce a T cell response to a protein antigen in
a vaccine or experimentally, the antigen must be
administered with substances called adjuvants. Adju-
vants promote T cell activation by several mechanisms.

Adjuvants induce local inflammation and thus stimu-
late the influx of APCs to sites of antigen exposure.
Adjuvants activate APCs to increase the expression of
costimulators and to produce soluble proteins, called
cytokines, that stimulate T cell responses. Some adju-
vants may aso act on APCsto prolong the persistence
of peptide-MHC complexes on the cell surface. Protein
antigens administered in aqueous form, without adju-
vants, either fail toinduce T cell responses or induce a
state of unresponsiveness, called tolerance (see Chapter
10). Microbes produce substances that, like adjuvants,
elicit innate immune reactions that stimulate T cell
responses (see Chapter 12). In fact, many potent adju-
vants are products of microbes, such askilled mycobac-
teria. S is not possible to use most of these microbial
adjuvantsin humans because of the pathologic inflam-
mation that microbial products elicit. Attempts are
ongoing to develop adjuvantsfor clinical use, mainly to
maximize the immunogenicity of vaccines.

Types of Antigen-Presenting Cells for CD4*
Helper T Lymphocytes

The two requisite properties that alow a cell to func-
tion asan APCfor classIl MHC-restricted hel per T lym-
phocytesare the ability to processendocytosed antigens
and the expression of classII MHC gene products. Most
mammalian cellsare capable of endocytosing and pro-
teolytically digesting protein antigens, but only special-
ized cell populations normally express class T MHC
molecules.

The best dejned APCs for helper T Iymphocytes
are dendritic cells, mononuclear phagocytes, and B
lymphocytes, and they play different roles in T cell
responses (Fig. 5-3 and Table 5-3). Dendritic cellsare
the most effective APCsfor initiating T cell responses,
macrophages present antigens to differentiated (effec-
tor) CD4* T cellsin the effector phase of cell-mediated
immunity, and B lymphocytes present antigens to
helper T cells during humoral immune responses.
Dendritic cells, macrophages, and B lymphocytes have
also been called professional APCs, however, this term
is sometimes used to refer only to dendritic cells
because thisis the only cell type specialized to serve the
sole function of antigen capture and presentation.
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Figure 5-3 Functions of different antigen-presenting cells.
The three major types of antigen-presenting cells for CD4* T cells function to display antigens at

different stages and in different types of immune responses. Note that effector T cells activate

macrophages and B lymphocytes by production of cytokines and by expressing surface molecules;

these will be described in later chapters.

Table 5-3. Properties and Functions of Antigen-Presenting Cells
Cell type Expression of Principal function

Class Il MHC

Costimulators

Dendritic cells ( )
with maturation;

increased by IFN-y

Constitutive; increases | Constitutive; increases with
maturation; inducible bv IFN-v, | to protein antigens (priming)
CD40-CD40L mteractldns

Inltlatlon of T cell responses

Low or negative;,

Macrophages
inducible by IFN-y

lnduclble by LPS; IFN-y,
CD40-CD40L mteractlons

Efféttor phase of
cell-mediatedimmune responses

Constitutive;

B lymphocytes
YHIRIGRY increased by IL-4

Vascular Inducible by IFN-v;

endothelial cells

Induced by T cells
(CD40-CD40L interactions),
antiqen receptor cross-linking | responses (cognate T cell-B cell

Antigen presentation to CD4+
helper T cells in humoral immune

interactions)

Conshtutwe
constitutive in humans | (inducible in mice)

May promote activation of antigen-
specific T cells at site of
antigen exposure

Various Inducible by IFN-y '\(
epithelial and

mesenchymal cells

Dendriticcellsare present in lymphoid organs, in the
epithelia of the skin and gastrointestinal and respiratory
tracts, and in most parenchymal organs. These cellsare
identified morphologically by their membranous or
spinelike projections (Fig. 5-4). All dendritic cells are
thought to arise from bone marrow precursors, and
most, called myeloid dendritic cells, are related in
lineage to mononuclear phagocytes. Immature den-

Probably none

No known physiologic function

dritic cellsarelocated in the epitheliaof the skinand gas-
trointestinal and respiratory systems,which arethemain
portals through which microbes can enter. The proto-
types of immature dendritic cells are the Langerhans
cellsof the epidermis. Because of their long cytoplasmic
processes, L angerhans cells occupy as much as 25% of
thesurface areaof the epidermis, even though they con-
stitute lessthan 1% of the cell population. Thefunction

e ——
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Figure 5-4 Dendritic cells. N

A. Light micrograph of cultured dendritic
cells derived from bone marrow precursors.
(Courtesy of Dr. Y-J. Liu, DNAX, Palo Alto,
Calif.)

B. A scanning electron micrograph of a
dendritic cell, showing the extensive mem-
brane projections. (Courtesy of Dr. Y-J. Liu,
DNAX, Palo Alto, Calif.)

C, D. Dendritic cells in the skin, illustrated
schematically (C) and in a section of the skin
stained with an antibody specific for Langer-
hans cells (which appear blue in this immu-
noenzyme stain) (D). (The micrograph of the
skin is courtesy of Dr. Y-J.Liu, DNAX, Palo

Alto, Calif.)

E, F. Dendritic cells in a lymph node, illus-
trated schematically (E) and in a section of a
mouse lymph node stained with fluorescently
labeled antibodies against B cells in follicles
(green) and dendritic cells in the T cell zone
(red) (F). (The micrographis courtesy of Drs.
Kathryn Pape and JenniferWalter, University
of Minnesota School of Medicine, Min-
neapolis.)

|
Dendritic cell (Langerhans cell)
in epidermis: phenotypicallyimmature

| Dendritic cell in lymph node:
phenotypically mature

Follicle \

o epithelial dendritic cells is to capturc microbial
protein antigens and to transport the antigensto drain-
ing lymph nodes. During their migration to the lymph
nodes, the dendritic cells mature to become extremely
efficientat presenting antigens and stimulating naive T
cells. Mature dendritic cdllsresidein the T cell zones of
the lymph nodes, and in thislocation they display anti-
gensto theT cells. Theselymph node dendritic cellsare
caled interdigitating dendritic cellsor, smply,dendritic
cdls There are subsetsof dendritic cellsthat may be dis-
tinguished by the expression of various cell surface
markers. Studies are ongoing to determine whether
these subsetsare important in initiating different types
of T cell responses. The process of antigen capture by
dendritic cellsisdescribed morefully later.
Macrophages are APCs that actively phagocytose
large particles. Therefore, they play an important role
in presenting antigens derived from phagocytosed
infectious organisms such as bacteria and parasites. In
the effector phase of cell-mediated immunity, differen-
tiated effector T cells recognize microbial antigens on
Phagocytes and activate the macrophages to destroy
the phagocytosed microbes (see Chapter 13). Most
macrophages express low levels of classII MHC mole-

cules, and much higher levels are induced by the
cytokine interferon-? (IFN-y). This is a mechanism by
which IFN-y enhances antigen presentation and T cell
activation (see Chapter 4, Fig. 4-11).

B lymphocytes use their antigen receptors to bind
and internalize soluble protein antigens and present
processed peptides derived from these proteins to
helper T cells. The antigen-presenting function of B
cellsis essential for helper T cell-dependent antibody
production (see Chapter 9).

Vascular endothelial cells in humans express class
IT MHC moleculesand may present antigensto blood T
cellsthat have become adherent to the vessal wall. This
may contribute to the recruitment and activation of T
cellsin cell-mediated immune reactions (see Chapter
13). Endothelial cellsin graftsare aso targetsof T cells
reacting against graft antigens (seeChapter 16). Various
epithelial and mesenchymal cells may express class I1
MHC molecules in response to IFN-y. The physiologic
significance of antigen presentation by these cell popu-
lationsisunclear. Because they generally do not express
costimulators, it is unlikely that they play an important
role in most T cell responses. Thymic epithelial cells
condtitutively express classII MHC moleculesand play a
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specialized role in presenting peptide-MHC complexes
to maturing T cellsin the thymusas part of the selection
processesthat shape the repertoire of T cell specificities
(see Chapter 7).

Capture and Presentation of Protein
Antigens in Vivo

The responses of CD4* T cells are initiated in the
peripheral lymphoid organs, to which protein antigens
are transported after being collected from their portal
of entry (Fig.5-5).The common routes through which
foreign antigens, such as microbes, enter a host are the
skin and the epithelia of the gastrointestinal and respi-
ratory systems. In addition, microbial antigens may be
producedin any tissuethat has been infected. The skin,
mucosal epithelia, and parenchymal organs contain
numerous lymphatic capillaries that drain lymph from
these sites and into the regional lymph nodes. The
lymph drained from the skin, mucosa, and other sites

Skin Gastrointestinaltract

Microbe Epitheliu
%@/ r e/pte m
/)ﬂ]flgl‘zr’}@\m\ndritic cell-

i |

associated

antigen
Free
antigen
in tissue

Antigen that
enters blood
stream

Connective Venule

tissue
1
|

Respiratory tract

contains a sampling of all the soluble and particulate
antigens present in these tissues. Lymph nodes that are
interposed along lymphatic vessals act as filters that
sample the lymph at numerous points before it reaches
the blood (seeFig. 2-12, Chapter 2).Antigensthat enter
the blood stream may be similarlysampl ed by the spleen.

Immature dendritic cells that areresident in epithe-
lia and tissues capture protein antigens and transport
the antigens to draining lymph nodes (Fig.5-6). Imma-
ture dendritic cells express membrane receptors that
bind microbes, such asreceptorsfor mannose and Toll-
like receptors (seeChapter 12). Dendritic cellsusethese
receptors to capture microbial antigens, to endocytose
the antigens, and to begin to process the proteinsinto
peptides capable of binding to MHC molecules.
Microbes also stimulate innate immune reactions,
during which inflammatory cytokines are produced.
Thecombinationof microbesand cytokinesactivatesthe
dendritic cells. The cells lose their adhesiveness for
epithelia and begin to express a chemokine receptor

Spleen

Lymph
node

To circulation
and spleen

!

Figure 5-5 Routes of antigen entry.

Lymph node captures
antigen from epithelium
and connective tissue

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

Microbial antigens commonly enter
through the skin and gastrointestinal and
respiratory tracts, where they are captured by
dendritic cells and transported to regional
lymph nodes. Antigens that enter the blood
stream are captured by antigen-presenting cells

in the spleen.
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Figure 5-6 Role of dendritic cells in antigen capture and presentation.

Immature dendritic cells in the skin (Langerhans cells) capture antigens that enter through the
epidermis and transport the antigens to regional lymph nodes. During this migration, the dendritic
cells mature and become efficient antigen-presenting cells. The table summarizes some of the changes
during dendritic cell maturation that are important in the functions of these cells.

called CCRY that isspecificfor chemokines produced in
theT cell zonesof lymph nodes. The chemokinesattract
the dendritic cellsbearing microbial antigensinto the T
cell zones of the regional lymph nodes. (Recall that in
Chapter 2 we mentioned that naive T cellsalso express
CCR?7, and thisiswhy naive T cells migrate to the same

regions of lymph nodeswhere antigen-bearingdendritic
cells are concentrated.) Immature dendritic cells that
have encountered microbesand are transporting micro-
bial antigens to lymph nodes mature during this migra-
tion from cellswhosefunction isto capture antigen into
cellsthat are able to display antigensto naive T cellsand
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activate the cells. Mature dendritic cells express high
levelsof classII MHC moleculeswith bound peptides as
well as costimulatorsrequired for T cell activation. This
process of maturation can be reuroduced in vitro by
culturing bone marrow-derived immature dendritic
cellswith cytokines (such as tumor necrosisfactor and
granul ocyte-macrophage col ony-stimul atingfactor) and
microbial products (such as endotoxin). Thus, by the
time these cells become resident in lymph nodes, they
have developed into potent APCs. Naive T lymphocytes
that recirculate through lymph nodes encounter these
APCs T cellsthat are specificfor the displayed peptide-
MHC complexesare activated, and an immune response
isinitiated.

Dendritic cells are the most effective APCs for initi-
ating primary T cell responses, for several reasons. First,
dendritic cells are strategically located at the common
sites of entry of microbes and foreign antigens and in
organs that may be colonized by microbes. Second, den-
dritic cellsexpressreceptorsthat enable them to capture
microbes. Third, these cellsmigrate preferentially to the
T cell zonesof lymph nodes, through which naiveT lym-
phocytes circulate searching for foreign antigens.
Fourth, mature dendritic cells express costimulators,
which are needed to activate naive T cells.

Antigens may also be transported to lymph nodesin
soluble form. When lymph enters a lymph node
through an afferent lymphatic vessdl, it percolates
through the node. Here, the lymph-borne soluble
antigens can be extracted from the fluid by APCs, such
as dendritic cells and macrophages. Macrophages,
through phagocytosis, are particularly adept at extract-
ing particulate and opsonized antigens. B cellsin the
node may aso recognize and internalize soluble anti-
gens. Dendritic cells, macrophages, and B cells that
have taken up protein antigens can then process and
present these antigens to naive T cells and to effector
T cdls that have been generated by previous antigen
stimulation. Thus, APC populations in lymph nodes
accumul ate and concentrate antigens and display them
in a form that can be recognized by antigen-specific
CD4" T lymphocytes.

The collection and concentration of foreign anti-
gens in lymph nodes are supplemented by two other
anatomic adaptations that serve similar functions.
First, the mucosal surfaces of the gastrointestinal and
respiratory systems, in addition to being drained by
lymphatic capillaries, contain specialized collections of
secondary lymphoid tissue that can directly sample the
luminal contents of these organs for the presence of
antigenic material. The best characterized of these
mucosal lymphoid organs are Peyer's patches of the
ileum and the pharyngeal tonsils. Second, the blood
stream is monitored by APCsin the spleen for any anti-
gens that reach the .circulation. Such antigens may
reach the blood either directly from the tissues or by
way of the lymph from the thoracic duct.

In the effector phase of CD4* T cell responses, pre-
viously activated effector or memory cells may recog-
nize and respond to antigens in nonlymphoid tissues.
Foreign antigens can, of course, be produced in any
tissue that is infected or into which an antigen isintro-

duced. The effector phase of the immune response is
designed to eliminate the antigen in any tissue. Previ-
oudy activated T cells migrate to peripheral sites of
inflammation or infection, where antigens are pre-
sented by macrophages and other APCs. This process
will be described in more detail when we discuss cell-
mediated immunity (see Chapter 13). In humoral
immune responses, B lymphocytes that recognize anti-
gensinternalize and processthese antigens and present
peptides to differentiated helper T cells. This process
occurs modgtly in lymphoid organs and is described in
Chapter 9.

Presentation of Protein Antigens to
CD8" T Lymphocytes

All nucleated cells can present class | MHC-associ-
ated peptides, derived from cytosolic protein antigens,
to €D& T lymphocytes because all nucleated cells
express class | MHC molecules. Most foreign protein
antigens that are present in the cytosol are endoge-
nously synthesized, such as vira proteins in virus-
infected cells and mutated proteinsin tumor cells. All
nucleated cells are susceptible to vira infections and
cancer-causing mutations. Therefore, it is important
that the immune system be able to recognize cytosolic
antigens harbored in any cell type. Differentiated CD8*
T cells, which function as CTLs, are able to recognize
class |-associated peptides and to kill any antigen-
expressing cell. The ubiquitous expression of class |
molecules dlows class | -restricted CTLs to recognize
and eliminate any type of virus-infected or tumor cell.
Phagocytosed particulate antigens may also be recog-
nized by CD8" CTLs because some proteins may be
transported from phagocytic vesiclesinto the cytosol.

The induction of a primary CTL response poses a
special problem because the antigen may be produced
by acell type, such asavirus-infected or tumor cell, that
is not an APC. To be activated to proliferate and dif-
ferentiate into effector CTLs, naive CD8" T cells must
recognize class | -associated peptide antigens and also
encounter costimulatorson APCsor signals provided by
helper T cdls. It is likely that virus-infected or tumor
cellsare captured by APCs, such as dendritic cells, and
that the viral or tumor antigens are presented to naive
CD8' T cells by the APCs to initiate a primary response
(Fig.5-7). This processis called cross-presentation, or
cross-priming, to indicate that one cell type (the APC)
can present antigens from another cdl (the virus
infected or tumor cell) and prime, or activate, T cells
specific for these antigens. We will return to a discus-
sion of CTL responses in Chapter 13.

Cell Biology of Antigen Processing

The pathways of antigen processing convert protein
antigens derived from the extracellular space or the
cytosol into peptides and load these peptides onto
MHC molecules for display to T lymphocytes (Fig.
5-8). Our understanding of the cell biology of antigen
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Figure 5-7 Cross-presentation of antigens to CD8* T cells.

Cells infected with intracellular microbes, such as viruses, are captured by professional antigen-
presenting cells (APCs), particularly dendritic cells, and the antigens of the infectious microbes are
broken down and presented in association with the MHC molecules of the APCs. T cells recognize
the microbial antigens and costimulators expressed on the APCs, and the T cells are activated.
This example shows CD8* T cells recognizing class | MHC-associated antigens; the same cross-
presenting APC may display class Il MHC-associated antigens from the microbe for recognition
by CD4* helper T cells.
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Figure 5-8 Pathways of antigen processing and presentation.

In the class Il MHC pathway (top panel), extracellular protein antigens are endocytosed into vesi-
cles, where the antigens are processed and the peptides bind to class I MHC molecules. In the class
| MHC pathway (bottom panel), protein antigens in the cytosol are processed by proteasomes, and

peptides are transported into the endoplasmic reticulum (ER),

where they bind to class | MHC mole-

cules. Details of these processing pathways are in Figures 5-10 and 5-14. TAP, transporter associated
with antigen processing.
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processing has increased greatly since the 1980s with
the discovery and characterization of the moleculesand
organelles that generate peptides from intact proteins
and promote the assembly and peptide loading of MHC
molecules. Both class | and class IT MHC pathways of
antigen processing and presentation use subcellular
organelles and enzymes that have generalized protein
degradation and recycling functions that are not exclu-
svely used for antigen display (o the immune System. In
other words, both class| and classII MHC antigen pres-
entation pathways have evolved as adaptations of basic
cellular functions. The cellular pathways of antigen
processing are designed to generate peptides that have
the structural characteristics required for associating
with MHC moleculesand to place these peptides in the
same cellular location as the appropriate MHC mole-
cules with available peptide-binding clefts. Peptide
binding to MHC molecules occurs before cell surface
expression and is an integral component of the biosyn-
thesisand assembly of MHC molecules. In fact, peptide

association is required for the stable assembly and
surface expression of both dass | and class I MHC
molecules.

Protein antigens present in acidic vesicular com-
partments of APCs generate class |l -associated pep-
tides, whereas antigens present in the cytosol generate
class | -associated peptides. The different fatesof vesic-
ular and cytosolic antigens are due to the segregated
pathways of biosynthesis and assembly of cdass | and
classII MHC molecules (see Fig. 5-8).

This fundamental difference between vesicular and
cytosolic antigens was demonstrated experimentallyby
analyzing the presentation of the same antigen intro-
ducedinto APCs in different ways (Fig. 5-9). If aglob-
ular protein is added in soluble form to APCs and
endocytosed into the vesicles of the APCs, it is subse-
quently presented as class 11-associated peptides and is
recognized by antigen-specific CD4* T cells. In con-
trast, the same protein antigen produced in the cyto-

| Antigen presentationto:
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Antigen Antigen restricted CD4+ || restricted CD8+
uptake processing helper T cells || cytolytic T cells
(A)Endocytosis of Class | MHC
" extracellular foreign
protein antigen
-\—\I
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Class Il MHC bound to class Il MHC
® Ehdogenous syn“the;i;af ”  Processed peptide
foreign protein antigen bound to class | MHC
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Figure 5-9 Presentation of extracellular and cytosolic antigens.

When a model protein ovalbumin is added & an extracellular antigen to an antigen-presenting
cell that expresses both class | and class Il MHC molecules, ovalbumin-derived peptides are presented
only in association with class Il molecules (A). When ovalbumin is synthesized intracellularly as a result
of transfection of its gene (B), or when it is introduced into the cytoplasm through membranes made
leaky by osmotic shock (C), ovalbumin-derived peptides are presented in association with class | MHC
molecules. The measured response of class Il-restricted helper T cells is cytokine secretion, and the
measured response of class I-restricted CTLs is killing of the antigen-presenting cells.
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plasm of APCs as the product of a transfected gene, or
introduced directly into the cytoplasm of the APCs by
osmotic shock, is presented in the form of class I-
associated peptides that are recognized by CD8" T
cells.

The major comparative features of the class | and
class I MHC pathways of antigen presentation are
summarized in Table 5-4. In the following sections, we
describe these pathways individually in more detail.

processing of Endocytosed Antigens for
Class Il MHC-Associated Presentation

The generation of dass II MHC-associated peptides
from endocytosed antigens involves the proteolytic
degradation of internalized proteins in endocytic
vesicles and the binding of peptides to class II MHC
molecules in these vesicles. This sequence of events
isillustratedin Figure 5-10, and theindividual stepsare
described here.

1. UPTAKE OF EXTRACELLULAR PROTEINSINTO
VESICULAR COMPARTMENTS OF APCS

Most class 11-associated peptides are derived from
protein antigens that are captured and internalized

into endosomes by specialized APCs. The initia steps
in the presentation of an extracellular protein antigen
are the binding of the native antigen to an APC and
the internalization of the antigen. Different APCs can
bind protein antigensin several ways and with varying
efficiencies and gspecificities. Dendritic cells and
macrophages expressavariety of surface receptors that
recognize structures shared by many microbes (see
Chapter 12). Thus, these APCs bind and internalize
microbes efficiently. Macrophages also express recep-
tors for the Fc portions of antibodies and receptors
for the complement protein C3b, which bind antigens
with attached antibodies or complement proteins and
enhance their internalization. Another example of spe-
cific receptors on APCsis the surface immunoglobulin
on B cdlls, which, because of its high affinity for anti-
gens, can effectively mediate the internalization of
proteins present at very low concentrations in the
extracellular fluid (see Chapter 9).

After their internalization, protein antigens become
localized in intracellular membrane-bound vesicles
called endosomes. Endosomes are vesicles with acidic
pH that contain proteolytic enzymes. The endosomal
pathway of intracellular protein traffic communicates
with lysosomes, which are more dense membrane-
bound enzyme-containing vesicles. A subset of class II

Table 5-4. Comparative Features of Class Il and Class | MHC Pathways of Antigen

Processing and Presentation
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Figure 5-10 The class Il MHC pathway of antigen presentation.
The numbered stages in processing of extracellular antigens correspond to the stages described - o -

in the text. APC, antigen-presenting cell; CUP, class ll-associated invariant chain peptide; ER, =
endoplasmic reticulum; I, invariant chain. Figure 5-11 Antigen processing requires time and cellular metabolism and can be
mimicked by in vitro proteolysis.

If an antigen-presenting cell (APC) is allowed to process antigen and is then chemically fixed
(rendered metabolically inert) 3 hours or more after antigen internalization, it is capable of present-
ing antigen to T cells (A). Antigen is not processed or presented if APCs are fixed less than 3 hours
after antigen uptake (8). Fixed APCs bind and present proteolytic fragments of antigens to specific T
cells (C). The artificial proteolysis therefore mimics physiologic antigen processing by APCs. Effective
antigen presentation is assayed by measuring a T cell response, such as cytokine secretion. (Note that
this type of experiment is done with populations of antigen-specific T cells, such as T cell hybrido-
mas, which respond to processed antigens on fixed APCs, but that normal T cells require costimula-
tors that may be destroyed by fixation. Also, the time required for antigen processing is 3 hours in

The processed forms of most protein antigens that T
cells recognize can be artificially generated by prote-
olysisin the test tube. Macrophages thatare chemically
fixed or treated with chloroquine before they have
processed a protein antigen can effectively present
predigested peptide fragments of that antigen, butnot

MHC-rich endosomes plays a special role in antigen
processing and presentation by the class 11 pathway;
this is described next. Particulate microbes are inter-
nalized into vesiclescalled phagosomes, which may fuse
with lysosomes, producing vesicles called phagolyso-
somes or secondary lysosomes. Some microbes, such

as mycobacteria and Leishmania, may survive and
even replicate within phagosomes or endosomes,
providing a persistent source of antigens in vesicular
compartments.

2. PROCESSING OF INTERNALIZED PROTEINS IN
ENDOSOMAL AND LYSOSOMAL VESCLES

Internalized proteins are degraded enzymatically in
endosomes and |lysosomes to generate peptides, many
of which have the structural properties that enable
them to bind to the peptide-binding clefts of class 11
MHC molecules. The degradation of protein antigens
in vesiclesis an active process mediated by proteases
that have acidic pH optima.

The processing of soluble proteins by macrophages
(and other APCs) isinhibited by rendering the APCs
metabolically inert by chemical fixation (Fig. 5-11) or
by increasing the pH ofintracellular acid vesicles with
agents such as chloroquine.

Several types of proteases, notably cathepsins (see
following), are present in endosomes and lysosomes,
and specificinhibitors of these enzymesblock the pres-
entation of protein antigens by APCs.

the intact protein, to specific T cells (see Fig. 5-11).

The enzymes that degrade protein antigensin the
endosomes are not fully defined. The most abundant
proteases of endosomes are cathepsins, which are thiol
and aspartyl proteaseswith broad substrate specificities.
Cathepsins may play an important role in generating
peptides for the classII pathway. Knockout micelacking
cathepsin S show defects in class11-associated antigen
presentation.

Although most class I MHC-binding peptides are
derived from proteins internalized from the extracel-
lular milieu, cytoplasmic and membrane proteins may
adso occasionally enter the class II pathway. In some
cases, this may result from the normal cellular pathway
for the turnover of cytoplasmic contents, referred to as
autophagy, In this pathway, cytoplasmic proteins are
trapped within endoplasmic reticulum (ER)-derived
vesiclescalled autophagosomes; these vesiclesfuse with
lysosomes, and the cytoplasmic proteins are proteolyti-
cally degraded. The peptides generated by this route
may be delivered to the same class11-bearing vesicular
compartment as are wewtides derived from extracellu-
lar antigens. Some peptides that associate with class1I

this experiment, but it may be different with other antigens and APCs)

imolecules are derived from membrane proteins. Before
they are expressed on the surface, these proteins may
have ready access to class II MHC molecules because
they would be synthesized and transported through the
same ER-Golgi compartments as the classII molecules.
Itis also possible that after cell surface expression, some
membrane proteins reenter the cell by the same endo-
cytic pathway as extracellular proteins. Thus, even
viruses, which replicate in the cytoplasm of infected
cells, may produce cytoplasmic and membrane proteins
that are degraded into peptides that enter the classII
MHC pathway of antigen presentation. This may be a
mechanism for the activation of viral antigen—specific
CD4" helper T cells.

3. BIOSYNTHESIS AND TRANSPORT OF CLASS II
MHC MOLECULESTO ENDOSOMES

Class II MHC molecules are synthesized i n the ER and
transported to endosomes with an associated protein
called the invariant chain (I,), which occupies the
beptide-binding clefts of the newly synthesized class 11

e

molecules. Theaand  chainsof classII MHC molecules
are coordinately synthesized and associate with each
other in the ER. Nascent classII dimersare structurally
unstable, and their folding and assembly are aided by
ER-resident chaperones, such ascalnexin. The nonpoly-
morphic I; also associateswith the class11 MHC o het-
erodimersinthe ER. Thel;isatrimer composed of three
30-kD subunits, each of which binds one newly synthe-
sized classII o heterodimer in awey that interfereswith
peptide loading of the cleftformed by thea and § chains
(Fig.5-12). Asaresult, classIT MHC molecules cannot
bind and present peptides they encounter in the ER,
leaving such peptides to associate with class| molecules.
TheT; may aso promote folding and assembly of classII
moleculesand direct newly formed classII moleculesto
the specialized endosomal vesicles where internalized
proteins have been proteolytically degraded into pep-
tides. During their passage toward the cell surface, the
exaocytic vesicles transporting class IT molecules out of
the ER meet and fuse with the endocytic vesicles con-
taining internalized and processed antigens. The net
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Figure 5-12 The functions of class Il MHC-associated invariant chains and HLA-DM.

Class Il molecules with bound invariant chain, or CLIP, are transported into vesicles (the MIIC/CIIV),
where the CLIP is removed by the action of DM. Antigenic peptides generated in the vesicles are then
able to bind to the class Il molecules. Another class Il-like protein, called HLA-DO, may regulate the
DM-catalyzed removal of CUP. CIV, class Il vesicle; CLP, class ll-associated invariant chain peptide;
ER, endoplasmic reticulum; I,, invariant chain; MIIC, MHC class 1l compartment.

result of thissequence of eventsisthat classII molecules
enter thevesiclesthat also contain peptides generated by
proteolysisof endocytosed proteins.

Immunoel ectron microscopy and subcellular frac-
tionation studies have defined a class 11-rich subset
of endosomes that plays an important role in antigen
presentation (Fig. 5-13). In macrophages and human
B cdls, it is called the MHC class II compartment, or
MIIC. (In some mouse B cells, a similar organelle
containing class II molecules has been identified and
named the classII vesicle [ClIV].) The MIIC hasachar-
acteristic multilamellar appearance. Importantly, it con-
tains al the components required for peptide-class
IT association, including the enzymes that degrade
protein antigens, the class1I molecules, theT; (orinvari-
ant chain-derived peptides), and a molecule called
human leukocyte antigen DM (HLA-DM) whose func-
tion is described next.

APCs from knockout mice lacking the I; show defec-
tive presentation of some protein antigens but are still
able to present class 11-associasted peptides derived
from a wide variety of proteins. This suggests that the
importance of the I; may vary according to the antigen
being presented.

4. ASSOCIATION OF PROCESSED PEPTIDES WITH
CLASSII MHC MOLECULESIN VESCLES

Within the MZIC, the I; is removed from class II MHC
molecules by the combined action of proteolytic
enzymes and the HLA-DM molecule, and antigenic
peptides are then able to bind to the available peptide-
binding clefts of the class II molecules. Because the I;
blocks access to the peptide-binding cleft of a class II
MHC molecule, it must be removed before compl exesof
peptide and class II molecules can form. The same
proteolytic enzymes, such as cathepsin S, that generate
peptides from internalized proteins aso act on the I;,
dcgrading it and leaving only a 24-amino acid remnant
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A Immunoelectronmicrographof a  lymphocytethat has inter-
nalized bovine serum albumin into early endosomes (labeled with
5-nm gold particles, arrow) and contains class || MHC molecules
(labeled with 10-nm gold particles) in MIICs (arrowheads). The inter-
nalized albumin will reach the MIICs ultimately. (From Kieijmeer M|,
S Morkowski, JMCriffith, AY Rudensky, and HJ Geuze. Major histo-
compatibility complex class [l compartments in human and mouse
B lymphoblasts rewresent conventional endocytic comwartments.
The Journal of Cell Biology 139:639-649, 1997, by copyright per-
mission of The Rockefeller University Press)

B. Immunoelectron micrograph of cell showing location of
class Il MHC moleculesand DM in MIICs (stars) and invariant chain
concentratedin the Colgi (G) complex. In this example, there is vir-
tually no invariant chain detected in the MIIC, presumably because
it has been cleaved to generate CLIP. (Photographs courtesy of Drs.
H. J. Ceuze and M. Kleijmeer, Department of Cell Biology, Utrecht
University, The Netherlands.)
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called dass ll-associated invariant chain peptide
(CLIP). X-ray crystallographic analysis has shown that
the CLIPsitsin the peptide-binding cleftin the sameway
that other peptides bind to class II MHC molecules.
Therefore, removal of CLIP is required before the cleft
becomesaccessibleto peptides produced from extracel-
lular proteins. This is accomplished by the action
of a molecule called HLA-DM (or H-2M in the mouse),
which isencodedwithin the MHC, hasastructuresimilar
to that of classII MHC molecules, and colocalizes with
class II moleculesin the MIIC compartment. HLA-DM
moleculesdiffer from classII MHC moleculesin severa
respects: they are not polymorphic, they do not associate
with thel;, and they are not expressed on the cell surface.
HLA-DM acts as a peptide exchanger, facilitating the
removal of CLIP and the addition of other peptides to
cassII MHC molecules (seeFig. 5-12).

The criticd roe d HLADM is demondgrated by
the finding that mutant cdl lines that lack DM, and
knockout mice that lack the homologous mouse
protein H-2Vl, are defective in presenting peptides
deived from extracdlular proteins. When dass I
MHC molecules are isolated from these DM-mutant
cdl lines or from ARCs from H2M knockout mice,
they arefound to have CLIP dmogt exdusvdy in their
peptide-binding clefts, cons stentwith arolefor CM in
removing CLIP. Transfectiond the gene encoding CM
into these mutant cdl lines restores norma dass I1-
asociated antigen presentation.

Once CLIP is removed, peptides generated by pro-
teolysis of internalized protein antigens are able to bind
to dassII MHC molecules. The HLA-DM molecule may
accelerate the rate of peptide binding to class II mole-
cules. Because the ends of the class I MHC peptide-
binding cleft are open, large peptides or even unfolded
whole proteins may bind, yet the sze of peptides eluted
from cell surface class II MHC molecules is usually
restricted to 10 to 30 amino acids. It is possible that
larger polypeptidesinitialy bind to class1II MHC mole-
culesand are then "trimmed" by proteolytic enzymesto
the appropriate szefor T cell recognition.

B lymphocytes, but not other APCs, express another
nonpolymorphic class 11-like heterodimer called HLA-
DO. Much of the DO in the cell isfound in association
with DM, suggesting that the DO molecule may regu-
late the efficiency of antigen presentation or the types
of peptides that are generated in B cells. However, DO
is clearly not required for antigen processing, and its
function remains poorly defined.

5. EXPRESSION OF PEPTIDE-CLASS II
PLEXES ON THE APC SURFACE

Class 11 MHC molecules are stabilized by the bound
Peptides, and the stable peptide-classII complexes are
delivered to the surface of the APC, where they are dis-
Played for recognition by €CD4* T cells. The require-
ment for bound peptide to stabilize class II MHC
molecules ensures that only properly loaded peptide-
MHC complexes will survive long enough to get dis
played on the cell surface. A similar phenomenon
occurs in class| MHC assembly. Once expressed on the

COM-

APC surface, the peptide—class IT complexes are recog-
nized by specific CD4* T cells, with the CD4 coreceptor
playing an essential role by binding to nonpolymorphic
regions of the class II molecule. The dow off-rate and
therefore long haf-life of peptide-MHC complexes
increase the chance that a T cell specific for such a
complex will make contact, bind, and be activated by
that complex. Interestingly, while peptide-loaded class
IT molecules traffic from the MIIC vesicular compart-
ment to the cell surface, other molecules involved in
antigen presentation, such asDM, stay in thevesicleand
are not expressed as membrane proteins. The mecha
nism of thisselective traffic is unknown.

Very small numbers of peptide-MHC complexes are
capable of activating specific T lymphocytes. Because
APCs continuously present peptides derived from all
the proteins they encounter, only a very small fraction
of cell surface peptide-MHC complexeswill contain the
same peptide. Furthermore, most of the bound pep-
tideswill be derived from normal self proteins because
there is no mechanism to distinguish self proteinsfrom
foreign proteins in the process that generates the
peptide-MHC complexes. This is borne out by studies
in which class II MHC molecules are purified from
APCsfrom normal individualsand the bound peptides
are eluted and sequenced; it is seen that most of these
peptides are derived from sdlf proteins. These findings
raise two important questions that were introduced in
Chapter 4. First, how can aT cell recognize and be acti-
vated by any foreign antigen when it encounters only
ARCs that are predominantly displaying sdf peptide-
MHC complexes?The answer isthat T cellsare remark-
ably sensitiveand need to specificallyrecognize very few
peptide-MHC complexes to be activated. It has been
estimated that asfew as 100 complexes of a particular
peptide with aclassII MHC molecule on the surface of
an APC can initiate a specific T cell response. This
represents less than 0.1% of the total number of
class IT molecules likely to be present on the surface
of the APC. Thus, a newly introduced antigen may be
processed into peptides that load enough MHC mole-
culesof APCsto activate T cellsspecificfor that antigen,
even though most of the MHC molecules are occupied
with saf peptides. In fact, the ability of APCs to inter-
nalize, process, and present the heterogeneous mix of
«f proteins and foreign proteins ensures that the
immune system will not miss transient or quantitatively
small exposures to foreign antigens. Second, if individ-
uals process their own proteins and present them in
associationwith their own classII MHC molecul es, why
do we normally not develop immune responses against
«df proteins? The answer is that sdf peptide-MHC
complexesareformed but do not induce autoi mmunity
because T cells specific for such complexes are del eted
or inactivated. | n other words, T cellsare tolerant to self
antigens (see Chapter 10).

Processing of Cytosolic Antigens for Class |
MHC-Associated Presentation

Class | MHC-associated peptides are produced by
the proteolytic degradation of cytosolic proteins, the
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transport of the generated peptides into the ER, and
the binding to newly synthesized class| molecules. This
sequence of eventsisillustrated in Figure 5-14, and the
individual steps are described here.

1. PRODUCTION OF PROTEINSIN THE CYTOSOL

The peptides that are presented bound to class| MHC
molecules are derived from cytosolic proteins, most
of which are endogenously synthesized in nucleated
cells. Foreign antigens in the cytosol may be the
products of viruses or other intracellular microbes that
infect such cells and synthesize their own proteins
during their life cycle. (Many normal sdf proteins are
also present in the cytosol, from which they may enter
the class| pathway.) In tumor cells, mutated sdf genes
or oncogenes often produce protein antigens that are
recognized by class|-restricted CTLs (see Chapter 17).
Peptides that are presented in association with class |
mol ecules may also be derived from microbes and other
particulate antigens that are phagocytosed into phago-
somes. Some microbes are able to damage cellular
membranes and create pores through which the
microbes and their antigens may exit phagosomes and
enter the cytosol. For instance, pathogenic strains of
Listeria monocylogenes produce a protein, called listeri-
olysin, that enablesbacteria to escapefrom vesiclesinto
the cytosol. (This escape is a mechanism that the bac-
teria have evolved to resist killing by the microbicidal
mechanisms of phagocytes, most of which are limited
to phagolysosomes; see Chapter 12.) Once the antigens
of the phagocytosed microbes are in the cytosol, they
are processed like other cytosolic antigens.

2. PROTEOLYTIC DEGRADATION OF CYTOSOLIC
PROTEINS

The major mechanism for the generation of peptides
from cytosolic protein antigens is proteolysis by the
proteasome. The proteasome is a large multiprotein
enzyme complex with a broad range of proteolytic
activity that isfound in the cytoplasm of most cells. A
700-kD form of proteasome appears as a cylinder com-
posed of a stacked array of two inner and two outer
rings, each ring being composed of seven subunits.
Three of the seven subunits are the catalytic sites for
proteolysis. A larger, 1500-kD proteasome is likely to
be most important for generating class |-binding
peptides and is composed of the 700-kD structure plus
several additional subunits that regulate proteolytic
activity. Two catalytic subunits present in many 1500-kD
proteasomes, called LMP-2 and LMP-7, are encoded
by genes in the MHC and are particularly important
for generating class | -binding peptides.

The proteasome performs a basic housekeeping
function in cells by degrading many different cytoplas-
mic proteins. These proteins are targeted for proteaso-
mal degradation by covalent linkage of several copies
of asmall polypeptide called ubiquitin. After ubiquiti-
nation, the proteins are unfolded, the ubiquitin is
removed, and the proteins are "threaded" through pro-
teasomes. The proteasome has broad substrate speci-
ficity and can generate awide variety of peptides from
cytosolic proteins (but usualy does not degrade pro-
teins completely into single amino acids). Interestingly,
in cels treated with the cytokine IFN-y, there is
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Figure 5-14 The class | MHC pathway of antigen presentation.
The numbered stages in the processng d cytosolic proteins correspond to the stages described
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increased transcription and synthesis of LMP2 and
LMP-7, and these proteins replace two of the subunits
of the proteasome. This results in a change in the
substrate specificity of the proteasome so that the pep-
tides produced are 6 to 30 residues long and usually
contain carboxyl terminal basic or hydrophobic amino
acids. Both features are typica of peptides that are
transported into the class | pathway and that bind
to class | molecules (often after further trimming).
This is one mechanism by which IFN-y enhances
antigen presentation. Thus, proteasomes are excellent
examples of organelles whose basic cellular function
has been adapted for a specialized role in antigen
presentation.

Many lines of evidence have conclusively established
that proteasomal degradation of cytosolic proteins is
required for entry into the class | antigen-processing
pathway.

Specificinhibitors of proteasomal function block pres-
entation of a cytoplasmic protein to class |
MHC-restricted T cells specific for a peptide epitope
of that protein. However, if the peptide that is recog-
nized by the CTLs is synthesized directly in the cyto-
plasm of a cell as the product of a transfected
minigene, the peptide is presented and the cell can be
killed by the CTLs. In thissituation, presentation of the
peptide is not blocked by inhibitors of proteasomal
enzymes, indicating that once antigens are converted
to cytosolic peptides, they no longer need proteasomal
degradation.

In some cell lines, inhibition of ubiquitination aso
inhibits the presentation of cytoplasmic proteins to
class | MHC-restricted T cells specific for a peptide
epitope of that protein. Conversaly, modification of
proteins by attachment of an N-terminal sequence that
is recognized by ubiquitin-conjugating enzymes leads
to enhanced ubiquitination and more rapid class |
MHC-asociated presentation  of peptides derived
from those proteins.

Micein which the genes encoding sel ected subunits of
proteasomes (LMP-2 or LMP-7) are deleted show
defectsin the generation of CTLsagainst someviruses,
presumably because of defective class |-associated
presentation of vira antigens.

Thus, the proteolytic mechanisms that generate anti-
genic peptides that bind to dass | MHC molecules are
different from the mechanisms described earlier for
peptide-classII MHC molecule associations. Thisisaso
evident from the observation that agents that raise
endosomal and lysosomal pH, or directly inhibit endo-
somal proteases, block class 11-restricted but not class
| -restricted antigen presentation, whereasinhibitors of
ubiquitination or proteasomes selectively block classI-
restricted antigen presentation.

Some protein antigens apparently do not require
ubiquitination or proteasomes to be presented by the
class | MHC pathway. This may be because other, less
well defined mechanisms of cytoplasmic proteolysis
exigt. In addition, some class | MHC molecules bind
Peptides that may be generated by proteolytic enzymes
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resident in the ER. For example, the signal sequences
of membrane and secreted proteins are usually de-
graded proteolytically in the ER during translation of
these proteins. This ER degradation generates class
| -binding peptides without aneed for proteolysisin the
cytosol.

3. TRANSPORT OF PEPTIDES FROM THE CYTOSOL
TOTHE ER

Peptides generated in the cytosol are translocated by
a specialized transporter into the ER, where newly
synthesized class | MHC molecules are available to
bind the peptides. Because antigenic peptides Tar the
class| pathway are generated in the cytosol, but class |
MHC molecules are synthesized in the ER, a mecha-
nism must exist for delivery of cytosolic peptides into
the ER. The initial insightsinto this mechanism came
from studies of cell lines that are defective in assem-
bling and displaying peptide-class | MHC complexes
on their surfaces. The mutations responsible for this
defect turned out to involve two genes located within
the MHC that are homologous to the ABC transporter
family of genes, which encode proteins that mediate
adenosine triphosphate (ATP)-dependent transport of
low molecular weight compounds across cellular mem-
branes. The genesin the MHC: that belong to thisfamily
encode the two chains of a heterodimer called the
trangporter associated with antigen processing (TAP).
(Interestingly, the TAPI and TAP2 genes are next to the
genesencoding LMP-2 and LMP-7 in the MHC, and the
synthesis of the TAP protein is also stimulated by IFN-
v.) The TAP protein islocated mainly in the ER, where
it mediates the active, ATP-dependent transport of pep-
tides from the cytosol into the ER lumen (Fig. 5-15).
Although the TAP heterodimer has a broad range of
specificities, it optimally transports peptides ranging
from 6 to 30 amino acidslong and containing carboxyl
termini that are basic (in humans) or hydrophobic (in
humans and mice). As mentioned before, the protea-
some generates peptides with thesefeatures. Therefore,
the TAP dimer déelivers to the ER peptides of the right
size and characteristics for binding to class | MHC
molecules.

TAP-deficient cell lines, and mice in which the
TAPI gene is deleted, show defects in class | MHC
expression and cannot effectively present class I-asso-
ciated antigens to T cells. The class| MHC molecules
that do get expressed in TAP-deficient cells have
bound peptides that are mostly derived from signal
sequences of proteins destined for secretion or mem-
brane expression. As mentioned before, these signal
sequences may be degraded to peptides within the ER,
without a requirement for TAP.

Rare examples of human TAPI and TAP2 gene muta-
tions have been identified, and the patients carrying
these mutant genes aso show defective class| MHC—-
associated antigen presentation and increased suscep-
tibility to infections with some bacteria.

On the luminal side of the ER membrane, the
TAP protein is noncovalcntly attached to newly
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Figure 5-15 Role of TAP in
class | MHC-associated anti-
gen presentation.

In a cell line lacking functional
TAP, class | molecules are not effi-
ciently loaded with peptides and

- Degradation
of unstable

class | molecules
Class |

peptides
transported -

Peptides in cytosol:
failure to enter ER

synthesized class | MHC molecules by a linker
protein called tapasin. Thus, the class | molecule
is strategically located at the site where it can receive
peptides.

4. ASSEMBLY OF PEPTIDE-CLASS 1 MHC COM-
PLEXESIN THE ER

Peptides translocated into the ER bind to class| MHC
molecules that are attached to the TAPdimer. The syn-
thesis and assembly of class| moleculesinvolve a mul-
tistep processin which peptide binding playsakey role.
Class| o chains and By-microglobulin are synthesizedin
the ER. Appropriate folding of the nascent a chains
is assisted by various ER chaperone proteins, such as
calnexin and calreticulin. Within the ER, the newly
formed "empty" class | dimers remain attached to the
TAP complex by tapasin. When peptide enters the ER
via TAP, the peptide binds to the cleft of the associated
class| molecule. The peptide-class | complex is then
released from tapasin, and it is able to exit the ER and
be transported to the cell surface. In the absence of
bound peptide, many of the newly formed a chain—f,-
microglobulin dimers are unstable, cannot be trans
ported out of the ER efficiently, and are presumably
degraded in the ER (see Fig. 5-15).

Peptides transported into the ER preferentially
bind to class I, but not class I, MHC molecules, for
two reasons. First, newly synthesized class| molecules
are attached to the luminal aspect of the TAP complex,
ready to receive peptides. Second, as mentioned previ-
ously in the ER the peptide-binding clefts of newly
synthesized class II molecules are blocked by the
associated 1.

5. SURFACE EXPRESSION OF PEPTIDE-CLASS |
COMPLEXES

ClassI MHC molecules with bound peptides are struc-
turally stable and are expressed on the cell surface.
Stable peptide-class| MHC complexes that were pro-
duced in the ER move through the Golgi complex and

- Transport and surface expression -
of peptide-loaded stable
class | molecules a

Cytosolic <

into ER by TAP

are degraded, mostly inthe endoplas-
mic reticulum(ER). Whenafunctional
TAP gene is transfected into the cell
line, normal assembly and expression
of peptide-associated class | MHC
molecules are restored. Note that the
TAP dimer may be attached to class |
molecules by a linker protein called
tapasin, which is not showninthisand
other illustrations. TAP, transporter
associated with antigen processing.

are transported to the cell surface by exocytic vesicles.
Once expressed on the cell surface, the peptide—class|
complexes may be recognized by peptide antigen—
specific CD8' T cells, with the CD8 coreceptor playing
an essential role by binding to nonpolymorphic regions
of the class| molecule. In later chapters, we will return
to adiscussion of the role of class|-restricted CTLSin
protectiveimmunity. Several viruses have evolved mech-
anisms that interfere with class | assemblv and peptide
loading, emphasizing the importance of this pathway
for antiviral immunity (see Chapter 15).

Physiologic Significance of
MHC-Associated Antigen
Presentation

So far, we have discussed the specificity of CD4" and
CD8* 1 lymphocytes for MHC-associated foreign pro-
tein antigens and the mechanisms by which complexes
of peptides and MHC molecules are produced. In this
section, we consider the impact of MHC-associated
antigen presentation on the role that T cells play in
protective immunity, the nature of T cell responses to
different antigens, and the typesof antigensthat T cells
recognize.

T Cell Surveillance for Foreign Antigens

Thedassl and classII pathwaysof antigen presentation
sample available proteinsfor display to T cells. Most of
these proteins are sdf proteins. Foreign proteins are
relatively rare; these may be derived from infectious
microbes, other foreign antigens that are introduced,
and tumors. T cells survey all the displayed peptides
for the presence of these rare foreign peptides and
respond to the foreign antigens (Fig. 5-16). MHC
molecul es sample both the extracellular space and the
cytosol of nucleated cells, and thisisimportant because
microbes may reside in both locations. Even though
peptides derived from foreign (e.g., microbial) anti-
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Figure 5-16 T cells survey

APCs for foreign peptides. APC ' MHC T cells survey T cell
Antigen-presenting cells | containing self molecules cell surface; response
§AP0_3) preste,gt self peptltdzs artlﬁ and foreign display peptides || can recognize only to foreign
oreign peptides associated wi i i i i
MHC . mobcules, and T cells pe.ptldes on cell surface || foreign peptides peptides

respond to the foreign peptides. In
response to infections, APCs also
express costimulators (not shown) Self
that activate T cells specific for the
microbial antigens.

Foreign

gens may not be abundant, these foreign antigens are
recognized by the immune system because of the exqui-
dte sengtivity of T cells. In addition, infectious agents
stimulate the expression of costimulators on APCs that
enhance T cell responses, thusensuring that T cellswill
be activated when microbes are present.

Nature of T Cell Responses

The expression and functions of MHC mol eculesdeter-
mine how T cellsrespond to different types of antigens
and mediate their effector functions.

The presentation of endosomal versus cytosolic
proteins by the class IT or class I MHC pathways,
respectively, determines which subsets of T cells
will respond to antigens found in these two pools
o proteins (Fig. 5-17). Extracellular antigens
usually end up in the endosomal pool and activate
class11-redtricted CD4" T cells because the pathways
by which extracellular proteins are internalized con-
verge with the pathway of classII expression. These
CD4* T cellsfunction as helpers to stimulate effec-
tor mechanisms, such as antibodies and phagocytes,
that serve to eliminate extracellular antigens. Con-
verssly, endogenously synthesized antigens are
present in the cytoplasmic pool of proteins, where
they are inaccessible to antibodies and phagocytes.
These cytosolic antigens enter the pathway for
loading class | molecules and activate cass I-
restricted CD8" CTLs, which kill the cells producing
the intracellular antigens. The expression of class T
moleculesin al nucleated cells ensuresthat peptides
from virtually any intracellular protein may be dis-
played for recognition by CD8" T cells. Thus, anti-
gens from microbes that reside in different cellular
locations sdlectively stimulate the T cell responses
that are most effective at eliminating that type of
microbe. This is especially important because the
antigen receptors of helper T cellsand CTLs cannot
distinguish between extracellular and intracellular

i)

| Absence of

/  cells responsive |
t_lp self peptides _;
|
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|

microbes. By segregating peptides derived from
these types of microbes, the MHC molecules guide
these subsets of T cells to respond to the microbes
that each subset can best combat.

The unique specificity of T cells for cell-bound anti-

gens is essential for the functions of T lymphocytes,
which are largely mediated by interactions requir-

ing direct cell-cell contact and by cytokines that act
at short distances. APCs not only present antigens
to T lymphocytes but also are the targets of T cell
effector functions (see Fig. 5-17). For instance,
macrophages with phagocytosed microbes present
microbial antigens to CD4* T cells, and the T cells
respond by activating the macrophages to destroy
the microbes. B lymphocytes that have specifically
bound and endocytosed a protein antigen present
peptides derived [rom that antigen to helper T cells,
and the T cells then stimulate the B lymphocytes to
produce antibodies against the protein. B lympho-
cytes and macrophages are two of the principal cell
types that express class II MHC genes, function as
APCsfor CD4" helper T cells, and focus helper T cell
effects to their immediate vicinity. Similarly, the
presentation of class |-associated peptides alows
CD8" CTLs to detect and respond to antigens pro-
duced in any nucleated cell and to destroy these
cells. We will return to a fuller discussion of these
interactionsof T cellswith APCswhen we discuss the
effector functions of T cellsin later chapters.

Immunogenicity of Protein Antigens

MHC molecules determine the immunogenicity of
protein antigens in two related ways

The epitopes of complex proteins that are most
likely to elicit T cell responses are often the pep-
tides that are generated by proteolysis in APCs and
bind most avidly to MHC molecules. If an individ-
ual is immunized with a multideterminant protein
antigen, in many instances the majority of the
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Figure 5-17 Presentation of extracellular and cytosolic antigens to different subsets of

T cells.

A. Extracdlular antigens are presented by macrophages or B lymphocytes to CD4* hdper T
lymphocytes, which activate the macrophages or B odls and diminate the extracdlular antigens.
B. Cytosdlic antigensare presented by nudeated cdlsto CD8* CTLs, which kill (lyse) the antigen-

expressing cdls

responding T cells are specific for one or a few
linear amino acid sequences of the antigen. These
are called the immunodominant epitopes or deter-
minants. The proteases involved in antigen pro-
cessing produce a variety of peptides from natural
proteins, and only some of these peptides possessthe
characteristics that enable them to bind to the MHC
molecules present in each individual (Fig. 5-18).

In H-2* mice immunized with the antigen hen egg
lysozyme (HEL), a large proportion of the HEL-
specific T cells are specific for one epitope formed by
residues 52-62 of HEL in association with the I-A* dass
II molecule. Thisis because the HEL(52-62) peptide
binds to I-A* better than do other HEL peptides. In
vitro, if |-A¥~expressing APCs are incubated with HEL,
up to 20% of the I-A* molecules may get |oaded with
this one peptide. Thus, the 52-62 peptide is the
immunodominant epitope of HEL in H-2* mice. This
approach has been used to identify immunodominant
epitopes of many other protein antigens. In inbred
mice infected with a virus, such as the lymphocytic
choriomeningitis virus, al thevirus-specific T cellsthat
are activated may be specific for asfew as two or three
viral peptides recognized in association with one of the
inherited class| alleles. Smilarly, in humans infected

with the human immunodeficiency virus, individual
patients contain T cells that recognizc asmall number
of viral epitopes. The same phenomenon has been
seen with many viruses and intracellular bacteria.
These results imply that even complex microbes
produce very few peptides capable of binding to any
one alelic MHC molecule.

It is important to define the structural basis of
immunodominance because this may permit the effi-
cient manipulation of the immune system with syn-
thetic peptides. An application of such knowledgeis
the design of vaccines. For example, avira protein
could be analyzed for the presence of amino acid
sequences that would form typica immunodomi-
nant epitopes capable of binding to MHC molecules
with high affinity. Synthetic peptides containing
these epitopes may be effective vaccinesfor eliciting
T cell responses against the viral peptide expressed
on an infected cell.

The expression of particular class II MHC alleles
in an individual determines the ability of that
individual to respond to particular antigens. The
phenomenon of genetically controlled immune
responsivenesswasintroduced in Chapter 4. We now
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Internalization
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Figure 5-18 Immunodominance of peptides.

; Antigen multiple peptides, T cells respond to
?,];t%nﬂ%% procossing| | one of which can bind | | "4 doedg”’;{gagt
to class Il allele PER pitop
Multiple Immunodominant
peptide @\ epitope
epitopes

Protein antigens are processed to generate multiple peptides; immunodominant peptides are the
ones that bind best to the availabledass ' and dass!l MHC molecules The illugtration shows an extra:
cdlular antigen generating a dass 11-binding peptide, but this dso gpplies to peptides d cytosolic
antigensthat are presented by dass ' MHC molecules. ARG, antigen-presenting cdl.

know that the immune response (Ir) genes that
control antibody responses are the class II MHC
structural genes. They influence immune respon-
sveness because various alelic cass II MHC mole-
culesdifferin their ability to bind different antigenic
peptides and therefore to stimulate specific helper T
cels.

H-2* mice are responders to HEL(52-62), but H-2¢
mice are nonresponders to this epitope. Equilibrium
didyds experiments have shown that HEL (52-62)
binds to I-A* but not to I-A* molecules. X-ray crystallo-
graphic analysisof peptide-MHC complexesshowsthat
the HEL (52-62) peptide binds tightly to the peptide-
binding cleft of the I-A* molecule (see Chapter 4, Fig.
4-9). Modeling studies indicate that the HEL (52-62)
peptide cannot bind tightly to the cleft of the I-A® mol-
ecule (which hasdifferent amino acidsin the binding
cleftthan does I-AY). Thisexplainswhy the H-2¢ mouse
isa nonresponder to thispeptide. Similar results have
been obtained with numerous other peptides.

These findings support the determinant selection
mode of MHC-linked immune responses. This
model, which was proposed many years before the
demonstration of peptide-MHC binding, states that
the products of MHC genesin each individual select
which determinants of protein antigens will be
immunogenic in that individual. We now realize that
the structural basis of determinant selection and Ir
genefunction issmply the ability of individual MHC
moleculesto bind some but not al peptides. Most Ir
gene phenomena have been studied by measuring
helper T cell-dependent responses, but the same
principles gpply to CTLs. Individuals with certain
MHC alleles may be incapable of generating CTLs
Agamst some viruses. In thissituation, of course, the
ir genes will map to one of the class| MHC loci.

_ These concepts of immunodominance and genet-
ically controlled immune responsiveness are based

largely on studies with simple peptide antigens and
inbred homozygous strains of mice because in these
cases, limited numbers of epitopes are presented by
few MHC molecules, making the anadyses simple.
However, the same principles are also relevant to the
understanding of responses to complex multideter-
minant protein antigens in outbred species. It is
likely that most individualswill express at least one
MHC molecule capable of binding at |east one deter-
minant of a complex protein, so that al individuals
will be responders to such complex antigens. Aswe
mentioned in Chapter 4, the need for every species
to produce MHC moleculescapable of binding many
different peptides may be the evolutionary pressure
for maintaining MHC polymorphism.

Summary

e T cells recognize antigens only in the form of pep-
tidesdisplayed by the products of self MHC genes on
the surface of APCs. CD4" helper T lymphocytes rec-
oghize antigens in associationwith classII MHC gene
products (classII MHC-restricted recognition), and
CD8" CTLs recognize antigens in association
with cdlass | gene products (class| MHC-restricted
recognition).

e Specialized APCs, such as dendritic cells,
macrophages, and B lymphocytes, capture extra
cellular protein antigens, internalize and process
them, and display class 11-associated peptides to
CD4* T cells. Dendritic cells are the most efficient
APCs for initiating primary responses by activating
naive T cells, and macrophages and B lymphocytes
present antigens to differentiated helper T cellsin
the effector phase of cell-mediated immunity and in
humoral immune responses, respectively. All nu-
cleated cells can present class | —associated peptides,
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derived from cytosolic proteins such as vird and
tumor antigens, to CD8" T célls.

e Antigen processing is the conversion of native pro-
teins into MHC-associated peptides. This process
consists of the introduction of exogenous protein
antigens into APCs or the synthesisof antigensin the
cytosol, the proteolytic degradation of these proteins
into peptides, the binding of peptides to MHC mol-
ecules, and the display of the peptideeMHC com-
plexeson the APC surface for recognition by T cells.
Antigen-processing pathwaysin APCs use basic cellu-
lar proteolytic mechanisms that also operate inde-
pendently of the immune system. Both cxtraccllular
and intracellular proteins are sampled by these
antigen-processing pathways, and peptides derived
from both normal sdf proteins and foreign proteins
are displayed by MHC moleculesfor surveillance by
T lymphocytes.

® For class 11-asociated antigen presentation, extra-
cellular proteins are internalized into endosomes,
where these proteins are proteolytically cleaved by
enzymes that function at acidic pH. Nemy synthe-
sized class II MHC molecules associated with the T;
are transported from the ER to the endosomal ves-
cles. Here the |; is proteolytically cleaved,and a small
peptide remnant of the |, called CLIP, is removed
from the peptide-binding cleft of the MHC molecule
by the DM molecules. The peptides that were gener-
ated from extracellular proteins then bind to the
available cleft of the classII MHC molecule, and the
trimeric complex (classII MHC aand B chains and
peptide) moves to and is displayed on the surface of
the cell.

e For class|-associated antigen presentation, cytosolic
proteins are proteolytically degraded in the protea-
some, generating peptides with features that enable
them to bind to class| molecules. These peptides are
delivered from the cytoplasm to the ER by an ATP-
dependent transporter called TAP. Newly synthesized
class | MHC—Bymicroglobulin dimers in the ER
are attached to the TAP complex and receive pep-
tides transported into the ER. Stable complexes of
class| MHC moleculeswith bound peptides move out
of the ER, through the Golgi complex, to the cell
surface.

e These pathways of MHC-restricted antigen presenta-
tion ensure that most of the body's cellsare screened
for the possible presence of foreign antigens. The
pathwaysalso ensure that proteinsfrom extracel lular
microbes preferentialy generate peptides bound to
class II MHC molecules for recognition by CD4*
helper T cells, which activate effector mechanisms

that eliminate extracellular antigens. Conversaly, pro-
teinssynthesized by intracellular (cytosolic) microbes
generate peptides bound to class| MHC molecules
for recognition by CD8" CTLs, which function to
eradicate cells harboring intracellular infections.
The immunogenicity of foreign protein antigens
depends on the ability of antigen-processing path-
ways to generate peptides from these proteins that
. bind to self MHC molecules.
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T lymphocytes respond to peptide fragments of
protein antigens that are displayed by antigen-
presenting cells (APCs). The initiation of these
responses requires specific antigen recognition by the
T cells, stable adhesion of the T cellsto the APCs, and
transduction of activatingsignalsto the T cells. Each of
these eventsis mediated by distinct sets of moleculeson
the T célls (Fig. 6-1). In this chapter, we describe the
‘moleculesinvolvedin T cell antigen recognition, adhe-
sion, and signaling.

T lymphocytes have a dual specificity: they recognize
polymorphic residues of salf mgjor histocompatibility
complex (MHC) molecules, which accounts for their
MHC restriction, and they also recognize residues of
peptide antigens displayed by these MHC molecules,
which isresponsiblefor their specificity. Aswe discussed
in Chapters4and 5, MHC moleculesand peptides form
complexes on the surface of APCs The receptor that
recognizes these peptide-MHC complexesis called the
T cell receptor (TCR). The TCRisaclonaly distributed
ireceptor, meaning that clones of T cellswith different
specificities express different TCRs. The biochemical
signals that are triggered in T cells by antigen recogni-
tion are transduced not by the TCRitself but by invari-
ant proteins called CD3and £, which are noncovalently
linked to the antigen receptor to form the TCR com-
plex. Thus, in T cells, and aswe shall see in Chapter 9
in B cellsaswell, antigen recognition and signaling are
sdegregated among two sets of molecules—a highly vari-
able antigen receptor (the TCR in T cells and mem-
brane immunoglobulin [Ig] in B cells) and invariant
dignaling proteins (CD3and { chainsin T cellsand Igo.
and IgB in B cells) (Fig.6-2).T cellsaso expressother
membrane receptors that do not recognize antigen but
participate in responses to antigens; these are collec-
tively called accessory molecules. The physiologic role
of some accessory moleculesis to deliver signals to the
T cel that function in concert with signals from the
TCR complex to fully activate the cells. Other accessory
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molecules function as adhesion molecules to stabilize
the binding of T cells to APCs, thus allowing the TCR
to be engaged by antigen long enough to transduce the
necessary signals. Adhesion molecules aso regulate
the migration of T cells to the sites where they locate
and respond to antigens. Activated T cellsexpress some
membrane and secreted molecules that mediate the
various effector functions of the cells, these are men-
tioned at the end of the chapter.

I Principal function

Specific
recognition
of antigen

¢ Signal
CD4/CD8 transduction
Integrin -
] Adhesion

Figure 6-1 T cell receptors and accessory molecules,

The principal T cell membrane proteins involved in antigen
recognition and in responses to antigens are shown. The functions
of these proteins fall into three groups: antigen recognition, signal
transduction, and adhesion.

With this background, we proceed with a description
of the T cell membrane molecules that are required for
antigen recognition and the initiation of functional
responses. The maturation of T cells is discussed in
Chapter 7, and the biology and biochemistry of T cell
responses to antigen are discussed in Chapter 8.

of TER for MHC-Associated
Peptide Antigen

TheTCRresponsible for MHC-restricted antigen recog-
nition was identified at the same time as the structure
of MHC-associated peptides was being defined. The
key technological advances that led to the discovery
of the TCR and the elucidation of itsstructure were the
development of monoclonal T cell populations and
the cloning of T cell-specific genes that rearrange
during T cell development and are homologous to
Ig genes (Box 6-1). These studies have culminated in
the x-ray crystallographic analysis of TCRs and, most
impressively, of trimolecular complexes of MHC mole-
cules, bound peptides, and specific TCRs. As we shall
seein thefollowingsection, on the basisof these analy-
scs, we now understand the structural features of
antigen recognition by the TCR precisely. The compo-
nentsof the TCR complex, in addition to the TCRitself,
have been identified by biochemical analyses and
molecular cloning (Table 6-1).

Structure of the of TCR

The antigen receptor of MHC-restricted CD4" helper
T cells and €CD8* cytolytic T lymphocytes (CTLs) is
a heterodimer consisting of two transmembrane
polypeptide chains, designated & and B, covalently
linked to each other by disulfide bonds (Fig. 6-3).
(Another less common type of TCR, found on a small
subset of T cells, is composed of y and ¢ chains and is

T cell receptor (T CR)'

] Antibody (Immunoglobulin)

Antigen-presenting cell

Membrane Ig

sgn by c
4

/T/CR7 ' Igo. IgB
cD3 ' i

?f ¢

@
l\ ) Antigen

Figure 6-2 Antigen recognition and signaling
functions of lymphocyte antigen receptors.
The antigen recognition and signaling functions of
antigen receptors are mediated by distinct proteins of
the antigen receptor complex. When TCR or Ig mole-
cules recognize antigens, signals are delivered to the
lymphocytes by proteins associated with the antigen
receptors. The antigen receptors and attached signal-
ing proteins form the T and B cell receptor complexes.

Signal
transduction

Signal

transduction

Note that single antigen receptors are shown recog-
nizing antigens, but signaling requires the cross-linking
of two or more receptors by binding to adjacent

antigen molecules.

Chapter 6 — Antigen Receptors and Accessory Molecules of T Lymphocytes Bli¥4

Identification of the TCR
To identify TCRs for MHG-associated peptide antigens, it
was hecessary to develop monoclona T cdl populations
in which dl the cdls express the same TCR. The firg
such populations to be used for studying TCR proteins
wae tumors derived from T lymphocytes. Subsequently,
methods were developed for propageting monoclonal T
cdl populationsin wvitro, including T-T hybridomas and
antigen-specific T cdl clones (see Chapter 8, Bax 8-1).
The earliest techniquesfor purifying TCR molecules for
biochemica studies relied on producing antibodies spe-
cificfor unique (idiotypic) determinants o the antigen
receptorsd aclona T cdl population. Antigen receptors
waeisolated by use of such antibodies, and limited amino
add sequencing of these receptor proteins suggested that
the TCRs were structurally homologous to |g molecules
and contained highly variable regions that differed from
one clone to another. However, the protein sequencing
studies did not reved the structure of the complete
TCR.
The breakthrough came from attempts to clone the
enes encoding TCRs and this wes accomplished before
the structure of the proteins wes fully defined. The strat-
egy for the identification d TCR genes wes based on the
knowledge of Ig genes. Three criteria were chosen that
needed to be fulfilled for genes to be considered TCR
"genes (1) these genes would be uniquely expressed in T
cdls, (2) they would undergo somatic rearrangements
_during T cdll development (aslg genes do during B cell
[ :development; see Chapter 7), and (3) they would be
homologous to Ig genes. One method that wes used to
identify TCR geneswes subtractive hybridization, aimed at
identifying T cdl-specificgenes. In this method, comple-
mentary DNA (cDNA) is preparedfrom T cdl mRNA and

hybridized to B cdl mRNA. All the ¢cDNAs that are
common to T and B cdls hybridize to the mRNA and can
be removed by various separation techniques. The cDNAs
that are left behind are unique to T cdls. Some o the
genes contained in this library of T cdl-gpedific cDNAs
werefound to be homologousin sequenceto Ig genes,and
Southern blot hybridization showed that these genes had
adifferent structurein non-T cdlsthanin T cdls Thiswes
aknown characteristicaf 1g genes (seeChapter 7) and sug-
gested that the T cell genes that had been found encoded
condly distributed antigen receptorsaof T cdlsthat under-
went somatic rearrangement only in cdls of the T lym+
phocyte lineage. Furthermore, the predicted amino acid
sequencesaf the proteins encoded by these genes agreed
with the partial sequences obtained from putative TCR
proteins purified with TCR-gpecific anti-idiotypic anti-
bodies. Other investigatorsdiscovered TCR genes among
alibrary o T cdl genes (withoutsubtractive hybridization)
based s0ldy on the criteria mentioned before.

The molecular cloning d the TCR wes a landmark
achievement that came soon after the detailed structural
andyss of MHC molecules and provided the structural
besis for understanding how T cdls recognize peptide-
MHC comnblexes. The abilitv to express TCRs in was
that dlowed them to be ceaved from cdl membranes
and solubilized wes key to the cryddlization of TCRs
bound to peptide MHC complexes. These advances have
revolutionized our understanding of T cdl antigen re-
cognition and paved the wey for many important tech-
niques, including the expression of sngle TCRsdf known
specificitiesin transgenic animas. We will refer to such
approachesfor andyzing immune responsesin many later
chapters.

Table 6-1. Components of the TCR Complex

| Protein | Size (kD) | Function(s)
Human | Mouse
TCR&‘,-V 40-60 44-55 O;1e chain of a3 TCR for peptide-MI-_IEhcomplexes
TCRB 40-_5_6 40-55 | One chain of af TCR for peptide-MHC complexes
TCRy |4560 |45-60 | One chain of y8 TCR on subset of T cells
TCRS& | 40-60 40-60 One chain of ¥8 TCR on subset of T cells
CD3y [25-28 21 Signal transduction; surface expression of TCR
€CD338 20__ ] 28 _ Signal transduction; surface expression of TCR
CD3¢ 20 25 Signal transduction; surface expression of TCR
C 16 0 16 Signal transduction; surface expression of TCR
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-1 Figure 6-3 Structure of the T
cell receptor.

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

discussed later.) Each a chain and 3 chain consists of
one Ig-like N-terminal variable (V) domain, one Ig-like
constant (C) domain, a hydrophobic transmembrane
region, and ashort cytoplasmic region. Thus, the extra-
cellular portion of the af heterodimer is structurally
similar to the antigen-binding fragment (Fab) of an Ig
molecule, which is made up of the V and C regions of
alight chain and the V region and one C region of a
heavy chain (see Chapter 3).

The V regions of the TCR a and  chains contain
short stretches of amino acids where the variability
between different TCRsisconcentrated, and theseform
the hypervariable or complementarity-determining re-
gions (CDRs). Three CDRs in the a chain are juxta-
posed to three similar regionsin the B chain toform the
part of the TCR that specifically recognizes peptide-
MHC complexes (described in the following section).
The B chain V domain contains afourth hypervariable
region, which does not appear to participate in antigen
recognition but is the binding site for microbial
products called superantigens (see Chapter 15, Box
15-1). Each TCR chain, like Ig heavy and light chains,
is encoded by multiple gene segments that undergo
somatic rearrangements during the maturation of the
T lymphocytes (see Chapter 7). In the a and 3 chains
of the TCR, the third hypervariable regions (which
form CDR3) are composed of sequences encoded hy
V and J (joining) gene segments (in the a chain) or
V, D (diversity),and J segments (in the B chain). The
CDR3 regions also contain sequences that are not
present in the genome but are encoded by different

typesof nucleotide additions, so-called N regions and P
nucleotides (see Chapter 7, Fig. 7-11). Therefore, most
of the sequence variability in TCRs is concentrated in
CDR3.

The C regions of both a and B chains continue into
short hinge regions, which contain cysteine residues
that contribute to a disulfide bond linking the two
chains. The hingeisfollowed by the hydrophobic trans-
membrane portions, an unusual feature of which is
the presence of positively charged amino acid residues,
including a lysine residue (in the a chain) or alysine
and an arginine residue (in the B chain). These
residues interact with negatively charged residues
present in the transmembrane portions of other
polypeptides (CD3and {) that form the TCR complex.
Both a and B chains have carboxyl terminal cytoplas-
mic talls that are 5 to 12 amino acidslong. Like mem-
brane Ig on B cdlls, these cytoplasmic regions are too
small to transduce signals, and the molecules physicaly
associated with the TCR serve the signal-transducing
functions.

TCRs and |g molecules are structurally similar, but
there are also severa significant differences between
these two types of antigen receptors (Table 6-2). The
TCR is not produced in a secreted form, and it does
not perform effector functions on its own. Instead, on
binding peptide-MHC complexes, the TCR complex
initiates signals that activate the effector functions of T
cells. Also, unlike Ig, the TCR chains do not undergo
changesin C region expression (i.e., isotype switching)
or affinity maturation during T cell differentiation.

r
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Table 6-2. Properties of Lymphocyte Antigen Receptors: T Cell Receptors and

Immunoglobulins

| T odl receptor (TCR) \/

Immunoglobulin (Ig) ~\\r}'

Cofr1_p0nents aand B chains

Heavy and light chains

Number of Ig domains
in each chain

One V domain and one C domain

Heavy chain: one V domain, three
or four C domains

Light chain: one V domain and
one C domain

Number of CDRs

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

Three in each chain

Associated signaling molecules | CD3 and ¢

Iga and Igp

Affinity for antigen (Kgq) 10-5-10-7M

10-7-10-11 vl (secreted Ig)

Changes after cellular activation
Production of secreted form No

Isotype switching No -

Somatic mutations No

Role of the o TCR in the Recognition of
MHC-Associated Peptide Antigen

The recognition of peptide-MHC complexes is medi-
ated by the CDRs formed by both the aand B chains
of the TCR. Severa types of experiments have defini-
tively established that both the a and B chainsform a
single heterodimeric receptor that. is responsible for
both the antigen (peptide) specificity and the MHC
restrictionof aT cell.

Cloned linesd T cdlswith different peptide speifici-
tiesand MHC redtrictionsdiffer in the sequencesd the
V regionsd both a and B chains,

TCRaand B genescan beisolatedfrom aT cdl clone
of defined peptide and MHC specificity. When both
these genes are expressed in other T cdls by transfec-
tion, they confer on the recipient cdl both the peptide
Foedificity and the MHC redtriction o the origind
donefrom which they wereisolated (Fig.6-4). Neither
TCR chain done is adequate for providing specific
recognition d peptide MHC complexes.

To create transgenic mice expressng a TCR of a
particular antigen specificity and MHC regtriction, it is
necessary to express both the a and B chains of the
TCOR &5 transggenes.

The antigen-binding site of the TCR is aflat surface
formed by the CDRs of the a and B chains (Fig. 6-5).
This resemblesthe antigen-binding surface of antibody
molecules, which is formed by the V regions of the
heavy and light chains (see Chapter 3, Fig. 3-4). In
the TCR structures that have been analyzed in detail,
the TCR contacts the peptide-MHC complex in a diag-
onal orjentation, fitting between the high points of the

HC o-helices. In general, the CDR1 loops of the TCR

Y

a and B chains are positioned over the ends of the
bound peptide, the CDR2 loops are over the helices of
the MHC molecule, and the CDRS3 loop is positioned
over the center of the MHC-associated peptide. One
surprising result of these structural analysesis that the
side chains of only one or two amino acid residues of
the MHC-bound peptide make contact with the TCR.
This is structural proof for the remarkable ability of T
cellsto distinguish among diverse antigenson the basis
of very few amino acid differences. Recall that muta-
tional analysesof peptides described in Chapter 4 also
showed that very few residues of the peptide are respon-
sible for the specificity of T cell antigen recognition
(see Fig. 4-9).

The affinity of the TCRfor peptide-MHC complexes
is low, much lower than that of most antibodies (see
Chapter 3, Table3-1).In thefew T cellsthat have been
analyzedin detail, the dissociationconstant (K4) of TCR
interactions with peptide-MHC complexes varies from
~107 to ~107M. This low affinity of specific antigen
binding is thelikely reason that accessory molccules arc
needed to stabilize the adhesion of T cellsto APCs, thus
alowing biologicresponses to be initiated. Signaling by
the TCR complex appears to require prolonged or
repeated engagement of peptide-MHC complexes,
which is also promoted by stable adhesion between T
cellsand APCs. The TCR and accessory moleculesin the
T cell plasma membrane move coordinately with their
ligands in the APC membrane to form a transient
supramolecular structure that has been called the
immunological synapse. The formation of this synapse
regulates TCR-mediated signal transduction. We will
return to adiscussion of signal transduction by the TCR
complex and the role of the synapsein Chapter 8.

Virtualy al off TCR-expressing cells are MHC
restricted and express either the CD4 or the CD8
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Murine T cell clone
specific for peptide A
plus MHC X

Figure 6-5 Binding of a TCR to a ’/A\
peptide-MHC complex. Y

The V domains of a TCR are shown
interacting with a human class | MHC
molecule, HLA-A2, presenting a viral
peptide (in yellow). A is a front view and
B is a side view of the x-ray crystal struc-
ture Of the trimolecular MHC-peptide-TCR
complex. (From Bjorkman PJ. MHC restric-
tion in three dimensions: a view of T cell
receptor/ligand interactions. Cell 89:167-
170, 1997. Copyright Cell Press.)

cDNAs from T cell
clone encoding TCR
o and/or B chains

Transfection into
T cell tumor line
(unknown specificity)

V Bam ¢
Transfected achain  Transfected p chain  Transfected a chain
pairs with pairs with pairs with | MHC
endogenous B chain endogenous achain transfected B chain , (class I) (class I)

W W J , Antibodiesagainst the TCR o3 heterodimer or any of

| TCRexpression | _
Jl} the CD3 proteins coprecipitate the heterodimer and

endocytosed and disappearsfrom the cell surface (i.e.,
dl the proteins are comodul ated).

7{\/ » al the associated proteins from solubilized plasma

The CD3Y, 6, and £ proteins are homologous to each
membranes of T cells.

other. The N-terminal extracellular regions of v, 6, and

¢ | ‘ i c i Whenintact T cells are treated with either anti-CD3 or E chains each contains a single Ig-like domain, and
T cell activation in . anti-TCR of antibodies, the entire TCR complex is  therefore these three proteins are members of the Ig
response to N
peptide A plus MHC X ® No ves
Figure 64 Role of the o TCR in MHC-restricted antigen recognition.
The TCR a and B genes from a T cell clone of known specificity are expressed in a T cell tumor
line. Transfection of both a and  genes is required to give the tumor line the antigen specificity and |
MHC restriction of the original T cell clone.
Extracellular
. space
coreceptor. The functions of these coreceptors are
described later in the chapter. A small population of
T cells aso expresses markers that are found on NK
(natural killer) cells; these are called NK-T cells. The
TCR a chains expressed by NK-T cells have limited
diversity, and the TCRs recognize lipids that are bound
to cass | MHC-like molecules called CD1 molecules. ¢
Other cloned lines of T cels that recognize CD1-
associated lipid antigens may be CD4*, CD8*, or CD4~-
CD8 of T cells. Theselipid antigen-specific T cellsare
capable of rapidly producing cytokines such as inter- Figure 6-6 Components of Plasma
leukin (IL)-4 and interferon (IFN)-y. Their physiologic i the TCR complex. membrane
g ey Structu_re and Association of €D3 and The TCR complex of MHC-
C Proteins restricted T cells consists of the
) ) N of TCR noncovalently linked to
. The CD3 proteins were identified before the aff het- the CD3 and ¢ proteins. One pos-
CD3 and { Proteins of the TCR erodimer by the use of monoclonal antibodies raised sible stoichiometric combination Cvtoplasm Immunoreceptor e
Complex against T cells, and the ¢ chain was identified later by IS shown, butfthr'f may vary. The S tyrosine-based
co-immunoprecipitation ‘with o and CD3 proteins. ?ns:gg?ggnsbg tcﬁggé’éOt?égisdjég activation motif (ITAM)
The CD3 and § proteins are noncoualently associated The physical association of the off heterodimer, CD3, in their transmembrane regions, Disulfidebond  .....
with the TCR aff heterodimer, and when the TCRreo  and { chains has been demonstrated in two ways which are not shown. —




Section I — Recognition d Antigens

superfamily. The transmembrane segments of al three
CD3 chains contain a negatively charged aspartic acid
residue, which binds to postively charged residues
in the transmembrane domains of the TCR a and 3
chains, thus keeping the complex intact. The cytoplas-
mic domainsof the CD3v, 6, and ¢ proteins range from
44 to 81 amino acid residues long, and each of these
domains contains one copy of a conserved sequence
motif important for signaling functions that is called
the immunoreceptor tyrosine-based activation motif
(ITAM). An ITAM contains two copies of the sequence
tyrosine-X-X-leucine (in which X is an unspecified
amino acid), separated by sx to eight residues. ITAMs
play a central role in signaling by the TCR complex.
They are aso found in the cytoplasmic tails of severa
other lymphocyte membrane proteins that are involved
in signal transduction, including the { chain of the TCR
complex, Iga, and IgB proteins associated with mem-
brane g moleculesof B cells (see Chapter 9, Fig. 9-3),
and components of several Fc receptors (see Chapter
14, Box 14-1).

The { chain has a short extraccllular region of nine
amino acids, a transmembrane region containing a
negatively charged aspartic acid residue (similar to the
CD3chains), and along cytoplasmicregion (113 amino
acids) that contains three ITAMs It is normally
expressed as a homodimer. In mice, about 10% of T
cells express a heterodimer composed of one { chain
and an aternative splice product of the { gene called
then chain. Thereis no known functional correlate of
these minor differencesin the composition of the TCR
complex. The { chain is aso associated with signaling
receptorson lymphocytesother than T cells, such asthe
Fcy receptor (FeyRIID) of NK cells.

The expression of the TCR complex requires syn-
thesis of all its components. The need for all compo-
nents of the complex to be present for expression was

first established in cell lines (Fig. 6-7). During the mat-
uration of T cellsin the thymus, CD3 and \ proteins
are synthesized before the TCR a and § genes are
expressed (see Chapter 7). The CD3Y, 6, and € chains
form core structures, but neither these nor the ¢ pro-
teins make their way to the plasmamembrane, and they
are apparently proteolytically degraded in the endo-
plasmic reticulum (ER). Chaperones, such as calnexin,
may retain individual members of the TCR complex in
the ER before the complex isfully assembled. As T cell
maturation proceeds, the TCR af dimer is synthesized,
and the entire TCR complex is assembled in the ER,
transported to the Golgi complex where carbohydrates
are added and modified, and expressed on the cell
surface. This sequence of eventsis essentiadly similar to
the eventsthat lead to expression of the B cell antigen
receptor complex in B lymphocytes.

Functions of CD3 and { Proteins

The CD3 and { chains link antigen recognition by the
TCR to the biochemical events that lead to functional
activation of the T cells. Severa lines of evidence
support the critical role of these components of the
TCR complex in signa transduction in T cclls.

Antibodiesagainst CD3 proteins often stimulate T cell
functional responses that are identical to antigen-
induced responses. Unlike antigens, which stimulate
only specific T cells, anti-CD3 antibodies bind to and
stimulate all T cells, regardless of antigen specificity.
Thus, anti-CD3 antibodies are polyclonal activators of
T cells.

The cytoplasmictail of either the CD38e or the { protein
issufficient to transduce the signals necessaryfor T cell
activation in the absence of the other components of
the TCR complex. This was shown by expressing in

Degradation of incomplete Synthesis of all Surface
TCR complexes; components of expression of TCR;
no surface expression TCR complex CD8/C complex

T cell lacking
CD3y because
of gene mutation

CD3y

Transfect
functional
CD83y chain gene

CD3
op TCR

Figure 6-7 Assembly and surface expression of the TCR complex.

In the absence d

ay one component (in this case, the CD3y protein), the TR complex is not

assembled and dl its proteins are degraded within the cdl, probably in the endoplasmic reticulum.
Introductiond the missng component by gene transfection dlowsthe complex to be assembled and

trangported to the odl surface.

¢l
E

&%

certain T cell lines genetically engineered chimeric
mol ecul es containing the cytoplasmic portion of CD3e
or the § chain fused to the extracellular and trans-
membrane domains of other cell surface receptorsfor
soluble ligands, such as the I L2 receptor. Binding of
theligand (e.g., IL-2) to the chimeric receptorsresults
in activation responses identical to those induced by
stimulation through the normal TCR complex on the
same T cédls.

The earliest intracellular event that occursin T cells
after antigen recognition is the phosphorylation of

osine residues within the ITAMsin the cytoplasmic
tails of the CD3 and { proteins. The phosphotyrosines
become docking sites for adapter proteins and for

osine kinases with Src homology 2 (SH2) domains,
including a kinase called ZAP-70 (70-kD (-associated
protein) that binds to the { chain and another kinase
called Fyn that binds to CD3. Subsequent activation of
these kinases triggerssignal transduction pathways that
ultimately lead to changes in gene expression in the
T cels. The process of T cell activation is described in
Chapter 8.

15 TCR

The 0 TCRisasecond type of diverse, disulfide-linked
heterodimer that is expressed on a small subset of of-
negative T cells associated with CD3 and { proteins.
(Theyd TCR should not be confused with the y and 6
components of the CD3 complex.) The TCR y and 6
chains consist of extracellular I1g-likeV and C regions,
short connecting. or hinge regions, hydrophobic
transmembrane segments, and short cytoplasmic tails,
similar to the @and f chains. The hinge regions contain
cysteine residues involved in interchain disulfide link-
ages. The transmembrane regions of y and 6 chains,
smilar to a and § chains, contain positively charged
amino acid residues that interact with the negatively
charged residues in the transmembrane regions of the
CD3 polypeptides. The ¥d heterodimer associates with
the same CD3 and { proteins as do off receptors.
Furthermore, TCR-induced signaling events typical of
0f-expressing T cells are also observed in yd T cells.
The majority of ¥ T cells do not express CD4 or CD8.
A number of biologicactivitieshave been ascribed to y0
T cellsthat are also characteristic of aff T cells, includ-
ing secretion of cytokines and lysis of target cells.

T cells expressing the 86 TCR are a lineage distinct
from the more numerous off-expressing, MHC-
restricted T lymphocytes. The percentagesof ¥0 T cells
vary widdly in different tissuesand species, but overall,
less than 5% of al T cells express this form of TCR.
Different subsetsof yd T cells may develop at different
timesduring ontogeny, contain different V regions, and
populate different tissues. For example, in mice, many
skin v T cellsdevelop in neonatal life and express one
particular TCR with essentially no variability in the V
region, whereas many of the y8 T cells in the vagina,
uterus, and tongue appear later and express another
TCR with a different V region. It is not known whether
these subsets perform different functions, but the dis-
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tinct V regions suggest that the subsets may be specific
for different ligands. One intriguing feature of v T
cellsis their abundance in epithelial tissues of certain
species. For example, more than 50% of lymphocytes
in the small bowel mucosa of mice and chickens, called
intraepithelial lymphocytes, are yd-expressing T cells. In
mouse skin, most of the intraegpidermal T cells express
the vd receptor. Equivalent cell populations are not as
abundant in humans; only about 10% of human intes-
tinal intraepithelial T cells cxprcss the v receptor.
The functions of ¥ T cells remain largely unre-
solved. ¥d T cells do not recognize MHC-associated
peptide antigens and are not MHC restricted. Some yd
T cel clones recognize small phosphorylated mole-
cules, dkyl amines or lipids that may be presented by
"nonclassical" dass | MHC-like molecules and that are
commonly found in mvcobacteriaand other microbes.
Other 8 T cellsrecognize protein or nonprotein anti-
gens that do not require processing or any particular
type of APCsfor their presentation. The limited diver-
sty of the ¥ TCRs in many tissues suggests that the
ligandsfor these receptors are invariant and conserved.
A working hypothesis for the specificity of y6 T cellsis
that they may recognize antigens that are frequently
encountered at epithelial boundaries between the host
and the external environment. Thus, they may initiate
immune responses to a smal number of common
microbes at these sites, before the recruitment of
antigen-specificaf T cells. However, mice lacking y6 T
cells, created by targeted disruption of the y or 6 TCR
gene, have little or no immunodeficiency and only a
modest increase in susceptibility to infections by some
intracellular bacteria.

Accessory Molecules of T Cells

T cells express several integral membrane proteins,
other than the members of the TCR complex, that play
crucial roles in the responses of these cells to antigen
recognition. These proteins, often collectively called
accessory molecules, were discovered and initially char-
acterized by the use of monoclonal antibodies raised
against T cells. Some of these antibodies were shown to
block or trigger functional responsesof T cellsand thus
served as probes for studying the physiologic roles of
accessory molecules. Subsequently, the antibodies were
used to identify and characterize the T cell surface mol-
ecules by immunofluorescence and immunoprecipita-
tion techniques.

These accessory molecules share several common
properties that determine their roles in immune
responses.

Accessory molecules on T lymphocytes specifically
bind other molecules (ligands) that are present on
the surfaces of other cells, such as APCs and
vascular endothelial cells, and in the extracellular
matrix. Severa different accessory molecules and
their ligandson APCsor CTL target cellsare known,
and their principal functions are established (Fig.
6-8 and Table 6-3). The central role of accessory
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Figure 6-8 Accessory mole-
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cules of T lymphocytes.
The interaction of a CD4*

Class Il LFA-3

helper T cell with an APC (A), or
of a CD8* CTL with a target cell
B), involves multiple T cell mem-
brane proteins that recognize
different ligands on the APC or
target cell. Only selected acces-
sory molecules and their ligands
are illustrated. APC, antigen-
presenting cell; CTL, cytolytic T
lymphocyte.

Class |
MHC LFA3 pg7.q

ICAM-1 MHC B7-1/ ICAM-1
B7-2
Class || MHC—
expressing APC

Class | MHC— | B72
expressing cell

molecules in T cell responses to antigens is illus
trated by the finding that when T cells recognize
antigens on APCs, accessory molecules are redistrib-
uted in an ordered way at the site of T cdl-APC
contact to form the immunological synapse (see
Chapter 8).

Accessory molecules are nonpolymorphic and
invariant. Unlike the TCR, each accessory molecule
isidentical on all the T cellsin all individuals of a
species. Therefore, these molecules have no capacity
to specifically recognize different, variable ligands,
such as antigens. As we shall see later, many of the
accessory molecules of T lymphocytes and their
ligands are members of the |g, integrin, and selectin
families of proteins.

Many accessory molecules transduce biochemical
signals to the interior of the T cell that are
important in regulating functional responses.
Signal transduction occurs as a consequence of
ligand binding and may act in concert with signals
generated by the TCR complex. This signaling func-
tion isbest defined for the coreceptorsCD4 and CD8
and for T cell receptors for costimulators.

The binding of some accessory molecules to their
ligands on the surfaces of APCs increases the
strength of adhesion between T cells and APCs. This
property helps to ensure that the T cells and
APCs remain attached to one another long enough
to dlow antigen-specific TCRs the opportunity to
locate, recognize, and respond to peptide-MHC
complexes displayed by the APCs. Multiple adhesive
interactions between T cdls and APCs may be
needed to compensate for the low affinity of TCRs
for their peptide-MHC ligands. Aswe shall see later,
regulated adhesion mediated by accessory molecules
is critical for the functional responses of T cells.

The binding of accessory molecules to endothelial
cells and extracellular matrix proteins is responsi-
ble for the homing of T cellsto tissues and the reten-

tion of T cellsin tissues. The affinity and expression
of some accessory molecules on T lymphocytes
increase on encountering antigen and inflammatory
stimuli. The ligands for these molecules may be dif-
ferentially expressed on endothelium in different
tissues, and expression of the ligands also increases
in response to local inflammation. Thus, the regu-
lated expression of both accessory molecules and
their ligandsinfluences theway T cells migrate from
blood to sites of antigen in lymphoid organs and
nonlymphoid peripheral tissues.

T cell accessory molecules are useful cell surface
"markers' that facilitate the identification of T cells
in normal tissues and in pathologic lesions, such as
T cell tumors and inflammatory diseases. In addi-
tion, antibodies against these markers can be used
to physicallyisolate T cellsfor experimental or diag-
nostic procedures.

In the following sections, we discuss selected T cell
accessory molecules whose structures, functions, and
importance in T cdll activation are well understood. We
begin with molecules whose principal role is to trans-
duce signals that are involved in T cell activation and
then discuss accessory molecules that function mainly
to strengthen adhesions between T cellsand other cells.
Many other T cell surface molecules have been identi-
fied that may contribute to T cell responses, but their
roles in physiologic immune responses are less well
defined, and they are not discussed individually. Infor-
mation about these accessory molecules is summarized
in Table 6-3 and in Appendix II.

CD4 and CD8: Coreceptors Involved
in MHC-Restricted T Cell Activation

CD4 and CD8 are T cell proteins that bind to non-
polymorphic regions of MHC molecules and transduce
signals that together with signals delivered by the
TCR complex initiate T cell activation. Mature o T
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Table 6-3. The Principal Accessory Molecules of T Lymphocytes

Name of |Synonyms|Biochemical | Gene |Cellular Ligand | Affinity Role in T cell
molecule ) features family | expression (Kd x 106 M) | activation
e | Adhesion | Signaling
— S — — — = - |
cD4 T4 (human) | 55-kD monomer | Ig Classr e Class Il + +
L3T4 (mouse) stricted T cells | MHC -
cD8 T8 (human) | of or oo dimer; | Ig Class l-re- | CIaSs | l 2& o+ +
Lyt2 (mouse) | 78-kD o chain; stricted T cells| MHC | =
32- to 34-kD , ' .
B chain |
CD28  |Tpas Homodimer of | Ig >90% CD4* |B7-1 |4 = 2
~44-kD chains T cells, -50% | (CD80),
CD8* Tcells |B7-2
e s e — (CDBS)
CTLA-4 Homodimer of | lg Activated |B7-1, | 0.4 | — + _
] - to 34- L cells B7-2 - i
(CD152 33- to 34-kD T cell
] chains; may be . ; |
’ monomer; >90% | ‘
| is intracellular | . .
CD45R 180-220kD 1 Leukocytes Unknown’ = i
cyte common | monomer; , [
antigen cytoplasmic
phosphatase ‘ ’ ’ I
o RS, . —_ — — — - " ~ 4 - 1 - —— | -
CD2 T11,LFA-2 | 50-kD monomer | ig 1>00% Tcells | LFA-3 | 10-20 | + | +
| (human), | ! : '
e - : [ NK cells ;_ ! .
LFA-1 CD11aCD18 | Dimer of 180-kD | Integrin | Leukocytes, "I ICAM-1, | 0.1 < J +
o chajn, 95-kD platelets ICAM-2,
| fpehan | ™ ICAM-3' | |
L-selectin |CD62L, 150-kD |Selectin | Leukocytes | Carbo- |105 + |-
Mel-14 monomer | hydrate i
| ligands -
L aet ) | |onHEV |
CD44 Pgp-1 80-200-kD Lymphocytes, | Matrix ! I + | +
e monomer jgranulocytes i proteins | | ‘
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cells expresseither CD4 or CD8, but not both. CD4 and
CD8 interact with classII and class | MHC molecules,
respectively, when the antigen receptors of T cells
specifically recognize peptide-M HC complexeson APCs
(seeFig. 6-8). The major function of CD4 and CDS8 is
in signal transduction at the time of antigen recogni-
tion; they may also strengthen the binding of T cellsto
APCs. Because CD4 and CD8 operate together with the
TCR in recognition of MHC molecules and in T cell
activation, they are often called coreceptors. About
65% of mature aB-positive T cellsin the blood and lym+
phoid tissues express CD4, and 35% express CDS.

Structure of CD4 and CD8

CD4 and CD§ are transmembrane glycoprotein mem-
bers of the Ig superfamily, with similar functions but

different structures. CD4 is expressed asa monomer on
the surface of peripheral T cellsand thymocytesand is
aso present on mononuclear phagocytes and some
dendritic cells. CD4 has four extracellular Ig-like
domains, a hydrophobic transmembrane region, and a
highly basic cytoplasmic tail 38 amino acidslong (Fig.
6-9). The CD4 protein binds through its two N-
terminal Ig-like domains to the nonpolymorphic 32
domain of the classII MHC molecule.

Most CD8 molecules exist as disulfide-linked het-
erodimers composed of two related chains called CD8o
and CD8p. Both the & chain and the  chain have a
single extracellular Ig domain, a hydrophobic trans-
membrane region, and a highly basic cytoplasmic tail
about 25 amino acidslong. The lg domain of CD8 binds
to the nonpolymorphic a3 domain of classl MHC mol-
ecules (Fig. 6-9). Somc T cells express CD8 oo, homo-
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Figure 6-9 Structure of CD4
and CD8.

The modds d CD4 and CD8
binding to dass Il MHC and dass
| MHC molecules, respectively, are
based on the structures defined
by x-ray crystalography. Boh CD4
and CD8 bind to nonpolymorphic
regionsd MHC molecules (CD4 to
the dass il 2 domain and CD8 to
the dass | a3 domain) away from
the peptide-binding clefts (From
Ken PS M-K Teng, A Smolya,
et al. Structural bess d CD8 core-

lographic andyds d a marine

complex with H-2k. Immunity
9:519-530, 1998. Copyright 1998,
with permisson from Elsevier
Science)

dimers, but thisdifferent form appears to function like
the more common CD8 of3 heterodimers.

Functions of CD4 and CD8

The selective binding of CD4 to class II MHC mole
cules and of €D8 to class| MHC molecules ensures
that CD4 T cells respond to class 1l-associated
peptide antigens and that CD&" T cellsrespond to class
| -associated peptides. In Chapter 5, we described the
processes by which dass | and classII MHC molecules
present peptides derived from intracellular (cytosolic)
and extracellular (endocytosed) protein antigens,
respectively. The segregation of CD4" and CD8* T cell
responses to these different poolsof antigensis because
of the specificitiesof CD4 and CD8 for different classes
of MHC molecules. CD4 binds to classII MHC mole-
culesand isexpressed on T cellswhose TCRs recognize
complexesof peptide and classII MHC molecules. Most
CD4" class11-restricted T cells are cytokine-producing

helper cells and function in host defense against extra-
cellular microbes. CD8 binds to class| MHC molecules
and isexpressed on T cellswhose TCRs recognize com-
plexesof peptide and class| MHC molecules. Most CD8*
classl-restricted T cellsare CTLs, which serve to eradi-
cate infections by intracellular microbes. Some CD4" T
cells, especialy in humans, function as CTLs, but even
these are classlI restricted. Thus, the expression of CD4
or CD8 determines the MHC restriction of the T cells
and not necessarily their functional capabilities. The
physiologic importance of this segregation weas dis
cussed in Chapter 5 (seeFig. 5-17).

The essential rolesof CD4 and CD8in thefunctional
responses of T cells have been demonstrated by many
types of experiments (Fig. 6-10).

Antibodies specific for CD4 selectively block the stim-
ulation of class II MHC-restricted T cells by antigen
and APCs, and antibodies to CD8 selectively block
killing of target cells by class| MHC-restricted CTLs.

ceptor function reveded by crydtal-

CD8ao. ectodomain fragment in !
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Figure 6-10 Role of the CD4 co-
receptor in T cell responses to
antigens.

During a T cell response to an MHC-
associated peptide, CD4 binds to the MHC
its binding to the MHC molecule and pre-
vents T odl activation (A). A CD4-negative
T odl does not respond to antigen, and
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Formal proof of the obligatory function of these
molecules came from gene transfection experiments.
For example, if the TCR aand B genes are isolated
fromaCD4" T cell clone and transfected into another
T cell line that does not express CD4, the TCR-
expressing transfected line will not respond to APCs
bearing the relevant class II MHC-associated antigen.
Responsivenessis restored if the CD4 gene is cotrans-
fected along with the TCR genes. The same type of
experiment has established the importance of CD8 in
the responses of class|-restricted T cells.

An APC lacking MHC molecules cannot present
antigen to or activate T cells. The ability to activate T
cellsis restored by transfecting into the APC normal
MHC molecules but not by transfecting MHC mole-
culesin which the CD4-binding or CD8-binding non-
polymorphic domain is mutated.

Knockout mice lacking CD4 or CD8 do not contain
mature class 11-restricted or class | -restricted T cells,
respectively, because these coreceptors play essential
roles in the maturation of T cellsin the thymus (see
Chapter 7).

CD4 and CDS8 serve two important functionsin the
activation of T cdlls.

CD4 and €CDS8 participate in the early signal trans-
duction events that occur after T cell recognition of
peptide-MHC complexes on APCs. These signal-
transducing functions are mediated by a T cell-
specific Src family tyrosine kinase called Lck that is
noncovalently but tightly associated with the cyto-
plasmic tals of both CD4 and CD8. CD4/CDS8-
associated Lck is required for the maturation and
activationof T cells, as demonstrated by studieswith
knockout mice and mutant cell lines.

Disruption of the Ick gene in mice leads to a block in
T cell maturation, like the maturational arrest caused
by deletion of CD4 and CD8 (see Chapter 7).

In T cell lines or in knockout mice lacking CD4,
normal T cell responses or maturation can be restored
by reintroducing and expressing awild-type CD4 gene
but not by expressing a mutant form of CD4 that does
not bind Lck.

When a T cell recognizes peptide-MHC complexes
by its antigen receptor, simultaneous interaction of
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CD4 or CD8with the MHC molecule brings the core-
ceptor and its associated Lck close to the TCR
complex. Lck then phosphorylates tyrosine residues
in the ITAMs of CD3and { chains, thusinitiating the
T cell activation cascade (see Chapter 8).

CD4 and CD8 promote the adhesion of MHC-
restricted T cells to APCs or target cells expressing
peptide-MHC complexes. The adhesive function of
CD4 and CD8 has been demonstrated in several ways

CD4* T cdls adhere more firmly to class II MHC-
expressing cellular monolayers than to cells lacking
cdass 11, and this adhesion is blocked by anti-CD4
antibodies.

Theformation of conjugates between CD4* T cellsand
APCs or between CD8" CTLs and their targets, isinhib-
ited by antibodiesagainst CD4 or CD8, respectively.

The affinitiesof CD4 and CD8 for MHC molecules
are very low (see Table 6-3), and therefore these
coreceptorsprobably play aminor rolein T cdl-APC
adhesion. Also, it is likely that if these coreceptors
strengthen the adhesion of T cellsto APCs, they do
0 only with other accessory molecules.

In addition to its physiologicroles, CD4 is a receptor
for the human immunodeficiency virus (see Chapter
20).

CD28 and CTLA-4: Receptors Th
Regulate T Cell Activation

CD28 is a membrane protein that transduces signals
that function together with signals delivered by the
TCR complex to activate naive T cells. A general prop-
erty of naiveT and B lymphocytesis that they need two
distinct extracellular signals to initiate their prolifera-
tion and differentiation into effector cells. This two-
signal concept was introduced in Chapter 1. The first
signal is provided by antigen binding to the antigen
receptor and is responsible for ensuring the specificity
of the subsequent immune response. In the case of T
cells, binding of peptide-MHC complexes to the TCR
(and to the CD4 or CD8 coreceptor) providessignal 1.
The second signal for T cell activation is provided by
moleculesthat are collectivelycalled costimulators. The
best defined costimulators for T lymphocytes are a
pair of related proteins, called B7-1 (CD80) and B7-2
(CD86), that are expressed on professional APCs
These B7 costimulators on APCs are recognized by spe-
cific receptors on T cells. The first of these receptors
for B7 to be discovered was the CD28 molecule, which
is expressed on more than 90% of CD4" T cellsand on
50% of CD8" T cellsin humans (and on al naiveT cells
in mice). CD28 is a homodimer of two chains with Ig
domains. Binding of B7 molecules on APCs to CD28
deliverssignalsto the T cellsthat induce the expression
of anti-apoptotic proteins, stimulate production of
growthfactors and other cytokines, and promote T cell
proliferation and differentiation. Thus, CD28 is the
principal receptor for delivering second signalsfor T
cell activation. A second receptor for B7 molecules was

discovered later and called CTLA-4 (CD152). CTLA-4
is structurally homologous to CD28, but CTLA-4 is
expressed on recently activated CD4* and CD8' T cells,
and itsfunction is to inhibit T cell activation by coun-
teracting signals delivered by CD28. Thus, CTLA-4 is
involved in terminating T cell responses. How two TCRs
deliver opposing signals even though they recognize
the same B7 molecules on APCs is an intriguing ques-
tion and an issue of active research. Severa other T cell
receptors have recently been discovered that are homol-
ogous to CD28 and bind to ligands that are homolo-
gous to B7 molecules (see Chapter 8, Box 8-2). These
costimulatory signals may serve different roles in
various types of immune responses. We will discuss the
mechanisms and biologic significance of costimulation
in more detail in Chapter 8, when we describe the acti-
vation of T lymphocytes.

Other Accessory Molecules with
Signaling Functions: CD45, CD2

A5 (originally called leukocyte common antigen), a
cell surface glycoprotein with a cytoplasmic tyrosine
phosphatase domain, is believed to play arolein T cell
activation. Various forms of CD45 are expressed on
immature and mature leukocytes, including T and B
cclls, thymocytes, mononuclear phagocytes, and poly-
morphonuclear leukocytes. The CD45 family consists
of multiple members that are all products of a single
complex gene. This gene contains 34 exons, and the
primary RNA transcripts of three of the exons (called
A, B, and C) are alternatively spliced to generate up
to eight different messenger RNAs (mRNAs) and eight
different protein products. The predicted amino acid
sequences of the protein products include external
domains of varying lengths, a transmembrane region,
and a 705-amino acid cytoplasmic domain that is one
of the largest identified among membrane proteins.
Isoforms of CD45 proteins that are expressed on a
restricted group of cell types are designated CD45R.
Most naive human T cellsexpressaform of CD45R that
is called CD45RA, whereas memory T cells express a
different isoform called CD45RO (see Chapter 2).
However, these expression patterns are not fixed. There
is no evidence that the distinct isoforms of CD45R
perform different functions.

The cytoplasmic domain of CD45 contains a region
with intrinsic protein tyrosine phosphatase activity,
which catalyzes the removal of phosphatesfrom tyrosine
residuesin several substrates. One such substrate is Lck,
the tyrosine kinase that is associated with the cytoplas-
mic tailsof CD4 and CD8. Somestudieswith T cell lines
suggest that CD45-mediated dephosphorylation may
allow Lck to become active, but it is not clear whether
thisisan essential step in the activationof normal T cells
by antigens. CD45 gene knockout mice show a block in
T cell maturation and defectsin B cell and mast cell acti-
vation, the mechanisms of which are not defined. The
physiologicligand for CD45 is not known.

CD2 isaglycoprotein present on more than 90% of
mature T cells, on 50% to 70% of thymocytes, and on

r

NK cells. The molecule contains two extracellular Ig
domains, a hydrophobic transmembrane region, and
a long (116 amino acid residues) cytoplasmic tail.
The principal ligand for CD2 in humans is a molecule
called leukocyte function-associated antigen-3 (LFA-3,
or CD58), dso an lIg superfamily member. LFA-3 is
expressed on awide variety of hematopoietic and non-
hematopoietic cells, either as an integral membrane
protein or a a phosphatidyl inositol-anchored mem-
brane molecule. In mice, the principal ligand for CD2
is CD48, which is distinct from but structurally similar
to LFA-3.

CD2 is an example of an accessory molecule that
functions both as an intercellular adhesion molecule
and asasignal transducer.

€ Some anti-CD2 antibodiesincrease cytokine secretion
by and proliferation of human T cdlls cultured with

anti-TCR/CD3 antibodies, indicating that CD2 signals
can enhance TCR-triggered T cell responses.

Some anti-CD2 antibodies block conjugate formation
between T cellsand other LEA-3-expressingcells, indi-
cating that CD2 binding to LFA-3 aso promotes cell-
cell adhesion. Such antibodiesinhibit both CTL activity
and antigen-dependent helper T cell responses.

Integrins

The specific (nonrandom) adhesion of cells to other cells
or to extracellular matrices is a basic component of cell
migration and recognition and underlies many biologic
processes, including embryogenesis, tissue repair, and
immune and inflammatory responses. It is therefore not
surprising that many different genes have evolved that
encode proteins with specific adhesive functions. The
integrin superfamily consists of about 30 structurally
homologous proteins that promote cell-cell or cell-matrix
interactions. The name of this family of proteins derives
from the hypothesis that they coordinate (i.e., “integrate”)
signals generated when they bind extracellular ligands
with cytoskeleton-dependent motility, shape change, and
phagocytic responses. The Ig superfamily, which was
described in Box 3-2, is another set of homologous pro-
teins with adhesive and recognition functions.

All integrins are heterodimeric cell surface proteins
composed of two noncovalently linked polypeptide chains,
o.and f3. The o. chain varies in size from 120 to 200kD, and
the 3 chain varies from 90 to 110kD. The amino terminus
of each chain forms a globular head that contributes to
mnterchain linking and to ligand binding. These globular
hez}ds contain divalent cation-binding domains. Divalent
Cations are essential for integrin receptor function and
may interact directly with integrin ligands. Stalks extend
from the globular heads to the plasma membrane, fol-
lowed 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
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teins, activated complement components, and proteins on

the surfaces of other cells. Several integrins bind to Arg-
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Knockout micelacking both CD28 and CD2 have more
profound defects in T cell responses than do mice
lackingeither moleculea one. Thisindicatesthat CD28
and CD2 may compensatefor each other, an example
of the redundancy of accessory moleculesof T cells.

On the bass of such findings, anti-CD2 antibodies
are now in clinica trialsfor blocking the rejection of
transplants.

Adhesion Molecules of T Caells:
Integrins, Selectins, CD44

Some accessory molecules of T cells function as inter-
cellular adhesion molecules and play important roles
in the interactions of T cells with APCs and in the
migration of T cells to sites of infection and inflam-
mation. The magjor adhesion molecules of T cellsare
membersof theintegrin and selectin familiesand CD44.

Integrins

Theintegrinsare heterodimeric proteins, expressed on
leukocytes, whose cytoplasmic domains bind to the
cytoskclcton (Box 6-2). There are two subfamilies of

Gly-A9 (RGD) sequencesin fibronectin and vitronectin
molecules. The cytoplasmicdomainsof the integrins inter-
act with cytoskeletal components (including vinculin,
talin, actin, a-actinin, and tropomyosin).

Three integrin subfamilies were originally defined on
the basis of which of three B subunits were used to form
the heterodimers. This led to a simplified organizational
scheme becauseit was thought that each of these B chains
could pair with a distinct and nonoverlapping set of a
chains. More recently, five additional B chains have been
identified, and many exampleshave been found of asingle
a chain pairing with more than one kind of B chain.
Nonethel ess, the subfamilydesignationisstill useful for con-
sideration of integrinsrelevant to the immune system; the
major membersof these subfamiliesare listed in the table.

The B,-containing integrins are aso called VLA mole-
cules, referring to "very late activation" molecul es, because
o4 and owP; were first shown to be expressed on T cells
2 to 4 weeks after repetitive stimulation in vitro. In fact,
other VLA integrins, including VLA-4, are congtitutively
expressed on some T cells or rapidly induced on others.
The B, integrins are dso called CD49a—fCD29, CD49a—f
referring to different a chains (o, to o) and CD29 refer-
ring to the common  subunit. Mogt of the B, integrins
are widely expressed on leukocytes and non-blood cells
and mediate attachment of cells to extracellular matrices.
VLA-4 (04, or CD49dCD29) is expressed only on leuko-
cytes and can mediate attachment of these cells to
endothelium by interacting with vascular cell adhesion
molecule-1 (VCAM-1). VLA-4 is one of the principal
surface proteins that mediate homing of lymphocytes to
endothelium at peripheral sitesof inflammation.

Continued on following page
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Subunits |Name Ligands/counterreceptors | Functions
131 01 | VLA-1(CD49aCD29) | Collagens, laminin Cell-matrix adhesion
Oz |VLA-2 (CD49bCD29) | Collagens, laminin Cell-matrix adhesion
03 | VLA-3(CD49cCD29) | Fibronectin, collagens, laminin Cell-matrix adhesion
04 | VLA-4 (CD49dCD29) | Fibronectin, VCAM-1, MadCAM-1 Cell-matrix adhesion; homing; T cell costimulation?
05 | VLAB (CD49eCD29) | Fibronectin Cell-matrix adhesion
Olg | VLA-6 (CD49fCD29) | Laminin Cell-matrix adhesion
o7 | CD49gCD29 Laminin Cell-matrix adhesion
Olg |CD49hCD29 ? ?
oy | CD51CD29 Vitronectin, fibronectin Cell-matrix adhesion
Bg o |CD11aCD18 (LFA-1) | ICAM-1, ICAM-2, ICAM-3 Leukocyte adhesion to endothelium; T cell-APC
adhesion; T cell costimulation?
O | CD11bCD18 (MAC-1, |iC3b, fibrinogen, factor X, ICAM-1 | Leukocyte adhesion and phagocytosis;
CR3) cell-matrix adhesion
Oly CD1 1-c-CD1 8 (p150,95; | iC3b; fibrinogen Leukocyte adhesion and phagocytosis;
CR4) cell-matrix adhesion
B3 Oyip | GPIIb/lla Fibrinogen, fibronectin, von Platelet adhesion and aggregation
(CD41CD61) Willebrand factor, vitronectin,
thrombospondin
oy | Vitronectin receptor Fibrinogen, fibronectin, von Cell-matrix adhesion
(CD51CD61) Willebrand factor, thrombospondin,
fibronectin, osteopontin, collagen
By Og |CD49fCD104 Laminin Cell-matrix adhesion
Bs Oly Vitronectin Cell-matrix adhesion
Bs Oly Fibronectin Cell-matrix adhesion
[3-,- Olg | LPAM-1 Fibronectin, VCAM-1, MadCAM-1 Lymphocyte homing ot mucosal lymphoid tissues
O | HML-1 E-cadherin Retention of intraepithelial T cells
Abbreviations: APC, antigen-presenting cell; iC3b, C3b inactivated; ICAM, intercellular adhesion molecule;
LFA, leukocyte function—associated antigen; MadCAM-1, mucosal addressin cell adhesion molecule-1;
VCAM-1, vascular cell adhesion molecule-1. Adapted from Hynes RO. Integrins: versatility, modulation,
and signaling in cell adhesion. Cell 69:11-25, 1992. © Cell Press.

The B, integrins, also known as the leukocyte func- CR4), both of which have the same [ subunit as LFA-1.
tion-associated antigen-1 (LFA-1) family, were identified CD11bCD18 and CDI11¢CDI18 both mediate leukocyte
by monoclonal antibodies that blocked adhesion-  attachment to endothelial cells and subsequent extravasa-
dependent lymphocyte functions such as killing of target tion. CD11bCDI8 also functions as a fibrinogen receptor
cells by CTLs. LFA-1 plays an important role in the adhe- and as a complement receptor on phagocytic cells, binding
sion of lymphocytes with other cells, such as APCs and particles opsonized with a by-product of complement
vascular endothelium. This family is also called activation called the inactivated C3b (iC3b) fragment. An
CD11a—cCD18, CDI11 referring to different o chains and autosomal recessive inherited deficiency in LFA-1, Mac-1,
CDI18 to the common [, subunit. LFA-1 itself is termed and p150,95 proteins, called type 1 leukocyte adhesion
CD11aCD18. Other members of the family include deficiency (LAD-1), has been identified in a few families
CD11bCD18 (Mac-1 or CR3) and CD11cCDI18 (p150,95 or and is characterized by recurrent bacterial and fungal

Continued on following page
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infections, lack of polymorphonuclear leukocyte accumu-
lationsat sites of infection, and profound defectsin adher-
ence-dependent lymphocyte functions. The disease is a
result of mutationsin the CD18 gene, which encodes the
B chain of LEA-1 subfamily molecules, and it demonstrates
the physologic importance of the LFA-1-rdated
proteins. In knockout mice, deficiency of either LEA-1 or
Mac-1 causes less severe immunologic defects than does
the loss of all B, integrins.

In addition to adhesion, integrins may deliver stimula-
tory signalsto cellson ligand binding. The mechanism of

L S

signaling involves tyrosine phosphorylation of different
substrates, inositol lipid turnover, and el evated cytoplasmic
calcium. The functional consequences of these integrin-
mediated signals vary with cell type; in T lymphocytes,
ICAM-1 binding to the B, integrins can provide costimula-
tory dgnas that enhance cytokine gene expression.
However, the signaling role of integrins has been demon-
strated mostly in nonphysiologic in wvitro experimental
sysems, and its importance in conventional immune
responsesis not known,

integrins, and the members of each family express a
conserved B chain (B, or CD18, and 3, or CD29) asso-
ciatedwith different achains. The major integrin adhe-
sion moleculeson T cellsare B, integrins, also known
as VLA (very late activation) antigens, and the [, inte-
grin commonly called leukocyte function-associated
antigen-1 (LFA-1, also known as CD11aCD18). LFA-1is
expressed on more than 90% of thymocytesand mature
T cdls, B cells, granulocytes, and monocytes. One spe-
cific ligand for LFA-1 is intercellular adhesion mole-
cule-l (ICAM-1, or CD54), a membrane glycoprotein
that isexpressed on avariety of hematopoietic and non-
hematopoietic cells, including B and T cells, dendritic
cells, macrophages, fibraoblasts, 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. The [
integrin  (VLA) subfamily consists of six members
with different a chains. VLA-4 (CD49dCD29) binds to
a protein caled vascular cell adhesion molecule-1

(VCAM-1) that is expressed on cytokine-activated
endothelial cels. T cell VLA molecules also bind to
extracellular matrix ligands, such asfibronectin (VLA-
4 and VLA-5) and laminin (VLA-6).

The major functions of T cell integrins are to
mediate adhesion to APCs, endothelial cells, and
extracellular matrix proteins. When the integrins
bind their specific ligands, the T cell reorganizes its
cytoskeleton, and this change leads to firm adhesion of
the T cell. These adhesion functions of integrins are
regulated by changesin the avidity of the integrinsfor
their ligands, changcs in the lcvel of expression of the
integrins, and changes in the expression of their
ligands.

The avidity of integrins for their ligands is
increased rapidly on exposure of the T cells to
cytokines called chemokines and after stimulation of
T cells through the TCR (Fig.6-11).Thisrapid increase
in binding avidity dlows integrins to respond quickly
when there is local inflammation (which is associated
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Figure 6-11 Regulation of integrin avidity.
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Integrins are presentin a low-affinity state in resting T cells. Chemokines produced by the antigen-
presenting cell (APC) and signals induced by the TCR when it recognizes antigen both act on
integrins and lead to their clustering and to conformational changes that increase the affinity of the
integrins for their ligands. As a result, the integrins bind with high avidity to their ligands on APCs

and thus promote T cell activation.
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with the production of chemokines) and when T cells
recognize antigens (leading to TCR-mediated signal-
ing). Theincrease in integrin avidity in these situations
ensures that integrin-mediated intercellular adhesion
functions together with antigen recognition, especially
at sites of inflammation, to optimize T cdl-APCand T
cell—endothelium interactions. Thistype of signaling, in
which a stimulus (antigen or cytokine) changes the
ability of amembrane protein to interact with the exter-
nal environment, has been called inside-out signaling.
The increase in integrin avidity is likely to involve
changes in cytoskeletal organization, leading to clus
tering of integrins at the site of contact, and perhaps
conformational changesin the extracellular regions of
theintegrins, leading to increased affinity of binding to
ligands.

The expression of integrins on T cells is increased
after activation, and the expression of the ligands for
integrins on APCs and endothelial cells is increased
by exposure to inflammatory cytokines. For these
reasons, effector and memory T cells that have previ-
ously been stimulated by antigens bind more strongly
than do naive T cells to APCs and to endothelium at
sites of infection and inflammation. The tendency of
antigen-stimulated T cells to home to sites of infection
or inflammation is largely due to integrin-mediated
binding of the T cellsto ligands on the endothelium at
these sites (see Chapters 2 and 13).

Integrins, particularly LFA-1, are essential for most
adhesion-dependent lymphocyte functions, including
antigen- and APC-induced helper T cell stimulation,
CTL-mediated killing of target cells, and lymphocyte
adhesion to endothelium. Antibodies against integrins
or their ligands block all these interactions. Integrin-
mediated adhesion may play akey rolein theinduction
of antigen-specific T cell responses. T cells may first

Selectins and Selectin Ligands

bind transiently to APCsthrough integrins and scan the
APC surface for the presence of peptideeMHC com-
plexes. If the APC expresses complexes thataT cell rec-
ognizes by its antigen receptors, the T cell is activated,
the binding avidity of itsintegrinsisincreased, and the
T cell remains attached for long enough to result in a
productive response. Integrins also play critical rolesin
the interaction of nonlymphoid cells (granulocytes,
macrophages) with other cells, such as endothelial
cells. Some in vitro experiments suggest. that integrins
deliver activating signals to T cells, but it is unclear
whether the signaling function of these molecules is
critical for T cell activation.

The ability of integrins (and CD44) to bind to
matrix molecules is responsible for the retention of
antigen-stimulated T cells in lymphoid organs and at
peripheral sites of infection and antigen persistence.
Thus, in response to antigen and associated inflamma-
tion. effector and memorv T cellsleave the circulation
and migrate into tissues. Those cells that specifically
recognize the antigen increase the avidity of their
integrins and, therefore, their ability to bind to matrix
molecules. As aresult, antigen-specific T cells are pref-
erentially retained in the tissues, where they are needed
to respond to and eliminate the antigen. We will return
to amore detailed discussion of thissequence of events
in Chapter 13, when we discuss cell-mediated immune
reactions.

Selectins and Selectin Ligands

Selectins are carbohydrate-binding proteins present on
leukocytes, endothelial cells, and platelets; their princi-
pal function is to regulate the migration of leukocytes
to various tissues (Box 6-3). The leukocyte selectin,
called L-selectin, is expressed at high levels on naive T

The sdectins are a family of three separate but dosdy
related proteins that mediate adhesion of leukocytes to
endothelial cdls (see Table). One member of this family
o adhesion moleculesis expressed on leukocytes, and two
other members are expressed on endothelial cdls, but dl
three participatein the process of leukocyte-endothelium
attachment. Each of theselectin moleculesisasingle-chain
transmembraneglycoprotein with asimilar modular struc-
ture. The amino terminus, expressed extracdlularly, is
related to thefamily of mammdian carbohydratebinding
proteinsknown as Gty pelectins. Like other Gtype lectins,
ligand binding by sdlectins is calcium dependent (hence
the name Gtype). The lectin domain is followed by a
domain homologous to part of the epidermal growth
factor, which in turn isfollowed by a number of tandemly
repeated domains related to structures previoudy identi-
fied in complementregulatory proteinsasshort consensus
repests. These short consensus repeets are tolowed by a
hydrophobic transmemibrane region and ashort cytoplas-
mic carboxyl terminal region.

L-selectin, or CD62L, is expressed on lymphocytes and
other leukocytes. It serves as a homing receptor for lym-
phoeytes to lymph node high endothelial venules and is
also expressed on other leukocytes On neutrophils, it
serves to bind these cdlsto endothelia cdlsthat are acti-
vated by cytokines (TNF-a IL-1, and IFN-y) found at Sites
3 inflammation. L-selectin binding to itsligand hasafast
on-rate but ds0 hasafest off-rateand isof low &ffinity; this
property dlows Lrselectin to mediate initia attachment
and subsequent rolling of leukocytes on endotheliumin
the face of flowing blood. L-selectin islocated on the tips
of microvillus projections of leukocytes, facilitating its
interaction with ligandson endothelium. Therallingisfol-
lloved by more stable integrin-medi ated attachment of the
neutrophils to ICAM-1, spreading, and LEA-1-mediated
iransmigration. At least three endothdlia cdl ligands can
bind L-selectin: glycanbearing cell adhesion molecule-1
(GlyCAM-1), a secreted proteoglycan found on high
endothelia venulesof lymph node; mucosd addressin cell
adhesion molecule-1 (MadCAM-1), expressed on endothe-

Continued on following page
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I Selectin ISize

Distribution

| Ligand

(CD62L)

L-selectin | 90-110 kD (variation | Lymphocytes (high expression
due to glycosylation) | on naive T cells, low expression| glycans on GlyCAM-1,
on activated effector and
memory cells)

Sulfated glycosamino- — 1

CD34, MadCAM-1, others

E-selectin | 110 kD
(CD62E)

P-selectin | 140 kD
(CD62P)

Endothelium activated by
cytokines (TNF, IL-1)

Storage granules and surface
of endothelium and platelets

Sialylated Lewis X and
related glycans (e.g., CLA-1)
on various glycoproteins

sialylated Lewis X and
related glycans on PSGL-1
and other glycoproteins

b L

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

lial cellsin gut-associated lymphoid tissues; and CD34, a
proteoglycan on endothelial cells (and bone marrow
cdls).

E-sdlectin, dso known as endothelial leukocyte adhe-
son moleculel (ELAM-1) or CD62E, is exdusvdy
expresed by cytokine-activated endothelia cdls, hence
the designation E. E-sdlectin recognizescomplex sdylated
carbohydrate groups related to the Lenis X or Lenis A
family found on various surface proteins of granulocytes,
monocytes, and certain previoudy activated effector and
memory T cdls. E-sdectin isimportant in the homing of-
effector and memory T cdls to some peripheral stes of
inflammeation, particularly in the skin. On asubset ' T
cdls, the carbohydrateligand for Esdlectin is cdled cuta
neous lymphocyte antigen-1 (CLA-1) and isimplicated in
homingd theseT cdlsto theskin. Endothelial cell expres-
son of E-sdectinisa halmark of acute cytokine-mediated
inflammation, and antibodies to E-sdectin can block
leukocyte accumulation in vive.

P-sdectin (CD62P) wesfird identified in the secretory
granules o platelets, hence the designation P, It hassince
been found in secretory granules of endothelial cells,
which are called Weibel-Palade bodies. When endothelial
cdls or platdets are stimulated, P-sdectin is trand ocated
within minutes to the cell surface as part of the exocytic
secretory process. On reaching the cdl surface, P-sdectin
mediates binding of neutrophils, T lymphocytes, and
monocytes. In mice, P-sdectin expression is regulated
by cytokines, smilar to the regulation of E-sdectin. The
complex carbohydrate ligands recognized by P-sdectin
appear smilar to those recognized by E-sdectin. A protein
caled P-sdectin glycoprotein ligand-1 (PSGL-1) is post-
trandationa ly modifiedin leukocytesto expressfunctional

ligands for P-selectin. This involves both sulfation and
fucosylation.

The synthess of selectin ligands is differentialy regu-
lated in subsets of T cells, and this reflects differential
expresson o glyoosyl transferase enzymes that attach car-
bohydrates to the protein backbone o the ligands. For
example, naive T cdlsexpressvirtudly no E-and P-sdectin
ligands, and Tyl cdls express sgnificantly more than do
Tu2 cdls. The genesfor the three selectinsare located in
tandem on chromosome 1 in both mice and humans. The
selectin structural motif cdearly arose from duplication of
an ancedtral selectin gene. The differences among the
three sdlectinsserve to confer both differencesin binding
Soedificity and differencesin tissue expresson. However,
it is thought that al three sdectins mediate rapid low-
affinity attachment of leukocytes to endothelium, an early
and important step in leukocyte homing, athough E-
selectin may mediate high-affinity attachment aswdl.

The physologicroles of selectins have been reinforced
by studies of gene knockout mice. L-selectin—deficient
mice have amdl, poorly formed lymph nodes and defec-
tive induction of T cell-dependent immune responses
and inflammatory reactions. Mice lacking either E-sdlectin
or P-sdectin have only mild defects in [eukocyte recruit-
ment, suggesting that these two moleculesare functionally
redundant in this species. Double knockout mice lacking
both E-sdectin and P-sdectin have sgnificantly impaired
leukocyte recruitment and increased susceptibility to
infections. Humans who lack one of the enzymes needed
to express the carbohydrate ligands for E-sdectin and P
selectin on neutrophilshave smilar problems, resultingin
a syndrome called type 2 leukocyte adhesion deficiency
(LAD-2) (seeChapter 20).

lymphocytes, and its expression is reduced on activated
T cdls It specifically binds carbohydrate moieties
found on glycoproteins on the specialized endothelial
cells of high endothelial venules in lymph nodes.
Therefore, L-selectin mediates the migration of naive
T cellsinto lymph nodes, where antigens are concen-
trated and immuneresponses areinitiated (see Chapter
2). Two other selectins are called E-selectin (for
endothelial selectin) and P-selectin  (for platelet
selectin, also found in endothelial cells). Both are
rapidly expressed on endothelial cellsthat are activated

by cytokines during inflammatory reactions. Activated
T cells express ligands for E- and P-selectins. These
ligands are heavily glycosylated membrane proteins,
and their interactions with the selectins are also impor-
tant for the migration of effector and memory T cells
to sites of inflammation.

CcD44

CD44 is an acidic sulfated membrane glycoprotein
expressed in several alternatively spliced and variably
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glycosylated forms on a variety of cell types, including
mature T cells, thymocytes, B cells, granulocytes,
macrophages, erythrocytes, and fibroblasts. Recently
activated and memory T cells express higher levels of
CD44 than do naive T cells. CD44 binds hyaluronate,
and this property is responsible for the retention of
T cellsin extravascular tissues at sites of infection and
for the binding of activated and memory T cells to
endothelium at sites of inflammation and in mucosal
tissues (see Chapters 2 and 13).

Effector Molecules of T Lymphocytes

T lymphocytes express many other molecules that are
involved in their effector functions and their regula-
tion. Activated CD4* T cells express a surface protein
called CD40 ligand (CD40L or CD154), which binds to
CD40 on B lymphocytes, macrophages, dendritic cells,
and endothelial cells and activates these cedlls. Thus,
CD40L is an important mediator of many of the effec-
tor functions of helper T cells, such as the stimulation
of B cellsto produce antibodies and the activation of
macrophages to destroy phagocytosed microbes. The
role of CD40:CD40L interactions in humoral immune
responsesisdiscussedin Chapter 9 and in cell-mediated
immunity in Chapter 13.

Activated T cellsalso express aligand for the death
receptor Fas (CD95). Engagement of Fas by Fasligand
on T cells results in apoptosis and is important for
eliminating T cells that are repeatedly stimulated by
antigens (see Chapter 10, Box 10-2). Fas ligand aso
provides one of the mechanisms by which CTLs kill
their targets (see Chapter 13).

Activated T cellssecrete cytokines, whichfunction as
growth and differentiation factorsof the T cellsand act
on many other cell populations. Activated T cells also
express receptors for many of these cytokines. We will
discussthese effector moleculesin later sections of the
book when we describe the biologic responses and
effector functions of T lymphocytes.

Summary

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

® MHC-restrictedT cellsrecognize peptide-MHC com-
plexes on APCs by clonally distributed TCRs. These
TCRsare composed of two disulfide-linked polypep-
tide chains, called aand f3, that are homologous to
the heavy and light chains of 1g molecules. Each
chain of the a3 TCR consists of aV region and a C

region.

The V segment of each TCR chain contains three
hypervariable (complementarity-determining) re-
gions, which form the portions of the receptor that
recognize complexes of processed peptide antigens
and MHC molecules. During T cell antigen recogni-
tion, the TCR makes contact with amino acid
residues of the peptide as well as with polymorphic
residues of the presenting sdf MHC molecules,
accounting for the dual recognition of peptide and
saf MHC molecules.

The y6 TCR is another clonally distributed het-
erodimer that is expressed on a small subset of
ofy-negative T cells. These ¥8 T cells are not MHC
restricted, and they recognize different forms of
antigen than o T cellsdo, including lipidsand some
small molecules presented by nonpolymorphic
MHC-like molecules.

The off (and ¥8) heterodimers are noncovalently
associated with four invariant membrane proteins,
three of which are components of CD3; thefourth is
the { chain. The assembly of the TCR, CD3, and {
chain is called the TCR complex. When the o TCR
binds peptide-MHC complexes, the CD3 and £ pro-
teins transduce signals that initiate the process of T
cell activation.

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

CD4 and CD8 are coreceptorsexpressed on mutually
exclusive subsets of mature T cells that bind non-
polymaorphic regions of classII and class| MHC mol-
ecules, respectively. CD4 is expressed on dass
11-redtricted helper T cells, and CD8 is expressed on
class |-restricted CTLs. When T cells recognize
peptide-MHC complexes, CD4 and CDS8 deliver
signalsthat are critical for initiating T cell responses.

CD28isareceptor on T cellsthat binds to B7 costim-
ulatory molecules expressed on professional APCs
CD28 delivers signals, often called signal 2, that are
required in addition to TCR complex-generated
signals (signal 1) for full T cell activation. A second
receptor for B7, called CT1.A-4, isinduced after T cell
activationand functionsto inhibit responses.

CD45 is a protein tyrosine phosphatase that plays
arole in regulating tyrosine kinases during early T
cell activation. CD2 isa T cell molecule that serves
both adhesive and signaling functions.

The T cdl integrins LFA-1 and VLA-4 bind ICAMs
and VCAM-1, respectively, on the surfaces of other
cells. These adhesive interactions are important for
stable conjugation of T cellsand APCsand for T cell
migration from blood into tissues. The binding of
integrins to their ligands is regulated by changesin
the avidity and expression of the integrins and by
changes in the expression of their ligands.

Chapter 6 — Antigen Reoeptors and Accessory Moleculesd T Lymphocytes

e CD40 ligand and Fes ligand are T cell surface
molecules whose expression is induced by T cell
activation and that perform specialized effector
functions.
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Maturation,

Activatiorn, and
Regulation of
Lymphocytes

The activation of lymphocytes by foreign antigens is
the eentral eventin adaptive immune responses. Much
of the science of immunology is devoted to studying
the biology of B and T lymphocytes. In this section of
the book, we focus on the generation of mature lym-
phocytes and the responses of these lymphocytes to
antigen recognition.

Chapter 7 describes the development of B and T
lymphocytes from uncommitted progenitors, with an
emphasis on the molecular basis of the expression of
antigen receptors and the generation of diverse lym-
phocyte repertoires. In Chapter 8, we discuss the
biology and biochemistry of T lymphocyte activation.
Chapter 9 deals with the activation of B lymphocytes
and the mechanisms that lead to the production of

antibodies against different types of antigens. In
Chapter 10, we discuss the phenomenon of immuno-
logic tolerance and the mechanisms that control
immune responses and maintain homeostasis in the
immune system.
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Lymphocytes are the only cellsin the body to express
highly diverse antigen receptors that recognize a wide
variety of foreign substances. This diversity is generated
during the development of mature B and T lympho-
cytesfrom precursor cells that do not express antigen
receptors and cannot recognize and respond to anti-
gens. The process by which bone marrow-derived
lymphocyte progenitors are converted to mature
lymphocytes that populate peripheral lymphoid tissues
is caled lymphocyte maturation. The collection of
antigen receptors, and therefore specificities, expressed
in B and T lymphocytesis called the lymphocyter eper -
toire. During maturation, a program of sequential gene
expression leads to proliferation of the developing
cells, generation of adiverse repertoire, changesin the
phenotypes, acquisition of functional competence, and
selection eventsto ensure that most of the lymphocytes
entering peripheral tissues are useful in that they
respond to foreign antigens but not to many sdaf anti-
gens. The expression of antigen receptor genes is the
central feature of lymphocyte maturation, and there
are many fundamental similarities in the processes
by which B cdls acquire the ability to express
immunoglobulin (Ig) genes and T cells acquire the
ability to expressT cell receptor (TCR) genes. We begin
this chapter with a discussion of the common cellular
and genetic featuresof B and T lymphocyte maturation.
This is followed by a description of the processes that
are unique to B cell development and then of those
unique to T cell development.

General Features of Lymphocyte
Maturation

The maturation of B and T Ilymphocytes consists
of sequential stages—early maturation involving
lineage commitment and proliferation, expression of
antigen receptor genes, and selection of the mature
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Figure 7-1 Stages of lymphocyte maturation.
Development of both B and T lymphocytes involves the sequence of maturational stages shown.
B cell maturation is illustrated, but the basic stages of T cell maturation are similar.

repertoires. During each of these stages, the cells
undergo distinct cellular and genetic changes (Fig.
7-1).

Early Maturation

Pluripotent stem cells in the bone marrow (and fetal
liver) give rise to all lineages of blood cells, including
the lymphocyte lineage. It has been difficult to pre-
cisely define the mechanisms by which stem cells
become committed to the lymphoid lineage or the phe-
notypic characteristics of these lymphoid progenitors.
The existence of lymphoid progenitors is indicated by
gene mutations in experimental animals or human
patients that result in a block in development of lym-
phocytes but not other bone marrow-derived cells (Box
7-1). Some of these genes involved in lymphocyte mat-
uration encode transcription factors, and others
encode growth factors or growth factor receptors. The
lymphoid progenitors give rise to B and T lymphocytes
and NK (natural killer) cells. B and T lymphocytes
develop from precursors that are not well defined by
unique phenotypic markers, but their existence is con-
vincingly demonstrated by genetic abnormalities in
either early B cell development or early T cell develop-
ment, but not both (see Box 7-1). The maturation of
B cells from progenitors committed to this lineage pro-
ceeds in the bone marrow. In contrast, precursors of T
lymphocytes leave the bone marrow and circulate to the
thymus, where they complete their maturation. Despite
their different anatomic locations, the early maturation
events of both B and T lymphocytes are fundamentally
similar.

Early B and T cell maturation is characterized by
high mitotic activity, stimulated mainly by the
cytokine interleukin (IL)-7, resulting in marked
increases in cell numbers. The mitotic activity ensures

that a large enough pool of cells will be generated to
provide a highly diverse repertoire of antigen-specific
lymphocytes. IL-7 is produced by stromal cells in the
bone marrow and thymus. Mice with targeted muta-
tions in either the IL-7 gene or the IL-7 receptor gene
have profound deficiencies in mature T and B cells and
little maturation of lymphocyte precursors beyond the
earliest stages (see Box 7-1). Mutations in a chain of
the IL-7 receptor, called the common 7y chain because
it is shared by several cytokine receptors, give rise to an
immunodeficiency disease in humans called X-linked
severe combined immunodeficiency disease. This
disease is characterized by a block mainly in T cell devel-
opment, perhaps because human B cell progenitors are
able to proliferate in the absence of IL-7 signals (see
Chapter 20). The proliferative activity in early lympho-
cyte development, driven mainly by IL-7, ceases before
the cells express their antigen receptor genes. After the
developing lymphocytes express antigen receptors,
these molecules take over the function of stimulating
proliferation.

Antigen Receptor Gene Recombination
and Expression

The expression of antigen receptor genes is the key
event in lymphocyte maturation required for the gen-
eration of a diverse repertoire and for the processes
that ensure selective survival of lymphocytes with
useful specificities. As we discussed in Chapters 3 and 6,
each clone of B or T lymphocytes produces an antigen
receptor with a unique antigen-binding structure, and
in any individual, there may be 107 or more different B
and T lymphocyte clones. The ability of each individual
to generate these enormously diverse lymphocyte reper-
toires has evolved in a way that does not require an
equally large number of distinct antigen receptor genes;

otherwise, a large proportion of the mammalian

enome would be devoted to encoding Ig and TCR mol-
ecules. Functional antigen receptor genes are produced
in immature B cells in the bone marrow and in imma-
ture T cells in the thymus by a process of somatic recom-
pination, in which a set of inherited, or germline, DNA
sequences that are initially separated from one another
are brought together by enzymatic deletion of interven-
ing DNA and religation. The diversity of the lymphocyte
repertoire is generated during the joining of different
gene segments. The DNA recombination events that
lead to production of antigen receptors are not depend-
ent on or influenced by the presence of antigens. In
other words, as the clonal selection hypothesis had

Genetic Blocks in Lymphocyte Maturation

Studies of natural and targeted gene mutations in mice, as
well as identification of the affected genes in several inher-
ited human immunodeficiency diseases, have contributed
to our understanding of the role of individual molecules
in the development of mature B and T lymphocytes. The
genes identified by these approaches encode transcription
factors, components of the pre-T and pre-B antigen recep-
tor complexes, enzymes and adapter proteins involved in
signal transduction in lymphocyte precursors, and proteins
required for the formation of ligands involved in positive
selection of lymphocytes. Some of these genetic blocks,
especially mutations in transcription factors, have helped
establish the existence of stem cells and early precursors
committed to differentiate into either B or T lineages.
Other mutations have contributed to our understanding
of different stages of B or T lineage maturations, often
referred to as checkpoints because these mutations block
development of cells that are not able to express useful
antigen receptors. Not surprisingly, many of these check-
point mutations are found in genes encoding the struc-
tural or signaling components of the pre-B or pre-T
receptors. Analyses of mutations in transcription factors
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proposed, antigen receptors are expressed before
encounter with antigens. We will discuss the molecular
details of antigen receptor gene recombination later in
the chapter.

Antigen receptors deliver signals to developing
lymphocytes that are required for the survival of these
cells and for their proliferation and continued matu-
ration (Fig. 7-2). In the absence of antigen receptor
expression, developing lymphocytes enter a default
pathway of death by apoptosis. This requirement for
antigen receptor expression in lymphocyte maturation
is a quality control mechanism to ensure that only
useful lymphocytes with functional antigen receptors
are generated. During an intermediate stage of matu-

and signaling molecules are also beginning to reveal the
essential signaling pathways involved in lymphocyte matu-
ration. In several cases, the mutations in homologous
genes in mice and humans result in different degrees of
developmental blockade, For example, mutations in the
IL-2 receptor common Y chain, the cause of X-linked
severe combined immunodeficiency disease in humans,
result in a block only in T cell development in humans,
but knockout of the same gene in mice results in failure
of both T cell and B cell maturation. Mutations in the Btk
kinase, the cause of X-linked agammaglobulinemia, result
in a complete absence of mature B cells in humans but
only a partial failure of B cell development in mice. Such
observations suggest that maturation of lymphocytes is
dependent on distinct sets of stimuli to different extents
in different species. Thus, for maturation of B cells, signals
from the pre-B cell receptor, which involve the Btk kinase,
may be more important in humans, and signals delivered
by cytokines, such as IL-7, which uses the IL-2R y chain,
may be critical in mice,

The following table includes a summary of many of the
identified genetic blocks in lymphocyte maturation.

B or T lineage precursor | py-1

IL-7 receptor
achain
Common cytokine
receptor y chain

Maturation block Defective Function of encoded protein Experimental model
gene/product or human disease
Stem cell committed I_k_?_r_c_a_s_____ | Transcription factor Mouse gene knockout

Transcription factor

IL-7 ' Cytokine: growth factor for
immature lymphocytes

IL-7-induced signaling

IL-7— and other cytokine-induced signaling

Mouse gene knockout

| Mouse gene knockouit

X-linked SCID (no B cell
maturation defect in humans)

B precursor, pro-B cell | goa

Jak 3 IL-7 receptor—assocuated tyrosine kinase Mouse gene knockout, human
autosomal SCID
Stem cell committed Pax-5 Transcription factor Mouse gene knockout

2A Transq'rib't'i-é-ﬁ"f;c.:tbr
EBEY | Transcription factor
Sox-4 Transcription factor

Mouse gene kﬁqdkout
Mouse gene knock_out
Mouse gene knockout

Continued on following page
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Maturation block Defective Function of encoded protein Experimental model

genelproduct or human disease
- - g Pre-B receptor complex signaling Rare human ,

Pro-B cell pre-B cell g p plex sig e T e

RAG-1,RAG-2 Lyrﬁbhécyle-speciﬁc components of Mouse gene knockout,
V(D)J recombinase h_q_n_"_tgr}lggtosomal SCID

Scid (DNA-protein V(D)J recombinase component Natural mouse mutation
kinase} o - aca - - - -1 . - - P — siriessamnsnennsn
Ku80 V(D)J recombinase component Mouse gene knockout

Pre-B cell immature
B cell

i heavy chain
AS
Syk

B cell tyrosiné
kinase (Btk)

(BLNK)/SLP-65

B cell linker protein

[ Ig heavy chain éémponent of pré-B receptor

Tyrosine kinase

Mouse gene knockout, rare

human agammaglobulinemia

Surrogate light chain component of
pre-B receptor
Protein tyrosine kinase involved in

pre-B cell receptor signaling

Adapter protein

Mouse gene knockout, rare
human agammaglobulinemia

Mouse gene knockout

"Human X-linked agammaglobu-
linemia, mouse gene knockout
Mouse g

human agammaglobulinemia

‘Mouse gene knockout

K light chain gene

Component of Ig B cell antigen receptor

Mouse gene knockout

Immature B cell
mature B cell

Igh

B cell receptor complex signaling

Mouse gene knockout

Stem cell committed
T lineage precursor

Winged helix nude

Transcription factor (expressed in
thymic epithelium)

Natural mouse mutation

Committed T lineage
precursor early double-
negative thymocyte

GATA-3

Transcription factor

Mouse gene knockout

Early pre-T to double-
positive thymocyte

RAG-1 or BAG-2
Pre-Ta

TCRp

CDéEI

cosy

Lck

Itk

-S'r-;'id(mousgj‘] o

' ComEonant of pre-T receptor and mature

' ”Signaliﬁ-g- chain of the pre-T and mature

tyrosine kinase

Lymphooyte-specific component of

T

V(D)J recombinase
DNA-dependontiinass . .. ..
Component of pre-T cell receptor

T cell antigen receptor

T cell antigen receptor complex

Signaling chain of the pre-T and mature
T cell antigen receptor complex

CD4'-' and'CDS-a's"s-bciatéd protéi-ﬁm
Protein tyrosmeklnase i.n\}('jl\u'.éd in pre-T
and mature TCR signaling

Natural mouse mutant

Mouse gene knockout, rare
human immunodeficiency

Double-positive
thymocyte to single-
positive thymocyte

TCRa enhancer
CD3y _
ZAP-70

TAP-1or TAP-2

CD4 or CD8

MHC classlorll

CIITA and RFX genes

S:gnalmg : omponem of TCR ..............

Protein tyrosine kinase _involve-d-ir'l' preT
and mature TCR signaling

Mouse gene knockout

Mouse gene
Mouse gene knockout, rare
human immunodeficiency

Component of TCR ligand required for
positive selection

“Required for lass Il MHC gene transcription

‘Peptide transporter required for
class | MHC assembly

Component of TCR ligand required for

Mouse gene knockout

“Mouse gene knockouts,
human bare lymphocyte
syndrome

Mouse gene knockout, rare
human immunodeficiency

Mouse gene knockout, rare

positive selection

human immunodeficiency (CD8)

Ibbreviau'on: SCID, severe combined immunodeficiency.
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Figure 7-2  Checkpoints in lymphocyte maturation.

During development, the lymphocytes that express receptors required for continued proliferation
and maturation are selected to survive, and cells that do not express functional receptors die by apop-
tosis. Positive and negative selection further preserve cells with useful specificities. The presence of
multiple checkpoints ensures that only cells with useful receptors complete their maturation.

ration, called the pre-B cell or pre-T cell stage, an imma-
ture form of antigen receptor is formed. This pre-B or
pre-T cell receptor is composed of one of the chains of
the mature antigen receptor (the Ig heavy chain in pre-
B cells and the TCR B chain in pre-T cells) attached to
an additional invariant protein (which differs between
B and T cell lineages). Although it is not clear what, if
any, ligands these immature receptors bind, it is known
they transduce signals that induce further maturation
steps. Importantly, the signals also rescue the develop-
Ing pre-lymphocytes from programmed cell death,
also called death by neglect. Thus, the receptor of the
pre-lymphocytes provides an intermediate checkpoint
o ensure that the first somatic recombination was
:‘»llcfiessful. In more mature lymphocytes, the complete
antigen receptor is expressed (Ig heavy chains + light
cham.? in B cells, TCR o chains + B chains in T cells),
and.agnais from this receptor promote cell survival,
Proliferation, and continued maturation, providing the
;ﬁ’;ltat(_ihtjckpoin.t during maturation. The process of
fails [(::C I_ecnml):pauo‘n of antigen receptor genes often
o produce functional Ig or TCR genes. As a result,

1y developing B and T cells, estimated to be 90% to

95% of the immature cells, fail to express these antigen
receptors and die by apoptosis.

Selection Processes That Shape the Band T
Lymphocyte Repertoires

After immature lymphocytes express antigen recep-
tors, the cells with useful receptors are preserved, and
many potentially harmful, self antigen-reactive cells
are eliminated by processes of selection induced by
antigen receptor engagement (Fig. 7- 3).Because the
expression of antigen receptors results from gene
recombinations that are not influenced by the speci-
ficities of the receptors that will be produced, many
immature lymphocytes may express antigen receptors
that are of no use. The preservation of useful specifici-
tiesiscalled positiveselection, and it is best understood
in T lymphocytes. Positive selection ensures maturation
of T cellswhose receptors bind with low avidity (weakly)
to sdf major histocompatibility complex (MHC) mole-
cules. Mature T cells whose precursors were positively
selected by self MHC moleculesin the thymusare able
to recognize foreign peptide antigens displayed by the
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cyte precursors with antigen receptors
that bind some self ligand, probably with
low avidity, are selected to survive and
mature further. These positively selected
lymphocytes enter peripheral lymphoid
tissues, where they respond to foreign
\ antigens. In negative selection, cells that
bind ubiquitous antigens present within
the generative organs, with high avidity,
receive signals that lead to cell death. As
a result, the repertoire of mature lym-
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same self MHC molecules on antigen-presenting cells
in peripheral tissues. If the TCR on adeveloping T cell
cannot recoghize any MHC molecules in the thymus,
the cell dies by apoptosis; such a cell would not be able
to recognize MHC-associated antigens in that individ-
ual. Thus, positive selection serves to generate a sdf
MHC-restricted T cell repertoire. PreB cells and
immature B cells may be posdtively selected by wesk
recognition of some salf antigens or smply by virtue of
antigen receptor expression, ensuring that al the B
cells that mature express functional antigen receptors.
The ligands that may trigger receptor-mediated signals
in maturing B cells are not known.

Negative selection is the process that eliminates
developing lymphocyteswhose antigen receptors bind
strongly to sdf antigens present in the generative lym-
phoid organs. Both developing B cells and developing

T cells are susceptible to negative selection during a
short period after antigen receptors are expressed.
The mechanism of negative selection is apoptosis that
is actively induced by antigen receptor-generated
signalsin immature lymphocytes. Negative selection of
devel oping lymphocytesis an important mechanism for
maintaining so-called tolerance to ubiquitous saf anti-
gens, thisis called central tolerance (see Chapter 10).

Acquisition of Functional Competence

During the late stages of maturation, lymphocytes
acquire the ability to respond to antigens and gener-
ate the effector mechanisms that serve to eliminate
antigens. Functional maturation involves the expres-
sion of a variety of cell surface and intracellular
moleculesthat participate in lymphocyte activation and

B
!

effectar functions. B cells acquire the ability to secrete
antibodi€s in response to antigens and other signals.
Distinct subsets of T cells with different functions
develop within the thymus. The clearest example of
functional heterogeneity acquired during T cell devel-
opment is the maturation of precursors that express
both CD4 and CDS8 into either CD4* class II MHC-
restricted T cellsor CD8* class| MHC-restricted T cells.
The CD4" cells that leave the thymus can be activated
by antigens to differentiate into helper T cells whose
e?fector functions are mediated by particular mem-
pbrane moleculesand the production of cytokines. The
CD8" cellscan differentiateinto cytolyticT lymphocytes
whose major effector function is to kill infected target
cdls.

With this introduction, we proceed to a more
detailed discussion of lymphocyte maturation, starting
with the key event in maturation, the expression of
antigen receptors.

Formation of Functional Antigen
Receptor Genes in B and
T Lymphocytes

The diverse antigen receptors of B and T lymphocytes
are produced in immature cells from genes that are
formed by somatic recombination of a limited number
d inherited gene segments. Elucidation of the mechan-
igms of antigen receptor gene expression is one of the
landmark achievements of modern immunology and
has provided a basis for understanding the specificity
and diversity of antigen receptors.

The first insights into how millions of different
antigen receptors could be generated from a small
number of genes camefrom analysesof the amino acid
sequences of 1g molecules. These analysesshowed that
the polypeptide chains of many different antibodies of
the same isotype share identical sequences at one end
o the chains (the constant regions) but differ consid-
erably in the sequences at the other end (the variable
regions) (see Chapter 3). Contrary to the genera
assumption of the time that single polypeptide chains
are encoded by single genes, Dreyer and Bennett
postulated in 1965 that each antibody chain is actually
encoded by at least two genes, one variable and the
other constant, and that the two become joined at the
leve of the DNA or the messenger RNA (mRNA) to give
rise to functional Ig proteins. (The evidence for this
conclusion is described later in the chapter.)

Formal proof of this hypothesis came more than a
decade later when Susumu Tonegawa demonstrated
that the structure of 1g genesin the cellsof an antibody-
producing tumor, called a myeloma or plasmacytoma,
1s different from that in embryonic tissues or in non-
lymphoid tissues not committed to Ig production.
These differences arise because during B cell develop-
ment, there is a recombination of DNA sequences
within the loci encoding Ig heavy and light chains. Fur-
thermore, similar rearrangements occur during T cell
development in the loci encoding the polypeptide
chains of TCRs. Antigen receptor gene recombination

.
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is best understood by first describing the unrearranged,
or germline, organizetion of Ig and TCR genes and
then describing their rearrangement during lympho-
cyte maturation.

Organization of Ig and TCR Genes in the
Germline

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

Organization of Ig Gene Loci

Threeseparate loci encode, respectively,al the Ig heavy
chains, the Ig k light chain, and the Ig A light chain.
Each locusis on a different chromosome. The organi-
zetion of human Ig genes* isillustrated in Figure 7-4,
and the relationship of gene segments to the domains
of the Ig heavy and light chain proteins is shown in
Figure 7-5A. Ig genes are organized in essentially the
sameway in al mammals, although their chromosomal
locations and the number and sequence of different
gene segments in each locus may vary. Each germline
Ig locus is made up of multiple copies of at least three
different types of gene segments, the V, C, and joining
(J) segments. In addition, the Ig heavy chain locus has
diversty (D) segments. Within each locus, the sets of
each type of gene segment are separated from one
another by stretches of noncoding DNA.

Atthe5 end of each of the lgloci, there isa cluster
of VV genesegments, each about 300 base pairslong, sep-
arated from one another by noncoding DNA of varying
lengths. The numbers of V genes (used here synony-
moudly with V region exons) vary considerably among
the different Ig loci and among different species. For
example, there are about 35V genes in the human «

*|n lg and TCRloci, the term geneusually refersto the DNA
encoding the complete polypeptide chain (e.g., an Ig heavy
or light chain) or a TCR a or B chain. As we shall discuss
presently, each complete gene consists of multiple "gene seg-
ments" that code for V, C, and other regions and are sepa-
rated fromone another in the genome by large stretches of
DNA that are never transcribed. EachV and C gene segment
is further composed of coding sequences that arc present in
the mature mRNA; these are called exons. For instance, each
Gy gene segment that givesrise to a heavy chain C region is
composed of fiveor six exons. Exons are separated by pieces
of DNA, called introns, that are transcribed and present in
the primary (nuclear) RNA but absent fromthe mRNA. The
removal ofintrons fromthe primary transcript isthe process
of RNA splicing. Sometimes, the terms gene, gene segment, and
exon are used interchangeably. For instance, "V gene" might
refer to the gene segment coding for the complete V region
of an Ig heavy or light chain, which actually consists of aVV
region exon and additional segments (J and D, aswe shall see
later),or "V gene" might refer to aV region exon only (asin
“V gene families," discussed in this chapter).
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light chain locus and about 45 in the human heavy
chain locus, whereas the mouse A light chain locus has
only 2V genes and the mouse heavy chain locus has
more than 1000V genes. TheV gene segmentsfor each
locus are spaced over large stretches of DNA, up to 2000
kilobases long. Although each V gene segment differs
in sequence from every other one, the V genes of each
locus can be grouped into multiple familieson the basis
of sequence homology. The members of each family
are identical to one another at 70% to 80% of their
nucleotide sequences, and they probably arose during
evolution by duplication of asingleV gene exon. The
physiologic significance of these V gene families
remains uncertain; members of each family do not
appear 1o encode antigen receptor V regions with a
similar specificity. At the 5 end of each V region exon
is a nucleotide sequence that encodes the 20 to 30 N-
terminal residues of the translated protein. These ter-
minal residues are moderately hydrophobic and make
up the leader (or signal) peptide. Signal sequences are
found in al newly synthesized secreted and transmem-
brane proteinsand are involved in guiding the emerg-
ing polypeptides during their synthesis on ribosomes
into thelumen of the endoplasmic reticulum. Here, the
signa sequences are rapidly cleaved, probably before
translationis complete, and they are not present in the
mature proteins.

At varying distances 3 of theV genesare the C gene
segments. Again, each Ig locus has a distinct arrange-

sment and number of Cgenes. In humans, the Ig x light
chain locus has a single C gene (C,) and the A light
chain locus has four functional C genes (C,). The Ig
heavy chain locus has nine C genes (Cy), arranged in
atandem array, that encode the C regions of the nine
different |g isotypesand subtypes (see Chapter 3). The
C« and G, genes are each composed of a single exon
that encodes the entire extracellular C region of the
light chains. In contrast, each Cy; gene is composed of
fiveor sx exons. Three or four exons (each similar in
gzeto aV region exon) encode the complete C region
of each heavy chainisotype, and two smaller exons code
for the carboxyl terminal ends, including the trans-
membrane and cytoplasmic domains of the heavy
chains (Fig. 7-5A).

Between the V and C genes in each Ig locus, and
separated by introns of varying lengths, are additional
coding sequences, 30 to 50 base pairs long, that make
up theJ segmentsand, in the Ig heavy chain locus, the
D segments. In the human Ig heavy chain locus, 5" of
the entire array of Cy gene segments, there is one
cluster of 6 functional J segments and one cluster of
more than 20 D segments. In the human K chain locus,
thereis a cluster of five ] segments 5 of C,, and in the
human A locus, there isoneJ segment 5' of each of the
four functional C, genes. The D and J gene segments
code for the carboxyl terminal ends of the V regions,
Including the third hypervariable (complementarity-
determining) regions of antibody molecules. Thus, in
an Ig light chain protein (k or h), the V region is
encpded by theV and J gene segments. In the Ig heavy
chain protein, the V region is encoded by the V, D, and
J gene ssgments (Fig. 7-5A).

The V and C domains of Ig (and TCR) molecules
share structural features, including a tertiary structure
called the Ig fold. Aswe discussed in Chapters 3 and 6,
proteins that include thisstructure are members of the
g superfamily (see Chapter 3, Box 3-2). On the basis
of tandem organization of V and C genesin each Ig or
TCR locus and the structural homologies between
them, it is believed that these genes evolved from
repeated duplication of a primordial gene. Each Ig
domain of heavy and light chains is encoded by one
exon.

Although the introns between exons are not ex-
pressed in mature mRNA, they play an important role
in the production of antigen receptors. As we shall see
later, recognition sequences that dictate recombination
of different gene segments are present in the introns
between these gene segments. In addition, the introns
contain nucleotide sequences, such as promoters,
enhancers, and silencers, that regulate transcription
and gene expression.

Organization of TCR Gene Loci

The genesencoding the TCR @ chain, the TCR 3 chain,
and the TCRy chain are in threc scparate loci, and the
TCR & chain locusis contained within the TCR a locus
(Fig. 7-6). Each germline TCR locusincludes V,J, and
C gence segments. In addition, TCR B and TCR 6 loci
aso have D segments, like the Ig heavy chain locus. At
the 5 end of each of the TCR loci, there is a cluster of
several V gene segments, arranged similarly to the Ig V
genes. Likelg V genes, TCRV gene segments can also
be grouped into multiple families on the bass of
sequence homology. Some microbial products called
superantigens can bind to TCR B chain V regions
encoded by any member of a particular Vg family. In
this way, superantigens can activate large numbers of T
cells and cause considerable disease (see Chapter 15,
Box 15-1). At the 5 end of each TCRYV region exon is
asignal sequence.

At varying distances 3 of the TCRV genesare the C
gene segments. There are two C genes in each of the
human TCR 3 (Cg) and TCR v (C) loci and only one
Cgenein each of the TCR a (C,) and TCR 6 (Cs) loci.
Each TCR C region gene is composed of four exons
encoding the extracellular C region, a short hinge
region, the transmembrane segment, and the cytoplas-
mid kekle areJ segments between the V and C genesin

al the TCR loci, and there are D segmentsin the TCR
B and TCR 6 chain loci. Each human TCR C gene
segment has its own associated 5 cluster of J (and D)
segments. In a TCR a or y chain, the V region is
encoded by the V andJ exons, and in the TCR 3 and 6
proteins, the V region is encoded by the V, D, and J
gene segments.

The relationship of the TCR gene segments and the
corresponding portions of TCR proteins that they
encodeisshown in Figure 7-5B. As in Ig moleculcs, the
TCRYV and C domains assume an |g-fold tertiary struc-
ture, and thus the TCR is a member of the Ig super-
family of protcins.
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Antigen Receptor Gene Recombination

The germline organization of Ig and TCR loci des-
cribed in the preceding section existsin al cell typesin
the body. Germline genes cannot be transcribed into
mRNA that gives rise to antigen receptor proteins.
Functional antigen receptor genes are created only in
developing B and T lymphocytes by rearrangements of
DNA that make the V, D, and J gene segments con-
tiguous. This somatic recombination involves bringing
together the appropriate gene segments, introducing
double-strand breaksat the ends of these segments, and
ligating them to produce genes that can be transcribed.

» The recombination d antigen receptor genes can be
demongtrated by a technique caled Southern blot
hybridization, which is used to examine the szes o
DNA fragments produced by regtriction enzyme diges
tion d genomic DNA (see Appendix 111 for a descrip-
tion o the technique).By this method, it can be shoawn
that the enzyme-generated DNA fragments containing
Ig or TCR gene segmentsare adifferent sze when the
DNA is from cdls that meke antibodies or TCRs,
respectively, than when the DNA is from cdls that do
not meke these antigen receptors (Fig. 7-7). The
explanation for these different Szesis that V and C

ae nat shown. Each condant (C) gane is own asa snge
d sevad exors as illudrated far . Gane ssgments are indicated as fdlows

);V, vaicdle D, divasty; ), joning; G condant; enh, enhancer;
ae TCR gere transcription).

regionsd antigen receptor chainsare encoded by dif-
ferent gene segments that are located far apart in
embryonic and nonlymphoid cdls and brought close
together in cdls committed to antibody or TCK syn+
thesis (i.e., in Bor T lymphocytes).

The process of somatic recombination involves
selecting one V gene, one ] gene, and one D gene
(when present) in each developing lymphocyte and
bringing these gene segments together to form asingle
V(D)J gene that will code for the variable region of
an antigen receptor protein (Fig. 7-8). The C gene
remains separate from the V(D)] genein the DNA and
in the primary RNA transcript. The primary RNA is
then processed so that the V(D)] segment becomes con-
tiguous with the C gene, forming an mRNA that is
translated to produce one of the chains of the antigen
receptor protein. Different clones of lymphocytes use
different combinations of V, D, and J genes. In addi-
tion, during V(D)] recombination, nucleotides are
added to or removed from thejoints. Aswe will discuss
in more detail later, these processesgenerate the diver-
sty characteristic of lymphocyte antigen receptors. The
details and unique features of recombination of 1g and
TCR geneswill be described when we consider the mat-
uration of B and T lymphocytes, respectively.
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Mechanisms of Somatic Recombination of Antigen
Receptor Genes

Rearrangement of Ig and TCR genesis a special kind
of DNArecombination involving nonhomologous gene
segments, mediated by the coordinated activities of
several enzymes, some of which are found only in
devel oping lymphocytes and others of which are ubig-
uitous DNArepair enzymes. Together, these enzymes
are called the V(D)J recombinase. The lymphocyte-
specific components of the V(D)] recombinase recog-
nize certain DNA sequences called recombination
dgnal sequences, located 3 of each V gene segment,
5 of each Jsegment, and flanking both sides of each
D segment (Fig. 7-9). The recombination signal
sequences consist of a highly conserved stretch of 7
nucleotides, called the heptamer, located adjacent to
the coding sequence, followed by a spacer of exactly 12
or 23 nonconserved nucleotides, followed by a highly
conserved stretch of 9 nucleotides, called the nonamer.
The 12- and 23-nucleotide spacers roughly correspond
to one or two turns of a DNA helix, and they presum-
ably bring the heptamer and nonamer into positions
that can be simultaneously accessible to the recombi-
nase enzymes. The V(D)] recombinase introduces
double-stranded breaksin the DNA between the recom-
bination signal scqucncc and the adjacent V, D, or J

Figure 7-7 Antigen receptor gene rearrangements.
Southern blot analysis (see Appendix lIl) of DNA from nonlym-
phoid cells and from two monoclonal populations of B lymphocyte
lineage (e.g., B cell tumors) is shown. The DNA is digested with a
restriction enzyme, different-sized fragments are separated by elec-
trophoresis, and the fragments are blotted onto a filter. The sites at
which the restriction enzyme cleaves the DNA are indicated by
arrows. The size of the fragments containing the joining (]) segment
of the Ig x light chain gene is determined by use of a radioactive
probe that specifically binds to ] segment DNA. In the hypothetical
example shown, the size of the | segment containing DNA fragments
from each of two B cells is smaller than that from non-B cell DNA.
This indicates that the specific sites where the restriction enzyme
cuts the DNA are in a different position in the genome of the B cells
compared with the non-B cells. Thus, a rearrangement of the
germline DNA sequence in the Ig k locus has occurred in the B cells.
Note that the fragment from the rearranged DNA may be larger or
smaller than the fragment from the germline DNA, depending on

the location of the sites\where the restricion ezyme cuts the DNA.

coding sequence. In Ig light chain V-to-] recombina-
tion, for example, breakswill be made 3 of aV segment
and 5 of aJsegment. Temporary hairpin loop struc-
tures are formed connecting the parallel strands of
DNA on either side of the breaks. The intervening
double-stranded DNA is removed in the form of a
circle. Thisis followed by joining of the two broken
ends and therefore joining of the V and J coding
sequences. Some V genes, especially in the Ig k locus,
are in the opposite orientation, such that the recogni-
tion sequences 5 of these V segments and 3 of theJ
segments face the same direction. In these cases, the
intervening DNA isinverted and theV andJ exonsfuse
at one end. Most Ilg and TCR gene rearrangements
occur by deletion; rearrangement by inversion occurs
in up to 50% of rearrangements in the Ig x locus.
Recombination occurs between two segments only if
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Figure 7-9 V(D)) recombination.

The DNA sequences and mechanisms involved in recombination in the Ig gene loci are depicted.
The same seauences and mechanisms apply to recombinations in the TCR loci.

A. Conserved heptamer (7 bp) and nonamer (9 bp) sequences, separated by 12- or 23-bp spacers,
are located adjacent to V and ] exons (for k and A loci) or to \V/ D, and ] exons (in the H chain locus).
The V(D)] recombinase recognizes these recombination signal sequences and brings the exons
together.

B. Recombination of V and ] exons may occur by deletion of intervening DNA and ligation of the
V and | segments (left panel) or, if the V gene is in the opposite orientation, by inversion of the DNA
followed by ligation of adjacent gene segments (right panel). Red arrows indicate the sites where
germline sequences are cleaved and later rejoined.
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Figure 7-10 Transcriptional regulation of Ig TR e e
genes.
V-D-Jrecombination brings promoter sequences Germline V1 V2 J C
(shown as P) close to the enhancer (enh) located DNA 5 l I E H 3'
between the | and C loci. The enhancer promotes 1 enh
transcription of the rearranged V gene (V2, whose ecmcmemaaaa !
active promoter is indicated by a bold green arrow). o
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one of the segmentsisflanked by a12-nucleotide spacer
and the other isflanked by a 23-nucleotide spacer; this
iscalled the 12/23 rule. Thelocation of the spacersand
sgnal sequences ensures that the appropriate gene seg-
ments will recombine. For example, in the Ig heavy
chain locus, both V and J segments have 23-nucleotide
spacers and therefore cannot join directly; D-to-]
recombination is required first, followed by V-toDJ
recombination, and this is possible because the D seg-
ments are flanked on both sides by 12-nuclectide
spacers, allowingV-D and D-Jjoining. Also, these recom-
bination signal sequences are unique to Ig and TCR
genes. Therefore, the V(D)] recombinase can act on
antigen receptor genes but on no other genes.

The lymphocyte-specific component of the V(D)]
recombinase, which binds to and cleaves DNA at the
recombination signal sequences, is a complex of two
proteins encoded by genes caled recombination-
activating gene I and recombination-activating gene
2 (RAGI and RAG2). The RAGL1 protein isadimer that
is thought to bind to and cleave the DNA (i.e., it func-
tions as a specific endonuclease), but it is enzymatically
active only when complexed with the RAG2 protein.
The importance of this enzyme is illustrated by the
finding that knockout mice lacking either RAGI or
RAG2 genes fail to produce Ig and TCR proteins and
lack mature B and T lymphocytes. The RAG-1 and
RAG-2 components of the V(D)] recombinase have
severa important properties. First, RAG1 and RAG2
are cell type specific, being produced only in cells of
the B and T lymphocyte lineages. Second, the RAG
genes are expressed only in immature lymphocytes.
Therefore, the V(D)] recombinase isactivein immature
B and T lymphocytes but not in mature cells, explain-
ing why Ig and TCR gene rearrangements do not con-
tinuein cellsthat expressfunctional antigen receptors.
Third, RAG genes are expressed mainly in the G, and
G, stages of the cell cyde and are silenced in prolifer-
ating cells. It isthought that limiting DNA cleavage and
recombination to nondividing cells minimizesthe risk

, of inappropriate DNA breaks-during DNA replication

in mitosis. The same recombinase mediates recombi-
nation at both Ig and TCR loci. Because compl ete func-
tional rearrangement of 1g genes normally occurs only
in B cells and rearrangement of TCR genes normally
occurs only in T cells, some other mechanism must
control the cell type specificity of recombination. It is
likely that the accessibility of the |lg and TCR loci to the
recombinase is differentially regulated in developing B
and T cellsby several mechanisms, including alterations
in chromatin structure, DNA methylation, and basal
transcriptional activity in the unrearranged loci.

The other enzymesthat are part of the V(D)] recom-
binase are expressed in many cell typesand areinvolved
mainly in DNA repair. Their role in Ig and TCR gene
recombination is to repair the double-stranded breaks
introduced by the recombinase. One such enzyme,
caled the DNA-dependent protein kinase (DNA-PK)
complex, isadouble-stranded DNA repair enzyme that
is defective in micc carrying thc scvcre combined
immunodeficiency (scid) mutation (see Chapter 20).
Like RAG-deficient mice, scid mice fail to produce
mature lymphocytes.

One of the consequences of V<J or V-D-J recombina
tion is that the process brings promoters located 5 of
V regions close to enhancers that are located in the
introns between V and C gene segments or even 3 of
the C genes (Fig.7-10). These enhancers maximize the
transcriptional activity of the V gene promoters and are
thus important for high-level transcription of the V
genes in lymphocytes.

Because g and TCR genes are sitesfor multiple DNA
recombinationsin Band T cells, and because these sites
become transcriptionally active after recombination,
from other loci genes can be abnormally translocated
to these loci and, as a result, may be aberrantly tran-
scribed. In tumors of B and T lymphocytes, oncogenes
are often translocated to Ig or TCR gene loci. Such
chromosomal translocations are frequently accompa
nied by enhanced transcription of the oncogenes and
are believed to be one of the factors causing the devel-
opment of lymphoid tumors (Box 7-2).
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Chromosomal Translocations in Tumors of Lymphocytes

Reciproca chromosomal trandocationsin many tumors,
including lymphomas and leukemias, were first noted
by cytogeneticists in the 1960s, but their significance
remai ned unknown until amost 20yearslater. At thistime,
sequencingof switch regionsof IgH genesin B cell tumors
revedled the presence of DNA segments that were not
derived from Ig genes. This was first observed in two
tumorsderived from B lymphocytes, human Burkitt’s lym-
phoma and murine myeomas. The "foreign” DNA was
identified asa portion of the c-rnycproto-oncogene, which
is normally present on chromosome8 in humans. Proto-
oncogenesare normal cellular genes that often code for
proteins involved in the regulation of cellular prolifera-
tion, differentiation, and surviva, such as growth factors,
receptors for growth factors, or transcription-activating
factors. In normal cells, their function istightly regulated.
When these genes are altered by mutations, inappropri-
ately expressed, or incorporated into and reintroduced in
cellsby RNA retroviruses, they can exhibiteither enhanced
or aberrant activitiesand function as oncogenes. Dysfunc-
tion of oncogenesisone important mechanism leading to
increased cellular growth and, ultimately, neoplastic trans-
formation. The most common translocation in Burkitt's
lymphomais(8;14), involvingthe | g heavy chain locuson
chromosome 14; lesscommonly, t(2;8) or t(8;22) translo-
cations are found, involving the k or A light chain loci,

= BOX7-2 )

respectively. In al cases of Burkitt’s lymphoma, c-mye is
trandocated from chromosome 8 to one of the Ig laci,
which explains the reciprocal 8;14, 2;8, or 8;22 transloca-
tions detectablein these tumors. The myc gene product is
atranscriptionfactor, and trand ocation of the gene leads
to its dysregulated expression. Increased Myc ectivity is
believed to lead to uncontrolled cell proliferation at the
expense of differentiation, but the precise mechanism of
thiseffectis not known. Thus, Mycisan example of atran-
scription factor that servesas an oncoprotein.

Because antigen receptor genes normally undergo
severd genetic rearrangements during lymphocyte matu-
ration, they are likely sitesfor accidental trand ocations of
distant genes. DNA sequencing of antigen receptor genes
involved in chromosomal trangl ocationshassuggested that
these mistakesmay occur at the time of attempted V(D)J
rearrangement in pre-B and pre-T cells, during switch
recombination in germinal center B cells, and possibly
during the process of somatic hypermutation (alsoin ger-
minal center B cdlls). In some trand ocations associated
with lymphoid tumors, DNA breskage near proto-
oncogenes occurs at sites that resemble heptamer and
nonamer sequences, suggesting that they may be caused
by an aberrant V(D)J recombinase activity. However, in
most instances (and, more generdly, in dl trandocations
found in nonlymphoid tumors), such sequences are

l Type of tumor

| Chromosomal translocation! Genes involved in translocation

B cell derived

Burkitt's lymphoma

t(8;14)(g24.1;432.3) most common

c-myc, IgH

Acute lymphoblastic

leukemia (pre-B ALL) childhood cases)

t(12;21)(p13;022) (25% of

TEL1, AML1

myelogenous leukemia | 3%of childhood ALL)

Pre-B ALL; also chronic | t(9;22)(q34;q11.2) (25% of adult ALL, | ber, abl (Philadelphia.chromosomie)

PRI

Lt

t

Follicular lymphoma 1(14;18)(q32.3;q21.3)

bcl-2, IgH

Diffuse B cell lymphoma, | 13:14)(q27:q32.3)
large cell type

bcl-6 (DNA-Gliding protein), IgH

Mantle cell lymphoma 1(11;14)(q13;q32.3)

cyclin D1, IgH

T cell derived

Pre-T cell acute
lymphoblastic leukemia

t(1;14)(p32;q11.2) (5% of cases);
del(1p32) (20% of cases)

TALI, TCRo, TAL1, SCL

T cell Iymplﬁblrrné,”
anaplastic large cell type

1(2,5)(p23;q35)

ALK (tyrosine kinase),
NPM (unknown function)

This box was written with the assistance of Dx: Jon Aster, Department of Pathology, Brigham & Women's Hospital and Harvard

Medical Sehool, Boston.

These are some examples of chromosomal translocations that have been molecularly eloned in human lymphoid tumors. Each
translocation is indicated by the letter 1. The fivst pair of numbers vefers to the chromosomes involved, for example, (8;14), and the
second pair lo the bands of each chromosome, for example, (924.1; g32.3). The normal chromosomal locations of antigen receptor
genes (indicated in bold) ave IgH, 14¢32.3; Ig<, 2p12; Igh, 22q11.2; TCRod, 14q11.2; TCRP, 7q34; and TCRy, 7p15.
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lacking and the cause of DNA })rcakagc within or adjacent
to prolo-ONCogenes is uncertain. .
Since the discovery of mye translocations in B cell lym-
homas, the genes involved in translocations in many
other lymphoid (and nonlymphoid) tumors have been
identified (see Table). In most cases, these translocations
result in dysregulation of transcription factors, cell survival
prmcins, or signal-transducing molecules such as kinascfs‘
One gene that has proved to be particularly important in
acute lymphoid and myeloid leukemias is AMLI, a gene on
chromosome 21 that encodes a member of the runt family
of transcription factors. About 25% of childhood acute
[ymphoblaslic leukemias have a balanced (12;21) translo-
cation that produces a fusion gene encoding the DNA-
binding portion of AML-1 and the dimerization domain of
TEL-1, a member of the Ets family of transcription factors.
Similarly, about 20% of acute myelogenous leukemias
have a balanced (8;21) translocation involving a different
Etslike transcription factor, ETO, and AML-1. In both
instances, the oncogenic AML-1 fusion proteins appear to

AMIL-1 function and results in a block in differentiation.
This implies that the normal role of AML-1 is to promote
the terminal differentiation of blood cell progenitors,
which is supported by the observation that AML-1 knock-
out mice die during embryogenesis because of a failure
to produce blood cells. The “Philadelphia chromosome,”
found in chronic myelogenous leukemia and some acute
lymphoblastic leukemias, is created by a balanced t(9;22)
translocation. This yields a fusion gene consisting of the c-
abl and ber genes that encodes a novel tyrosine kinase. The
t(14;18) translocation found in the most common B cell
lymphoma, follicular lymphoma, leads to overexpression
of a survival gene, bel-2, and prevention of programmed
cell death. In another type of B cell lymphoma, mantle cell
lymphoma, the bel-1 gene is translocated to the IgH locus;
bel-1 codes for cyclin D, a protein that regulates cell cycle
progression. The most frequent chromosomal rearrange-
ments in T cell acute leukemias lead to inappropriate
expression of TALI, a gene encoding a basic helix-loop-
helix transeription factor that appears to specifically inter-

have “dominant negative” activity that inhibits normal

Continued on following page
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fere with T cell differentiation.

Generation of Diversity of the B and
T Cell Repertoires

The enormous diversity of the mature B and T cell
repertoires is generated during somatic recombination
of Ig and TCR genes. Several genetic mechanisms con-
tribute to this diversity, and the relative importance of
each mechanism varies among the different antigen
receptor loci (Table 7-1).

B Combinatorial diversity. Somatic recombinations
involve multiple germline gene segments that may
combine randomly, and different combinations
produce different antigen receptors. The maximum
possible number of combinations of these gene seg-
ments is the product of the numbers of V,J, and (if
present) D gene segments at each antigen receptor

locus. Therefore, the amount of combinatorial
diversity that can be generated at each locus reflects
the number of germline V,J, and D gene segments
at that locus. After somatic recombination and
expression of antigen receptor chains, combinator-
ial diversity isfurther enhanced by the juxtaposition
of two different, randomly generated V regions (i.e.,
Vg and Vy in Ig moleculesand V, and Vg in TCR mol-
ecules). Therefore, the total combinatorial diversity
is theoretically the product of the combinatorial
diversity of each of the two associating chains. The
actual degree of combinatorial diversity in the
expressed Ig and TCR repertoires in any individual
is likely to be considerably less than the theoretical
maximum. This is because not al recombinations of
gene segments are equally likely to occur, and not all

Table 7-1. Contributions of Different Mechanisms to the Generation of Diversity in Ig and

TCR Genes
Mechanism ] Immunoglobulin ] TCR of | TCR vd
Heavy chain « o B ¥ id
Variable (V) segments | 45 35 |45 50 5 (2
Diversity (D) segments | 23 0 0 2 0 :3
D segments read in all | Rare ~ |- Often |- | Often

three reading frames

None | V-J ' V-D, D-d | V-J ' V-D1, D1-D2, D1-J

with junctional diversity

N region diversification | V-D, D-J
Joining (J) segments 6 |5 55 |12 5 4
Total potential repertoire ~101 ~1016 ~1018

The potential number of antigen receptors with junctional diversity is much greater than the number that
can be generated only by combinations of V. D, and } gene segments. Note that although the upper limit
on the numbers of Ig and TCR proteins that may be expressed is very large, it is estimated that each
individual contains on the order of 107 clones of B and T cells with distinct specificities and receptors; in
other words, only a fraction of the potential repertoire may actually be expressed.
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pairings of Ig heavy and light chains or TCR a and
B chains may form functional antigen receptors.
Importantly, since the numbers of V,J, and D seg-
ments in each locus are limited (see Figs. 74 and
7-6), the maximum possible numbers of combina-
tions are on the order of thousands. This is, of
course, much less than the actual diversity of antigen
receptorsin mature lymphocytes.

Junctional diverdty. The largest contribution to the
diversity ol antigen receptorsis made by the removal
or addition of nucleotides betweenV and D, D and
J, or V andJ segments at the time of joining. These
processesresult in variability at thejunctionsof V, D,
andJ gene segments, called junctional diversity. One
way this can occur is if endonucleases remove
nucleotides from the germline sequences at the ends
of the J segments (Fig. 7-11A). In addition, new
nucleotide sequences, not present in the germline,
may be added at junctions. Gene segments (e.g., V
and J gene segments) that are cleaved by the RAG
enzyme form hairpin loops whose ends are often
cleaved asymmetrically, so that one DNA strand is
longer than the other (see Fig. 7-11B). The shorter
strand has to be extended with nucleotides comple-
mentary to the longer strand before the ligation of
the two segments. The short lengths of added
nucleotides are called P nucleotides, and their addi-
tion introduces new sequences at the V-D-Jjunctions.
Another mechanism of junctional diversity is the
random addition of up to 20 non-template-encoded
nucleotides called N nucleotides (seeFig. 7-11B). N
region diversification is more common in Ig heavy
chains and in TCR 8 and y chains than in Ig ¥ or A
chains. Thisaddition of new nucleotides is mediated
by an enzyme called terminal deoxyribonucleotidyl
transferase (TdT). In mice rendered deficient in

—

TdT by gene knockout, the diversity of Band T cell
repertoires is substantially less than in normal mice.
The addition of P nucleotidesand N nucleotides at
the recombination sites may introduce frameshifts,
theoretically generating termination codons in two
of every three joining events. Such inefficiency is a
price that is paid for generating diversity.

Because of junctional diversity, antibody and TCR
molecules show the greatest variability at the junc-
tions of V and C regions that form the third hyper-
variable region, or CDR3. The CDR3regions of Ig and
TCR molecules, which are formed at the sites of V(D)]
recombination (see Fig. 7-5), are aso the most impor-
tant portions of these molecules for determining the
specificity of antigen binding (see Chapters 3 and 6).
In fact, because of junctional diversity, the numbers of
different amino acid sequences that are present in
the CDR3 regions of 1g and TCR molecules are much
greater than the numbers that can be encoded by
germline gene segments. Thus, the greatest diversity in
antigen receptorsis concentrated in the regions of the
receptors that are the most important for antigen
binding.

Although the theoretical limit of the number of Ig
and TCR proteins that can be produced is enormous
(seeTable 7-) , the actual number of Igand TCR genes
expressed in each individual isonly on the order of 107.
This probably reflects the fact that most receptors,
which are generated randomly, do not pass the selec-
tion processes needed for maturation, as we shall
discuss later.

A practical application of our knowledge of junc-
tional diverdity is the determination of the clonality of
lymphoid tumors that have arisen from B or T cells.
Because every lymphocyte clone expresses a unique

@Nucleotide deletions at junctions

e -clolckcicic]
sequence Va2t
Expressed
sequence

Out-of-frame
sequence;

Pro-Trp

Pro-Arg

Pro-Pro

Pro-Pro

RAG-mediated
cleavage of
heptamer adjacent
toV segment

Creation of
hairpin loop

Asymmetric RAG-
mediated cleavage
of hairpin loop

DNA polymerase

extension of short

ends: addition of
P nucleotides

TdT-mediated
addition of N
nucleotides; DNA
polymerase extension

of short ends

Ligation of V and
J segments to
form V-J junction
with unique
nongermline
sequences
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N nucleotides,

Unique junctional sequence

not expressed

Figure 7-11 (Continued)

B. Nucleotides (P sequences) may be added to broken DNA ends to repair asymmetric breaks.
Other nucleotides (N regions) may be added to the sites of VD, V|, or DJjunctions by the action of
the enzyme terminal deoxyribonucleotidyl transferase (TdT), generating new sequences that are not
present in the germline.

Figure 7-11 Junctionaldiversity.

A During the joining of different V and ] exons, removal of nucleotides (indicated as purple boxes)
by nucleases may lead to the generation of novel nucleotide and amino acid sequences or to out-of-
frame nonfunctional recombinations. All the indicated amino acid sequences have been detected in
different V,21-containing mouse antibodies. (Adapted from Nature. Weigert M, R Peny, D Kelley,
T Hunkapiller, ] Schilling, and L Hood. The joining of V and | gene segments creates antibody diver-
sity. Nature 283:497-499, 1980. Copyright 1980 Macmillan Magazines Limited.)
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antigen receptor CDR3 region, the sequence of
nucleotides at the V(D)] recombination site serves as a
specific marker for each clone. Thus, by sequencing the
junctional regions of Ig or TCR genes in different B
or T cell tumors, even from the same patient, one can
establish whether these tumors arose from one clone
or independently from different clones. Furthermore,
polymerase chain reaction-mediated amplification of
these clone-specific sequences may be used as a sensi-
tive detection method for small numbers of tumor cells
in the blood or tissues.

With this background, we will proceed to discussion
of the maturation of B lymphocytesand then of T cells.

Maturation of B Lymphocytes

The principal events during the maturation of B lym-
phocytes are rearrangement and expression of |g genes
in a precise order, proliferation of immature cells, and
selection of the mature repertoire (Fig. 7-12). The mat-
uration of B lymphocytes from committed precursors
occurs in the fetal liver and, after birth, in the bone
marrow. During this process, |g-negative B cell progen-
itors develop into mature B cells that express mem-
brane-bound IgM and IgD molecules and then leave

.@.*(5 —

the bone marrow to populate peripheral lymphoid
organs, where they use their membrane Ig to recognize
and respond to foreign antigens. The development of
amature B cell from alymphoid progenitor isestimated
to take 2 to 3 daysin humans.

Stages of B Lymphocyte Maturation

During their maturation, cells of the B lymphocyte
lineage go through stages characterized by a specific
pattern of Ig gene expression and the expression of
other cell surface proteins that serve as phenotypic
markers of these maturational stages (see Fig. 7-12).
The earliest bone marrow cell committed to the B cell
lineageiscalled apro-B cell. Pro-B cellsdo not produce
Ig, but they can be distinguished from other immature
cells by the expression of B lineage—restricted surface
molecules such as CD19 and CD10. RAG proteins are
first expressed at thisstage, and the first recombination
of Ig genesoccursin the heavy chain locus. This recom-
bination brings together one D and one J gene
segment, with deletion of the intervening DNA (Fig.
7-13A). The D segments that are 5 of the rearranged
D segment, and the J segments that are 3 of the
rearranged J segment, are not affected by this recom-

¢

Stage of

TdT expression B

maturation Stem cell Pro-B Pre-B Immature B Mature B
Proliferation B B
RAG expression B EEg

Unrecombined Unrecombined  Recombined

RecombinedH Alternative splicing
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Figure 7-13 Ig heavy and light chain gene recombination and expression.

The sequence of DNA recombination and gene expression events is shown for the Ig u heavy chain
(A) and the Ig k light chain (B). In the example shown in A the variable (V) region of the p heavy
chain is encoded by the exons V1, DZ, and |1. In the example shown in B the V region of the x chain

Ig DNA, RNA  (germline) (germline) Hchaingene  °hain gene (VByy. of VDJ-C RNA
DNA DNA (VDJ); . mRNA A %?IA%QH p}/ tradw&%n'%m\?A
Cytoplasmic | ong
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Ig expression  None None Pre-B receptor— M]fg}b{?lg?]t'%wagn) IgM and IgD
associated 1.
oage 20000 igh "
CDast gbe D43+ Ch43- g
Anatomic :
site | Bone marrow || Periphery |
Response Negative selection Activation
to agtigen None None None (deletion), receptor (proliferation and

editing differentiation)

Figure 7-12 Stages of B cell maturation.

Events correspondingto each stage of B cell maturationfrom abone marrow stem cell to a mature
B lymphocyte are illustrated. Several surface markers in addition to those shown have been used to
define distinct stages of B cell maturation. TdT, terminal deoxyribonucleotidyl transferase.

is encoded by the exons V1 and JT1.

bination (e. g., D1 and J2 to J6 in Figure 7-13A). Ig
heavy chain D-to-] rearrangements do not appear to be
B lineage restricted because they are commonly found
in T cells as well. After the D-J recombination, one of
the many 5 V genesisjoined to the DJ complex, giving

rise to a rearranged VDJ gene. At this stage, all V and
D segments between the rearranged V and D genes are
also deleted. V-to-DJ recombination in the Ig H chain
locus occurs only in committed B lymphocyte precur-
sors and is a critical checkpoint in lIg expression



because only the rearranged V gene is subsequently
transcribed. The TdT enzyme, which catayzes the
addition of junctional N nucleotides, is expressed most
abundantly during the pro-B stage when heavy chain
VDJ recombination occurs, and levels of TdT decrease
early in the next stage before light chain V-] recombi-
nation is complete. Therefore, junctional diversity
attributed to N nucleotides is more abundant in heavy
chains than in light chains. The heavy chain C region
genes remain separated from the VDJ complex by DNA
containing the distal J segments, and Ig protein is not
produced at this stage.

The preB cell represents the next stage of develop-
ment and is the earliest cell type that synthesizes a
detectable 1g gene product, namely, cytoplasmic W
heavy chain. PreB cells are found only in hemato-
poietic tissues. The rearranged |g heavy chain gene is
transcribed to produce a primary transcript that in-
cludes the rearranged VDJ complex and the proximal
(1 and &) C genes. M ultipleadenine nucleotides, called
poly-A tails, are added to one of several consensus
polyadenylation sites located 3 of the C, RNA. Subse-
quent processing of the RNA leadsto splicingout of the
sequences between the VDI complex and the C, gene,
giving rise to afunctional mRNA for the u heavy chain.
Thus, the production of the mature mRNA requires
both recombination of DNA segments and splicing of
RNA. Trandation of the | heavy chain mRNA leads to
production of the u protein in pre-B cells.

Pre-B cellsdo not express membrane-bound antigen
receptorsbecause expression of complete membranelg
molecules requires synthesis of both heavy and light
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chains. Therefore, these cells cannot recognize or
respond to antigen. Some of the p heavy chains in
pre-B cdlls associate with proteins called surrogate light
chains, which are structurally homologous to ¥ and A
light chains but are invariant (i.e., they are identical in
all B cells). Complexes of u and surrogate light chains,
called preB cdll receptors (Fig. 7-14A), are expressed
on the cell surface at low levels. The pre-B cell recep-
tor (pre-BCR) associateswith other proteins, called | ga
and Igf, that function in transducing signals from the
receptor; Igo. and IgP also associate with membrane Ig
moleculesin mature B cells (see Chapter 9). PreBCRs
stimulate the proliferation and continued maturation
of the devel oping B cells, and expression of these recep-
torsis essential if the developing B cellsare to complete
their maturation successfully.

Theimportance of pre-BCRs isillustrated by studies of
knockout mice and rare cases of human deficiencies
of these receptors. For instance, in mice, knockout of
the gene encoding the 1 chain or one of the surrogate
light chains, called A5, results in markedly reduced
numbers of mature B cells. This suggests that the p-A5
complex deliverssignalsrequired for B cell maturation
and that if either gene is disrupted, maturation does
not proceed.

It is not known what the preBCR complex recog-
nizes or what biochemical signalsit delivers. A kinase
called the B cell tyrosine kinase (Btk) is associated with
the preBCR and isrequired for delivering signalsfrom
this receptor that stimulate B cell maturation beyond

Pre-B cell receptor

Pre-T cell receptor

5
® T

Figure 7-14 Pre-B cell and
pre-T cell receptors.

The pre-B cell receptor (A) and
the pre-T cell receptor (B) are
expressed during the pre-B and
pre-T cell stages of maturation,
respectively, and both receptors
share similar structures and func-
tions. The pre-B cell receptor is
composed of the p heavy chain
and an invariant surrogate light
chain. The surrogate light chain is
composed of two proteins, the
variable (V) pre-B protein, whichis
homologous to = light chain V
§ y domain, and a A5 protein that is

covalently attached to the p heavy

pre-T cell receptor (B) is com-

chain by a disulfide bond. The
posed of the TCR B chain and the

v

e inhibition of H chain
recombination (allelic exclusion)

e Proliferation of pre-B cells

e Stimulation of k light chain
recombination

e Inhibition of B chain gene
recombination

e Proliferation of pre-T cells

e Stimulation of a chain
recombination

invariant pre-Ta chain. The pre-B
cell receptor is associated with the
Ige and IgPB signaling molecules
that are part of the BCR complex
in mature B cells (see Chapter 9),
and the pre-T cell receptor associ-
ates with the CD3 and ( proteins
that are part of the TCR complex

e Expression of CD4 and CD8

— | in mature T cells (see Chapter 8).
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the pre-B cell stage. In humans, mutations in the btk
gcné result in the disease called X-linked agammaglob-
alinemia (XLA), which is characterized by failure of B
cell maturation (see Chapter 20). In mice, mutations
in btk result in a less severe B cell defect in a mouse
strain called the Xid (for X-linked immunodeficiency)
MOUSE.

The pre-BCR regulates further somatic recombina-
tion of Ig genes in two ways. First, if ap protein is pro-
duced from the recombined heavy chain locus on one
chromosome and forms a pre-BCR, thisreceptor signals
to irreversibly inhibit rearrangement of the heavy chain
Jocus on the other chromosome. If thefirst rearrange-
ment is nonproductive because of deletions or
frameshifts during recombination that produce stop
codons, the heavy chain genes an the second allelic
chromosome can recombine. Thus, in any B cell clone,
one heavy chain allele is productively rearranged and
expressed, and the other is in the germline configura-
tion or is aberrantly rearranged. As a result, an indi-
vidual B cell can express Ig heavy chain proteins
encoded by only one of the two inherited alleles. This
phenomenon is called allelic exclusion, and it ensures
that every B cell can have only one specificity. If both
alleles undergo nonproductive recombinations, the
developing cell cannot produce Ig and undergoes pro-
grammed cell death. This occurs frequently and is one
of the reasons that only a small fraction of the cells
arising from B cell progenitors develop into mature B
lymphocytes (see Fig. 7-2). Ig heavy chain allelic exclu-
sion is likely to be due to permanent changes in chro-
matin structure in the heavy chain locus that limit
accessibility to the V(D)] recombinase. In addition to
mediating allelic exclusion, pre-BCR signaling also
stimulates light chain gene rearrangement. However, |l
chain expression is not absolutely required for light
chain gene recombination, as shown by the finding that
knockout mice lacking the W gene do show light chain
gene rearrangements in some immature B cells (which,
of course, cannot express functional antigen receptors
and proceed to maturity).

At the next stage in its maturation, each developing
B cell also rearranges a x or a A light chain gene and
produces the light chain, which associates with the pre-
viously synthesized |1 chain to produce a complete IgM
protein. The IgM-expressing B cell is called the imma-
ture B cell. DNA recombination in the x or A light chain
locus occurs in a similar manner as in the Ig heavy chain
locus (see Fig. 7-13B). There are no D segments in the
light chain loci, and therefore recombination involves
only the joining of one V segment to one J segment,
forming a VJ complex. This V] complex remains sepa-
rated from the C region by an intron, and this separa-
tion 1s retained in the primary RNA transcript. Splicing
of the primary transcriptjoins the C region RNA to the
VIRNA, forming an mRNA that istranslated to produce
the x or A protein. In the A locus, aternative RNA splic-
Ing may lead to the use of any one of the four func-
tonal G, genes, but there is no known functional
dlifﬁfrence between the resulting typesof A light chains.
During the maturation of one B cell clone, the k locus
Tearranges after heavy chain rearrangement and before

A gene rearrangement. Production of ¥ light chains
inhibits rearrangement of the A locus, and the A locus
will undergo recombination only if a k light chain
cannot be produced. Therefore, an individual B cell
clone can produce only one of the two types of light
chains during its life; this is called light chain isotype
exclusion. Asin the heavy chain locus, production of k¥
or A from one of the two parental chromosomes pre-
vents recombination at the other allele, accounting for
alelic exclusion of light chains in individual B cells.
Also, asfor heavy chains, if one allele undergoes non-
functional rearrangement, DNA recombination can
occur on the other allele; however, if both alleles of
both k and A chains are nonfunctional in a developing
B cell, that cell dies. The light chain that is produced
complexes with the previously synthesized p heavy
chain, and the assembled IgM molecules are expressed
on the cell surface in association with Igo. and IgP,
where they function as specific receptors for antigens.
Immature B cellsdo not proliferate and differentiatein
response to antigens. | n fact, their encounter with anti-
gens, such assdf antigensin the bone marrow, may lead
to cell death or functional unreswonsiveness rather
than activation. This property isimportant for the neg-
ative selection of B cells that are specific for sdlf anti-
gens present in the bone marrow (discussed later).
Immature B cellsleave the bone marrow and comwlete
their maturation in lymphoid organs.

The next stage of development is the mature B cdl |
stage. At this stage, the cells coexpress i and & heavy
chains in association with the k or A light chain and
therefore produce both membraneIghM and membrane
IgD. Both classes of membrane Ig have the same V
region and hence the same antigen specificity. Simul-
taneous expression of a single rearranged VDJ gene
cassette with both G, and G; to form the two heavy
chains in one cell occurs by alternative RNA splicing
(Fig. 7-15). Along primary RNA transcriptis produced
containing the rearranged VDJ complex aswell as the
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Figure 7-15 Coexpression of IlgM and lgD.

Alternative processing of = primary RNA transcript results in the
formation of a u or § mRNA. Dashed lines indicate the H chain seg-
ments that are joined by RNA splicing.



I

m Section Il — Maturation, Activation, and Regulation of Lymphocytes

C, and C; genes. If theintrons are spliced out such that
the VDJ complex isattached to the C gene, itgives rise
to ap mRNA. If, however, the C, RNA is spliced out as
well so that the VDJ complex becomes contiguouswith
GCs, @ & mRNA is produced. Subsequent translation
resultsin the synthesisof acomplete L or 6 heavy chain
protein. Thus, aternative splicing dlows a B cell to
simultaneously produce mature mRNAs and proteins of
two different heavy chain isotypes. The precise mecha-
nisms that regulate the choice of polyadenylation or
splice acceptor sites by which the rearranged VDJ is
joined to either G, or C; are not known, nor are the
signalsthat determine when and why a B cell expresses
both IgM and IgD rather than IgM alone. The coex-
pression of IgM and IgD is accompanied by the acqui-
sition of functional competence, and this is why the
cellsare called mature B cells. This correlation between
expression of IgD and acquisition of functional com-
petence has led to the suggestion that IgD is the
essential activatingreceptor of mature B cells. However,
as we shall discussin Chapter 9, there is no evidence
for a functional difference between membrane IgM
and membrane IgD. Moreover, knockout of the &
gene in mice does not have a significant impact on
the maturation or antigen-induced responses of B
cels.

These mature, naive B cells are responsive to anti-
gens, and unless the cells encounter antigen, they die
in afew days or weeks. Mature B cells are found in
the circulation and peripheral lymphoid organs; in the
blood and lymphoid tissues of normal individuals, the
majority of B cells are IgD*IgM". In Chapter 9, we will
discusshow these cellsrespond to antigens and how the
pattern of 1g gene expression changes during antigen-
induced B cell differentiation.

Selection of the Mature B Cell Repertoire

The repertoire of mature B cellsis postively selected
from the pool of immature cellsbefore these cellsleave
the bone marrow. As we shall see later, positive selec-
tion iswel defined in T lymphocytesand is responsible
for preserving sdf MHC-restricted CD4" and CD8' T
cellsfrom the much larger pool of unselected, imma-
ture T cells. There is no comparable specificity or
restriction for B cell antigen recognition. It is possible
that only B cells that express functional membrane Ig
molecules are allowed to complete their maturation
perhaps because this Ig delivers surviva signals. If this
is correct, positiveselection in B cells may serve to pre-
serve al the cells with the capacity to recognize anti-
gens, regardless of specificity. However, the mechanisms
of this positive selection process, and even its impor-
tance, are unknown.

Immature B cellsthat express high-affinity receptors
for sdf antigens and encounter these antigens in the
bone marrow may die or fail to mature further. Thisis
the processof negative selection, and it is partly respon-
sible for maintaining B cell tolerance to sdf antigens
that are present in the bone marrow. These are the sdf
antigens that tend to be widdy distributed throughout

the body, and the process of negativeselection prevents
potentially harmful immune responses against such self
antigens (see Chapter 10). The antigens mediating
negative selection-usualy abundant or polyvalent
(e.g., membrane-bound) sdf antigens-deliver strong
signalsto IgM-expressing immature B lymphocytes that
happen to express receptors specificfor these self anti-
gens. Antigen recognition leads to apoptotic death of
immature B cells. It is not clear why mature B cells
proliferate in response to antigen recognition whereas
immature cellsdie.

In addition to negative selection, some immature B
cells that recognize sdf antigens may be induced to
change their specificitiesby a process called receptor
editing. In this process, antigen recognition leads to
reactivation of RAG genes, additional light chain V-]
recombinations, and production of anew Iglight chain,
alowing the cell to express adifferent Ig receptor that
is not self-reactive. Receptor editing most often involves
the x light chain locus. The V], genes encoding the
autoreactive light chains are replaced by new Vi
rearrangements or A light chain rearrangements. The
importance of receptor editing as a mechanism for
mai ntai ning self-toleranceis not well defined.

Once the transition is made to the IgD*IgM" mature
B cell stage, antigen recognition leads to proliferation
and differentiation, not to apoptosis or receptor
editing. As a result, mature B cells that recognize anti-
gens with high affinity in peripheral lymphoid tissues
are activated, and this process leads to humoral
immune responses (see Chapter 9).

B-1 Subset of & Lymphocytes

A subset of B lymphocytes, called B-1 cells, differs
from the majority of B cells and has unique features
of maturation and Ig gene expression. Many B-1 cdlls
express the CD5 (Ly-1) molecule. In neonatal mice,
these cells originate from the fetal liver and to a lesser
extent from the bone marrow. In the adult, large
numbers are found asaself-renewingpopulation in the
peritoneum. B-1 cells develop earlier during ontogeny
than do conventional B cells, and they express a rela-
tively limited repertoire of V geneswith lessjunctional
diversity than conventional B cells have. Only 5% to
10% of B cellsin the blood and lymphoid tissues belong
to the B-1 subset. Surprisingly, virtualy al B cell-
derived chronic lymphocytic leukemias are CD5" and
are thought to arise from B-1 cells. Moreover, B-1 cells
spontaneously secrete IgM antibodies that often react
with microbial polysaccharidesand some sdf antigens.
These antibodies are sometimes called natural antibod-
iesbecause they are present in individual swithout overt
immunization, although it is possible that microbial
florain the gut are the source of antigens that stimu-
late their production. It is not known whether B-1 cells
serve aspecial function in immune responses. One pos-
shility is that B-1 cells provide a source of rapid anti-
body production against microbes in particular sites,
such as the peritoneum. These cells are also expanded
in some mouse models of autoimmune disease, al-
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though their pathophysiologic role in autoimmunity is
unclear. B-1 cells are analogous to ¥8 T cellsin that they
both have limited antigen receptor repertoires, and
they are both presumed to respond to commonly
encountered microbial antigens early in immune
responses. _

Margina zone B cellsin the spleen have some simi-
larities with B-1 cells, such as limited diversity and
responsiveness to polysaccharide antigens. The devcl-
opment of marginal zone B cellsis not well understood.

Maturation of T Lymphocytes

The maturation of T lymphocytes from committed
progenitors follows sequential stages consisting of
somatic recombination and expression of TCR genes,
cell proliferation, antigen-induced selection, and
acquisition of mature phenotypes and functional
capabilities (Fig. 7-16). In many ways thisissimilar to
B cdl maturation. However, T cell maturation hassome
unique features that reflect the specificity of T lym-
phocytesfor self MHC-associated peptide antigens and

the need for a special microenvironment for selecting
cellswith this specificity.

Role of the Thymus in T Cell Maturation

The thymus is the major site of maturation of T cells.
Thisfunction of the thymuswas first suspected because
of immunologic deficienciesassociated with the lack of
a thymus.

If the thymusis removed from a neonatal mouse, this
animal fails to develop mature T cells.

& The congenital absence of the thymus, asoccursin the
DiGeorge syndrome in humans or in the nude mouse
strain, is characterized by low numbers of mature T
cellsin thecirculation and periphefal lymphoid tissues
and severe deficienciesin T cell-mediated immunity.

The thymus involuteswith age and is virtually unde-
tectable in postpubertal humans, but some maturation
of T cells continues throughout adult life, asindicated
by the successful reconstitution of the immune system
in adult recipients of bone marrow transplants. It may
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Figure 7-16 Stages of T cell maturation.

Events correspondingto each stage of T cell maturationfrom a bone marrow stem cell to a mature
T lymphocyte are illustrated. Several surface markers in addition to those shown have been used to
define distinct stages of T cell maturation. TdT, terminal deoxyribonucleotidyltransferase.
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be that the remnant of the involuted thymus is ade-
quate for some T cell maturation; extrathymic sites of
T cell maturation may also exist, but none has been
clearly identified. Because memory T cellshave along
lifespan (perhapslonger than 20 yearsin humans) and
accumulate with age, the need to generate new T cells
decreases asindividuals age.

T lymphocytes originate from precursors that arise
in the fetal liver and adult bone marrow and seed the
thymus. Itislikely that progenitorsof multiplelineages
enter the thymus and only T cell precursors survive
and mature. In mice, immature lymphocytes are [irst
detected in the thymus on the 11th day of the normal
21-day gestation. This corresponds to about week 7 or
8 of gestation in humans. Developing T cellsin the
thymus are called thymocytes. The most immature thy-
mocytes do not express the TCR or CD4 and CD8 co-
receptors (Fig. 7-17).They arefoundin the subcapsul ar
sinus and outer cortical region of the thymus. From
here, the thymocytes migrate into and through the

cortex, where most of the subsequent maturation
eventsoccur. Itisin the cortex that the thymocytesfirst
express TCRs and begin to mature into CD4* class II
MHC-restricted or CD8* class| MHC-restricted T cells.
As these thymocytesundergo the final stagesof matura-
tion, they migrate from the cortex to the medulla and
then exit the thymusthrough the circulation.

The thymic environment provides stimuli that are
required for the proliferation and maturation of thy-
mocytes. Many of these stimuli come from cells other
than thematuring T cells, which are also present within
the thymus. These include thymic epithelia cells and
bone marrow-derived macrophages and dendritic cells
(see Chapter 2, Fig. 2-9). Within the cortex, the
epithelia cells form a meshwork of long cytoplasmic
processes, around which thymocytesmust pass to reach
the medulla. Epithelial cells are aso present in the
medulla. Bone marrow-derived dendritic cells are
present at the corticomedullary junction and within
the medulla, and macrophages are present primarily
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Figure 7-17 Maturation of T cells in the thymus.

Precursors of T cells travel from the bone marrow through the blood to the thymus. In the thymic
cortex, progenitors of af T cells express TCRs and CD4 and CD8 coreceptors. Selection processes
eliminate self-reactive thymocytes and promote survival of thymocytes whose TCRs bind self MHC
molecules with low affinity. Functional and phenotypic differentiation into CD4*CD8 or CD8*CD4™ T
cells occurs in the medulla, and mature T cells are released into the circulation. The 8 TCR-express-
ing T cells are also derived from bone marrow precursors and mature in the thymus as a separate

lineage.
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within the medulla. The migration of thymocytes
through this anatomic arrangement dlows physical
interactions between the thymocytes and these other
cells, which are necessary for the maturation of the T
lymphocytes.

" Two types of molecules produced by the nonlym-
phoid thymic cellsare important for T cell maturation.
The first are MHC molecules, which are expressed by
many Of the nonlymphoid cellsin the thymus. Epithe-
lial cells and dendritic cdls in the thymus express
high levels of class I and class II MHC molecules, and
macrophages expressclass| MHC molecules. The inter-
actions of maturing thymocytes with these MHC mole-
cules within the thymus are essential for the selection
of the mature T cell repertoire, as we will discussin
detail later. Second, thymic stromal cells, including
epithelial cells, secrete cytokines, which stimulate the
proliferation of immature T cells. The best defined of
these cytokinesis IL-7, which was mentioned earlier as
a critical lymphopoietic growth factor.

The rates of cell proliferation and apoptotic death
are extremely high in cortical thymocytes. A single pre-
cursor gives rise to many progeny, and 95% of these
cdlsdie by apoptosis before reachi rg}; the medulla. 'The
cdll death is due to a combination Of failure to express
functional antigen receptors, failure to be positively
selected by MHC molecules in the thymus, and sdf
antigen—induced negative selection (see Figs. 72 and
7-3). Cortical thymocytes are also senditive to irradia-
tion and glucocorticoids. In vive, high doses of gluco-
corticoids induce apoptotic death mainly in cortical

thymocytes.

Stages of T Cell Maturation

During T cell maturation, there is a precise order of
somatic recombination of TCR genes and expression
of the TCR and CD4 and CD& coreceptors (see Figs.
7-16 and 7-17).1n the mouse, surface expression of the
CD3-associated yd TCR occursfirst, 3 to 4 days after the
precursor cells first arrive in the thymus, and the of
TCRis expressed 2 or 3 dayslater. In human fetal thy-
muses, y5 receptor expression begins at about 9 weeks
o gestation, followed by expression of the o TCR at
10 weeks. In the following section, we discuss the mat-
uration of off T cells; yd T cells are discussed later in
the chapter.

The most immature cortical thymocytes, which are
recent arrivals from the bone marrow, contain TCR
genes in their germline configuration and do not
express TCR, CD3, or { chains or CD4 or CDS8; these
cdlsare called doublenegativethyrnocytes. Thisis also
known asthe pro-T cell sage of maturation. The magjor-
ity (>90%) of the double-negative thymocytes will
ultimately give rise to af TCR-expressing, MHC-
restricted CD4* and CD8* T cells. RAG1 and RAG2
Proteins are first expressed at this stage, and Dg-to-]p
rearrangements occur first and involve either joining of
th Dgl gene segment to one of the six Jz1 segments or
Joining of the D2 segment to one of the six Jp2 seg-
ments (Fig. 7-18A). Dgto-Js rearrangements are not
lineage restricted and may occur in developing B cells,

but V-to-DJ; rearrangements occur only in developing
T céls.

The next stage of maturation of o T cellsis called
the preT cell stage. V-to-DJs rearrangements occur at
this stage. The DNA sequences between the rearrang-
ing elements, including D, J, and possibly Cszl genes
(if Dg2 and J2 segments are used), are deleted during
this rearrangement process. The primary nuclear
transcripts 'of the TCR 3 genes contain noncoding
seguences between the recombined 'VDJ and the C
genes. Poly-A tails are added to consensus polyadenyla-
tion sites located 3 of the Cy RNA, and the sequences
between the VDJ and C RNA are spliced out to form a
mature mRNA in which VDJ segments are juxtaposed
to either of the two C genes. Translation of thismRNA
givesrise to afull-length Cy protein. The two C; genes
appear to be functionally interchangeable, and thereis
no evidence that an individual T cell ever switchesfrom
one C gene to another. Furthermore, the use of either
Cy gene segment does not influence the function or
specificity of the TCR. The B chain promotersin the 5
flanking regions of Vg genes function together with a
powerful enhancer that is located 3 of the Cg2 gene
once the two genes are brought into proximity by the
V to DJ recombination. This is responsible for high-
level, T cell-specifictranscription of the TCR B chain.
The B chain protein is expressed on the cell surface in
associationwith an invariant protein called pre-Taand
with CD3 and { proteins to form the preT cell recep-
tor (pre-TCR;see Fig. 7-14B). Thefunction of the pre-
TCR complex in T cell development is thought to be
similar to that of the surrogate light chain—containing
pre-BCR in B cell development. Signals from the pre-
TCR stimulate proliferation of the pre-T cells, recom-
bination at the a chain locus, and transition from the
double-negativeto the double-positivestage (seelater).
These signals also inhibit further rearrangements of
the B chain locus on either chromosome, presumably
by down-regulating expression of RAG proteins that
mediate recombination and by limiting accessibility of
the other alele to these enzymes. Thisresultsin 3 chain
alelic exclusion (i.e., mature T cells express only one
of the two inherited  chain aleles). Asin pre-B cells,
it is not known what, if any, ligand this pre-TCR recog-
nizes. The mechanism of signaling by the pre TCR is
not well defined but probably involves the Src family
tyrosine Kinase Lck, which is also required for signal
transduction by the TCRin mature T cells (see Chapter
8). The essential function of the pre TCRin T cell mat-
uration has been demonstrated by numerous studies
with genetically mutated mice.

In RAG-I- or RAG-2-deficient mice, thymocytes
cannot rearrange either aor 3 chain genes and fail to
mature past the-double-negativestage. If afunctionally
rearranged B chain gene is introduced into the RAG
deficient mice as a transgene, the expressed 3 chain
associateswith pre-Ta to form the pre-TCR, and mat-
uration proceeds to the double-positive stage. An a
chain transgene alone does not relieve the maturation
block because the B chain isrequired for formation of
the prc-TCR.
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Figure 7-18 TCR a and P chain gene recombination and expression.

The sequence of recombination and gene expression events is shown for the TCR 3 chain (A) and
the TCR a chain (B). In the example shown in A the variable (V) region of the TCR  chain is encoded
by the exons Vg1, Dgl, and the third exon in the Jg1 cluster, and the constant (C) region is encoded
by C41. Note that in this example, the DNA recombination begins with D-to-Jjoining followed by V-
to-DJjoining, but direct V-to-] joining may also occur in the B chain locus. In the example shown in
B the V region of the TCR a chain is encoded by V,1 and the second exon in the . cluster.

Knockout mice lacking any component d the pre-1'CR
complex (i.e., the TCR B chan, pre-Ta, CD3, {, or
Lck) show ablock in the maturation o T cdls at the
double-negative stage (seeBax 7-1).

At the next stage of T cell maturation, thymocytes
express both CD4 and CD8 and are called double

postive thymocytes. The expression of CD4 and CD8 is
essential for subsequent selection events, discussed
later. The rearrangement of the TCR a chain genesand
the expression of TCR of heterodimers occur in the
CD4*CD8" double-positive population, just before or
during migration of the thyrnocytesfrom the cortex to
the medulla (see Figs. 7-16 and 7-17). A second wave
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of RAG gene expression late in the pre-T stage pro-
motes TCR a gene recombinations. Once a chain
rearrangement commences, it proceedsfor 3 or 4 days
(in mice) until the expression of the RAGI and RAG2
genes isturned off by signalsfrom the o8 TCR during
positive selection (discussedlater). The stepsin a chain
gene rearrangements aresimilar to those in the § chain
gene (seeFig. 7-18B). Because there are no D segments
in the a locus, rearrangement consists solely of the
joining of V and J segments. The large number of J,
segments permits multiple attempts at productive V-J
joining on each chromosome, thereby increasing the
probability that afunctional o TCR will he produced.
Unlike in the B chain locus, where production of the
protein and formation of the pre-TCR suppress further
rearrangement, there is little or no allelic exclusion
in the a chain locus. Therefore, productive TCR a
rearrangements may occur on both chromosomes, and
if this happens, the T cell will expresstwo o chains. In
fact, up to 30% of mature peripheral T cellsdo express
two different TCRs, with different @ chains but the
same f chain. The functional consequence of this dual
receptor expression is unknown. Because only one TCR
is required for positive selection, it is possible that the
second TCR may not have any affinity for sef MHC, and
therefore it would have no function. Transcriptional
regulation of the a chain gene is apparently similar to
that of the B chain. There are promoters 5 of each V,
gene that have low-level activity and are responsible for
high-level T cell-gpecific transcription when brought
closeto an a chain enhancer located 3 of the C, gene.
In both the a and the B chain loci, if productive
rearrangements fail to occur on either chromosome,
the thymocyte will die by apoptosis.

TCRa gene expression in the double-positive stage
leads to the formation of the complete o TCR, which
isexpressed on the cell surface in associationwith CD3
and ¢ proteins. The coordinate expression of CD3 and
§ proteins and the assembly of intact TCR complexes
are required for surface expression. The expression of
RAG genes and further TCR gene recombination cease
after this stage of maturation. The first cells to express
TCRs are in the thymic cortex, and expression is low
compared with mature T cells. By virtue of their expres-
son of complete TCR complexes, double-positive cells
become responsive to antigens and are subjected to pos-
itive and negative selection.

Cdls that successfully undergo these selection
processes go on to mature into CD4" or CD8" T cells,
which are called snglepostive thymocytes. Thus, the
stages of T cell maturation in the thymus can readily be
distinguished by the expression of CD4 and CD8 (Fig.
7-19). This phenotypic maturation is accompanied by
functional maturation. CD4" cellsacquire the ability to
Produce cytokines in response to subsequent antigen
stimulation and to express effector molecules (such
as CD40 ligand) that "help" B lymphocytes and
macrophages, whereas CD8" cells become capable of
Producing molecules that kill other cells. We do not
k_nOW the mechanisms by which CD4" cells become spe-
Cialized to function as helper cells and CD8* cells as
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Figure 7-19 CD4 and CD8 expression on thymocytes.

The maturation of thymocytes can be followed by changes in
expression of the CD4 and CD8 coreceptors. A two-color flow cyto-
metric analysis of thymocytes using anti-CD4 and anti-CD8 anti-
bodies, each tagged with a different fluorochrome, is illustrated. The
percentages of all thymocytes contributed by each major popula-
tion are shown in the four quadrants. The least mature subset is the
CD4-CD8 (double-negative) cells. Arrows indicate the sequence of
maturation.

cytolytic T lymphocytes. Mature single-positive thymo-
cytes enter the thymic medulla and then leave the
thymus to populate peripheral lymphoid tissues.

Selection Processes in the Maturation
of MHC-Restricted aff T Cells

The selection of developing T cells is stimulated by
recognition of antigen (peptide-MHC complexes) in
the thymus and is responsible for preserving useful
cells and eliminating potentially harmful ones (Fig.
7-20). The immature, or unselected, repertoire of T
lymphocytes consists of cells whose receptors may rec-
ognize any peptide antigen (self or foreign) displayed
by any MHC molecule (also sdf or foreign). In addi-
tion, receptors may be expressed that do not recognize
any peptide-MHC molecule complex. In every individ-
ual, the only useful T cells are the ones specific for
foreign peptides presented by that individual's MHC
molecules, that is, sdf MHC molecules. (Recall that
there are many aleles of MHC moleculesin the popu-
lation, and every individual inherits one allele of each
MHC gene from each parent. These inherited alleles
encode "sdf MHC" for that individual.) Also, in every
individual, T cells that recognize ubiquitous sdf anti-
gens with high avidity are potentially dangerous
because such recognition may trigger autoimmunity.
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Figure 7-20 Selection processes in the thymus.
A Podtive selection. If the thymocyte TCR engages in a low-afinity interaction with a sdf MHC
molecule on a thymic epithelid cdl, it is rescued from programmed cdl death and continues to

mature.

B Lak d pogtiveselection. If thethymocyteTaR does not engagein any interactionswith peptide-
MHC molecule complexeson thymic epithdia cdls, it will die by a default pathway d programmed

cdl death.

C. Negetive sdlection. If the thymocyte TCR binds peptide- MHC complexeson a thymic antigen-
presenting adl with high affinityor avidity, it is induced to undergo apoptotic odl death.

Selection processes act on the immature T cell reper-
toire to ensure that only the useful cells complete the
process of maturation.

When double-positive thymocytes first express of
TCRs, these receptors encounter salf peptides (theonly
peptides normally present in the thymus) displayed by
salf MHC molecules (theonly MHC molecules available
to display peptides). Positive selectionis the processin
which thymocytes whose TCRs bind with low avidity
(i.e., weakly) to sdf peptide—self MHC complexes are
stimulated to survive (see Fig. 7-20A). Thymocytes
whose receptors do not recognize self MHC molecules
are permitted to die by a default pathway of apoptosis
(see Fig. 7-20B). This ensures that the T cells that
mature are salf MHC-restricted. Positive selection also

fixes the class | or class I MHC restriction of T cell
subsets, ensuring that CD8" T cells are specificfor pep-
tides displayed by class| MHC molecules and CD4* T
cellsfor class11-associated peptides. Negative selection
is the process in which thymocytes whose TCRs bind
strongly to self peptide antigensin association with self
MHC moleculesare deleted (seeFig. 7-20C). Thiselim-
inates developing T cells that are strongly autoreactive
against ubiquitous self antigens, which are the sdf anti-
gens most likely to be present in the thymus. The net
result of these selection processesis that the repertoire
of mature T cells that leaves the thymus is sell MHC-
restricted and tolerant to many self antigens. In thefol-
lowing sections, we discuss the details of positive and
negative selection.
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positive Selection of Thymocytes: Development of

- the Self MHC-Restricted T Cell Repertoire

Positive selection works by promoting the selective
survival and expansion of thymocytes with self
MHGC-restricted TCRs and by permitting thymocytes
whose TCRs are not self MHC-restricted to die by
apoptosis (Fig. 7-20A, B). Double-positive thymocytes
are produced without antigenic stimulation and begin
to express o TCRswith randomly generated specifici-
ties. In the thymic cortex, these immature cells en-
counter epithclial cells that are displaying a variety of
self peptides bound to class| and classII MHC mole-
cules. If the TCR on a cell recognizes peptide-loaded
class | MHC molecules, and at the same time CD8 inter-
actswith the class| MHC molecules, that T cell receives
signalsthat prevent itsdeath and promoteitscontinued
maturation. To proceed along the maturation pathway,
the T cell must continue to express the TCR and CD8
but can lose expression of CD4. The result is the devel-
opment of a class| MHC-restricted CD8* T cell. An
entirely analogous process leads to the development of
cdass I MHC-restricted CD4* T cells. Any T cell that
expresses a TCR that does not recognize a peptide-
loaded MHC moleculein the thymuswill dieand belost.

Positive selection of T cells requires the recognition
o self MHC molecules in the thymus by the TCRs of
immature (double-positive) thymocytes. The essential
roles of MHC molecules and TCR specificity have been
established by a variety of experiments.

In early studies, T cellsfrom inbred mice of one strain
were allowed to mature in the presence of a thymus of
another strain, and the restriction of mature T cellsto
the MHC alleles of either strain was examined. If
chimeric animals are created by transferring the bone
marrow-derived hematopoietic stem cells from a
mouse of one MHC haplotypeinto alethally irradiated
mouse of a partially different MHC haplotype, the
mature T cells that develop in these chimeras recog-

nize foreign antigens only in association with MHC
molecules of the host strain (Table7-2). Therefore, T
cells are selected to recognize the MHC molecules of
the strain in which the cells mature. The self MHC
restriction of T cellsrefersto the MHC that the T cells
encounter during their maturation and not necessar-
ily to the MHC alleles expressed by the T cells them-
selves. Normally, of course, the thymus and the
developing T cells express the same MHC dleles,
which are "self' in each individual.

If athymusfrom oneinbred strain is transplanted into
chimeric animals of another strain, the T cells that
mature are restricted by the MHC type of the thymus
(see Table 7-2). The transplanted thymuses may be
irradiated or treated with cytotoxic drugs (such as
deoxyguanosine) to kill al resident bone marrow—
derived macrophages, dendritic cells, and lymphoid
cells, leaving only the resistant thymic epithelial cells.
Again, mature T cellsdevelop in these thymuses, and
their ability to recognize antigen isrestricted by MHC
gene products expressed on the transplanted thymic
epithelial cellsand not necessarily by MHC gene prod-
ucts expressed on extrathymic cells. Therefore, the
thymic epithelium is the critical host element for pos-
itive selection (i.e., the development of the MHC
restriction patterns of T cells).

) If atransgenic aff TCR with a known MHC restriction
is expressed in a mouse strain that also expresses the
MHC allele for which the TCR is specific, T cells will
mature and popul ate peripheral lymphoid tissue. If the
mouse is of another MHC haplotype and does not
express the MHC molecule that the transgenic TCR
recognizcs, there are normal numbers of CD4'CD8*
thymocytes but very few mature transgenic TCR-
expressing T cells (Fig. 7-21). Thisresult demonstrates
that double-positive thymocytes must cxpress TCRs
that can bind seff MHC molecules to be positively
selected. Aswe shall see later, the same experimental
system has been used to study negative selection.

Table 7-2. Development of MHC Restriction in Bone Marrow plus Thymus Chimeras

Chimera Specific killing of virus-
infected targets from

Host strain and treatment | Bone marrow donor | Thymus donor | Strain A Strain B

(A x B)F irradiated (A X B)Fy None - + -

A irradiated (A X B)F4 None + -

A irradiated and (A X B)F4 A + -

thymectomized i - _

A irradiated and (A X B)Fy B = +

thymectomized

Bone marrow chimeras are created by recongtituting an irradiated mouse d one strain with bone marrow progenitors
from another strain. In this example, the srain A and B mice have different dass | MHC dleles The MHC restriction
specificity d mature T cdls in these mice is tested by assaying the ability d cytolytic T lymphocytes generated in
responseto vird infection to kill virusinfected target cdlsfrom different mouse strains in vitro. These experiments
demongtrate that the host MHC type, and not the bone marrow donor type, determinesthe restriction specificity d
the mature T cdls and that the thymus is the Site where sdf MHC redriction is learned.
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During the transition from double-positive to
single-positive cells, thymocytes with class I-
restricted TCRs become CD8*CD4, and cells with
class ZI -restricted TCRs become CD4*CD8~. CD4 and
CD8 function as coreceptors with TCRs during positive
selection and recognize the MHC molecules when the
TCRsare recognizing peptide-MHC complexes. Signals
from the TCR complex and the coreceptors function
together to promote survival of thymocytes. This func-
tion of CD4 and CD8issimilar to their rolein the acti-
vation of mature T cells (see Chapter 8). At this stage
in maturation, there may be a random loss of either
CD4 or CD8 gene, and only cells expressing the
"correct" coreceptor (i.e., CD4 on a class11-restricted
T cell or CD8 on a class | -restricted T cell) will con-
tinue to mature. It is aso possible that the expression
of thewrong coreceptor is actively suppressed, although
how thisis accomplished is unknown.

@ Knockout mice that lack dass | MHC expression in
thymic epithelid cdls do not devdlop mature CD8 T
cdlIs but do develop CD4*CD8* thymocytesand mature
CD4' T cdls. Conversdy, dass IT MHC-deficient mice
do not develop CD4* T cdlsbut do develop CD8* cdlls.

These results demondtrate that thymic epithelia cdls
must express dass| or dass 11 MHC moleculesto pos
itively sdlect thymocytes to become CD8" or CD4"
sngle-postive cdls, respectively.

© In transggenic mice expressing a dass I MHG
restricted TCR, the mature T cdls that devdop are
dmost exdusvdy CD4*, even though thereare normal
numbers of CD4*CD8* thymocytes. Convarsdy, if the
transgenic TCR is dass I-redtricted, the T cdls that
mature are CD&*. Thus, the coreceptor and the MHC
soecificity o the TCR mugt match if a thymocyte is to
develop into amature T cell.

Peptides bound to MHC molecules on thymic
epithelial cells play an essential role in positive selec-
tion.In Chapters 4 and 5, we described how cell surface
class | and class II molecules dways contain bound
peptides. These MHC-associated peptides on thymic
antigen-presenting cells probably serve two rolesin pos-
itive selection—first, they promote stable cell surface
expression of MHC molecules, and second, they may
influence the specificities of the T cells that are
selected. Obvioudly, the thymus cannot contain all the
antigens to which an individual can respond. There-
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fore, foreign peptides cannot be involved in the posi-
tive selection of T cells that ultimately may recognize
these peptides. Sdlf peptides are required for positive
selection, however, and exactly what role they are
playing has been the subject of humerous studies using
a variety of experimental systems.
Toaddresstheroled peptides in T cdl selection, it was
necessary to develop sysemsin which the array of pep-
tides presented to developing thymocytes wes limited
and could be manipulated experimentaly. For dass |
MHC-dependent podtive sdlection, this wes accom-
plished with use of TAP-1-deficient or e-microglobu-
lin-deficient mice. In these mice, the dass| molecules
are not loaded with cytasolic peptides and are unstable,
but they can readily be loaded with exogenoudy added
peptides. If thymuses from such mice are cultured
without added peptides, fev mature T cdls develop
(Fig. 7-22). The addition o peptides drameticaly
increases the development o sngle-postive CD8" T
cdls, indicating effective podtive sdection o thymo-
cytes expressing dass | MHC-restricted TCRs A key
findingin these experimentswes that one or afew pep-
tidesinducced the positive sclection d alarge repertoire
o CD8" T cdls that could potentidly recognize many
different unrelated peptides. However, no single
peptide wessufficient to generate anormal number (or
repertoire) o mature T cdls Furthermore, complex
mixturesd peptides induced the maturation d more
CD8* T cdls than did single peptides. e do not know
if the specificitiesd the T cdlsthat mature are related
to the peptides that induced their maturation.

The conclusion of such experiments is that peptides
bound to MHC molecules are required for positive

selection of T cells and that some peptides are better
than others in supporting this process. It is not known
what structural features may be common to positively
selecting peptides. Nevertheless, the finding that pep-
tides differ in the repertoires of T cells they select sug-
gests that specific antigen recognition, and not just
MHC recognition, has some role in positive selection.
Wesk, or low-avidity, recognition of peptides in the
thymus protects immature T cells from a default
pathway of apoptotic death and alowsthe cellsto com-
plete their maturation. We do not know what signals
generated by weak antigen recognition protect imma-
ture T cells from death and how these signals differ
from those generated by antigen recognition in mature,
single-positive T cells. One consequence of sdf
peptide-induced positive selection is that the T cells
that mature have some capacity to recognize self pep-
tides. We mentioned in Chapter 2 that the survival of
naive lymphocytes before encounter with foreign anti-
gens requires survival signals that are apparently gen-
erated by recognition of self antigens. The same sdlf
peptides that mediate positive selection of double-
positive thymocytes in the thymus may be involved in
keeping naive, mature (single-positive) T cells divein
peripheral lymphoid organs, such as thc lymph nodes
and spleen.

This model of positive selection based on weak
recognition of self antigens raises a fundamental ques-
tion: How does positive selection driven by self antigens
produce a repertoire of mature T cells specific for
foreign antigens? The likely answer is that T cells that
recognize sef peptides with low affinity will, after
maturing, fortuitously recognize foreign peptides with
a high enough affinity to be activated and (o generate

Fetal thvmi Antigen presentation T cell
etal t ylin'c to double-positive | [development
organ cutture thymocytes CD8+CD4~

Figure 7-22 Role of peptides in positive selection.
In the expaiment shown, thymuses are
fetd mice and cuitured in vitro (fetel thymic orgen cultures).
theIh)gI'LyEE;are removed ealy ern% g&statlon Ihey
oonan immeture thymocytes that nat yet under:
postivesdection, and therefore subssquent rmtua]on
everiscen ke fdlonved under varying in vitro conditions In
V\nldll?/pe(rumd) micg bath CD4*CD8™ and
CD8+CD4 T ddis will develop. TARI-oHfident mice cannot
fom ide-dass | MHC complexes an ic epithdid
adls (s Chepter 5), and there is litle devdopment o
CD8*CD4™ T ddls in the thymusesfram these mice because
of alak d podtive sdedtion d dass |-restricted thymocytes
Hones, the addition d peptides to the culture medum sur-
romdng the TARI-ddfiaat thymusss pamitstheformation
of peptide-dass | MHC complexesm theaxfaoed thymic
ga('jléllelid odls and this refores maturetion & CD8*CD4~
s

TAP-deficient




immune responses. As we discuss next, strong recogni-
tion of sdf antigens in the thymus results in negative
selection of developing T cells.

Negative Selection of Thymocytes: Development of
Central Tolerance

Negatiue selection d thymocytes works by inducing
apoptotic death of cells whose receptors recognize
abundant peptide-MHC complexes in the thymus with
high avidity (see Fig. 7-20C). Among the double-
positive T cells that are generated in the thymus, some
may express TCRsthat recognize salf antigenswith high
affinity. If these sdf antigens are aso present at high
concentrations in the thymus, the T cellswill see the
antigens with high avidity because the avidity of antigen
recognition dependson the affinity of the TCR and the
concentration of the peptide that the T cell recognizes.
The peptides present at high concentration in the
thymus are self peptides that are mainly derived from
protein antigenswidedy expressed in the body (i.e., they
are ubiquitous). In immature T cells, the consequence
of high-avidity antigen recognition is the triggering of
apoptosis, leading to death, or deletion, of the cells.
Therefore, the immature thymocytes that express high-
affinity receptorsfor ubiquitous sdf antigens are eim-
inated, resulting in negative selection of the T cdl
repertoire. This processeliminates the potentially most
harmful self-reactive T cells and is one of the mecha-
nisms ensuring that the immune sysem does not
respond to many salf antigens, a property called self-
tolerance. Tolerance induced in immature lymphocytes
by recognition of sdf antigens in the generative (or
central) lymphoid organs is also called central toler-
ance, to be contrasted with peripheral tolerance
induced in mature lymphocytes by sdf antigens in
peripheral tissues. We will discuss the mechanisms and
physiologic importance of immunologic tolerance in
more detail in Chapter 10.

Formal proof for deletion of T cell clones reactive
with antigens in the thymus (also called clonal dele-
tion) has come from several experimental approaches
that allowed investigatorsto observe the effects of sdf
antigen recognition by alarge number of developing T
cells.

© When TCR transgenic mice are exposed 1o the peptide
for which the TCR is specific, alarge amount of cdll
death is induced in the thymus and a block occursin
the development o mature transgenic TCR-expressing
T cdls In one such study, a transgenic mouselinewas
created that expressed a dass | MHC—restricted TCR
goecificfor the Y chromosome-encoded antigen H-Y,
which isexpressed by many odl typesin mde mice but
not in femae mice (seeFg. 7-21). Femde mice with
this tranggenic TCR have norma numbers d thymo-
cytes in the thymic medullaand large numbersof CD8*
T cdlsin the periphery because they do not express
the HY antigen that mey induce negetive selection. In
contrast, mae transgenic mice have fev TCR-express:
ing, sngle-pogtivethymocytes in the medullaand few
mature peripheral CD8* T cdls because of deletion o
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the H-Y —gpadific thymocytesinduced by HY antigenin
the thymus.

O Thesameddetiond immature T cdlsisseen if trans
genic mice expressng a TCR gpecific for a known
peptide antigen are bred with mice expressng that
antigen or if the mice are injected with large doses o
the antigen. This can dso be mimicked in vitro by cul-
turingintact thymusesfrom TCR transgenic mice with
high concentrationsd the peptide for which the TCR
is gpedific. In dl these examples, thereisablock of T
cdl maturation after the cortica double-positivestage,
presumably because immature thymocytesexpressthe
transgenic TCR, recognize the antigen on thymic
antigen-presentingcdls, and are deleted before they
can mature into single-podtivecdls

The deletion of immature self-reactiveT cellsoccurs
when the TCR on a CD4*CD8" thymocytebinds strongly
to asdf peptide presented by another thymic cell. Most
evidence indicates that any thymic antigen-presenting
cell can induce negative selection, including bone
marrow-derived macrophages and dendritic cells and
thymic epithelial cells, whereasepithelial cellsare espe-
cidly (and perhaps uniquely) effective at inducing
positive selection. The key factor determining the
choice between positive and negative selection is the
strength of antigen recognition, with low-avidity recog-
nition leading to positive selection and high-avidity
recognition inducing negative selection. CD4 and CD8
molecules probably play arole in negative selection, as
they do in positive selection, because these coreceptors
participate in recognition of MHC molecules present-
ing self peptides. The cellular basisof negativeselection
in the thymus is the induction of death by apoptosis.
Unlike in death by default (or neglect), which occurs
in the absence of positive selection, in negative selec-
tion, active death-promoting signals are generated
when the TCR of immature thymocytesbindswith high
affinity to antigen. The nature of these active death-
inducing signalsin thymocytesis not known.

Studies suggest that recognition of sdf antigens in
the thymus can aso generate a population of regula-
tory T cells, which function to prevent autoimmune
reactions (see Chapter 10). It is not known why some
salf antigens cause deletion of T cellsand othersinduce
regulatory T cells.

vd Subset of T Lymphocytes

TCR of- and yd-expressing thymocytes are separate
lineages with a common precursor. In fetal thymuses,
thefirst TCR gene rearrangements involve the y and 6
loci. Recombination of TCR vy and 6 loci proceedsin a
fashion similar to that of other antigen receptor gene
rearrangements, although the order of rearrangement
appears to be lessrigid than in other loci.

T cells that expressfunctional y and 6 chains do not
express o TCRs and vice versa. The independence of
these lineages isindicated by several lines of evidence.

Mature of-expressing T cdls often show out-of-frame

rearrangementsaof 6 genes, indicating that these cdls
could never have expressed 8 receptors.

@ TCR 6 gene knockout mice develop norma numbers
of ofp T cdls and B gene knockout mice develop
normal numbersd 3 T cdls

The diversity of theyd T cell repertoireistheoretically
even greater than that of the off T cell repertoire, in
part because the heptamer-nonamer recognition
sequences adjacent ta Dsegments permit D-to-Djoining.
paradoxically, however, the actual diversity of expressed
¥d TCRs is limited because only afew of the availableV,
D, and ] segments are used in mature Yo T cells, for
unknown rcasons. This limited diversity is reminiscent
of the limited diversity of the B-1 subset of B lymphocytes
and isin keeping with the concept that v T cellsserve
as an early defense against a limited number of com-
monly encountered microbesat epithelial barriers.

In Chapter 6, we aso mentioned another small
subset of T cells, the NK-T' cells, which are not MHC
restricted and do not recognize peptides displayed by
antigen-presenting cells. The maturation of NK-T cells
is not defined.

Summary

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

e B and T cell maturation involves the somatic recom-
bination of antigen receptor gene segments and the
expression of Ig moleculesin B cell precursors and
TCR moleculesin T cell precursors. The expression
of antigen receptorsis essential for surviva and mat-
uration of developing lymphocytes and for selection
processes that lead to a diverse repertoire of useful
antigen specificities.

® The antigen receptors of B and T cells are encoded
by genes formed by the somatic recombination of a
limited number of gene segments that are spatially
segregated in the germline antigen receptor loci.
There are separate loci encoding the lg heavy chain,
Ig x light chain, Ig A light chain, TCR B chain, TCR
a and v chains, and TCR 6 chain. These loci contain
V,J, and, in the Ig heavy chain and TCR 3 and 6 |oci
only, D gene segments. Somatic recombination of
both Ig and TCR loci involvesthe joining of D and J
segments in the loci that contain D segments, fol-
lowed by the joining of the V segment to the recom-
bined DJ segments in these loci, or direct V-to-]
joiningin the other loci. This processof somatic gene
recombination is mediated by arecombinase enzyme
complex that includes lymphocyte-specific compo-
nents RAG1 and RAG-2.

The diversity of the antibody and TCR repertoires is
generated by the combinatorial associationsof mul-
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tiplegermline V, D, andJ genes and junctional diver-
sty generated by the addition of random nucleotides
to the sites of recombination. These mechanisms
generate the most diversity at the junction of the V
and C regions that form the third hypervariable
regions of both antibody and TCR polypeptides.

B cell maturation occurs in stages characterized by
different patterns of Ig gene recombination and
expression. In the earliest B cell precursors, called
pro-B cells, Ig genes are in the germline configura-
tion. In the pre-B cell stage, V-D-J recombination
occursin the Ig H chain locus. A primary RNA tran-
script containing the VDJ complex and g C gene seg-
ments is produced, and the . C region exons of the
heavy chain RNA are spliced to the VDJ segment to
generate a mature mRNA that is translated into p
heavy chain protein. A preeBCRisformed by pairing
of the pu chain with a nonvariable surrogate light
chain and by associationwith the signaling molecules
Iga and IgB. This receptor mediates signals that
inhibit rearrangement on the other heavy chain
allele (alelicexclusion) aswel as stimulate prolifer-
ation. In the immature B cell stage, V-] recombina-
tionsoccur in the ¥ or A loci, and light chain proteins
are expressed. Heavy and light chains are then assem-
bled into intact IgM molecules and cxprecsscd on the
cell surface. Immature B cellsleave the bone marrow
to populate peripheral lymphoid tissues, where they
complete their maturation. In the mature B cell
stage, synthesis of both p and 6 heavy chains occurs
in the same B cells mediated by alternative splicing
of primary heavy chain RNA transcripts, and mem-
brane IgM and IgD are expressed.

During B lymphocyte maturation, selection processes
eliminate or inactivate B cell precursors that express
antigen receptorsspecificfor ubiquitous sdf antigens
present in the bone marrow.

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

The least mature thymocytes, called pro-T cells, are
CD4CD8 (double negative),and the TCR genes are
in thegermline configuration. In the pre-T stage, thy-
mocytes remain double negative, but V-D-J recombi-
nation occurs in the TCR B chain locus. Primary 3
chain transcripts are expressed and processed to
bring a C; segment adjacent to the VDJ complex, and
B chain polypeptidesare produced. The 3 chain asso-
ciateswith the invariant pre-To. protein toform apre-
TCR. The pre-TCR transduces signals that inhibit
rearrangement on the other B chain allele (alelic
exclusion) and promote CD4 and CD8 expression
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and further proliferation of immature thymocytes.In
the CD4*CD8* (double-positive) stage of T cell devel-
opment, V- recombinations occur in the alocus, a
chain polypeptides are produced, and low levels of
TCRs are expressed on the cell surface.

® Selection processes drive maturation of TCR-
expressing, double-positive thymocytes and shape
theT cell repertoire toward saf MHC restriction and
self-tolerance. Positive selection of CD4*CDS8*
TCRof thymocytes requires low-avidity recognition
of peptide-MHC complexes on thymic epithelia
cells, leading to a rescue of the cells from pro-
grammed death. Negative selection of CD4*CD8*
TCRop double-positive thymocytes occurs when
these cells recognize, with high avidity, antigens that
are present at high concentrations in the thymus.
This processis responsible for tolerance to many sdf
antigens. Most of the cortical thymocytes do not
survive these selection processes. As the surviving
TCRaf thymocytes mature, they move into the
medullaand become either CD4*CD8™ or CD8*CD4~
. Medullary thymocytes acquire the ability to differ-
entiate into either helper or cytolytic effector cells
and finally emigrate to peripheral lymphoid tissues.
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"I 'he activation and effector phasesof T cell~mediated
adaptive immune responses are triggered by antigen
recognition by T Ilymphocytes. In Chapter 5, we
described the specificity of T cells for peptide frag-
ments, derived from protein antigens, that are dis
played bound to sdf major histocompatibility com-
plex (MHC) molecules. In Chapter 6, we described the
antigen receptors and accessory molecules of T cells
that are involved in responses to antigens. In this
chapter, we describe the biology and biochemistry of T
cell activation by antigens and by additional signals pro-
vided by antigen-presenting cells (APCs). We start with
a description of the biologic responses of T cells and
proceed to adiscussion of the biochemical mechanisms
of T cell activation.

General Features of T
Lymphocyte Activation

The expansion and differentiation of naive T cells and
the effector functions of differentiated T cells are trig-
gered by the binding of antigens to antigen receptors
in combination with other stimuli. Different popula-
tions of T cels differ in their requirements for activer
tion and in the patterns of their responses. We will
summarize the general features of T cell activation
before we discuss the individua responses and their
functional importance.

Naive T lymphocytes recognize antigens and are
activated in peripheral lymphoid organs, resulting
in the expansion of the antigen-specific [ymphocyte
pool and the differentiation of these cellsinto effec-
tor and memory lymphocytes (Fig. 8-1). Protein
antigens that enter through epithelia and into the
circulation are captured by "professional APCs,”
mainly dendritic cells, and transported to lymph
nodes and spleen. Naive T cells continuously re-
circulate through lymph nodes. When a T cell of
the correct specificity finds antigen, in the form of
peptide-MHC complexes, that T cell is activated.
Antigen-stimulated T cellsproliferate and differenti-
ate into effector and memory cells, some of which
leave the lymphoid organsand enter the circulation.
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Figure 8-1 Activation of naive and effector T
cells by antigen.
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B Effector T cells recognize antigens in lymphoid
organs or in peripheral nonlymphoid tissues and
are actiuated to perform their effector functions
(seeFig. 8-1).Effector T cellsare able to migrate to
any site of infection or inflammation. Here the cells
again encounter the antigen for which they are spe-
cific and respond in ways that serve to eliminate the
antigens. Effector T cellsof the CD4' helper subset
express membrane molecules and secrete cytokines
that activate (help) macrophages to kill phagocy-
tosed microbes and help B cellsto differentiate into
cellsthat secrete antibodies that bind to the antigens.
CD8* cytolytic T lymphocytes (CTLs), the effector
cellsof the CD8* subset, kill infected cellsand tumor
cells that display cdass | MHC-associated antigens.
We will return to the effector functions of T cellsin
Chapters 9 and 13. Memory T cellsare an expanded
population of T cells specific for antigen that can
respond rapidly to subsequent encounter with the
antigen and differentiate into effector cells that
eliminate the antigen.

B Theactiuation of T cellsrequiresrecognition of anti-
gens displayed on APCs, costimulators (" second
signals”), and cytokines produced by the APCs and
by the T cells themselves. These stimuli work
together to induce the sequential phases of T cell
responses, namely, the initial activation, prolifera-
tion, and differentiation (Fig. 8-2). Recognition of
peptide-MHC complexes by the T cel receptor
(TCR) is the first signal for activation and provides
specificity to the subsequent T cell response. The
activation of the T cellsis dependent on different
accessory molecules that serve distinct functions (see
Chapter 6). To reiterate the key points, the co-
receptors CD4 and CD8 recognize classII and class
I MHC molecules, respectively, and transduce acti-
vating signals to the T cells. The specificity of the
coreceptors for different MHC molecules accounts
for the fact that CD4* T cells are restricted to recog-

nizing class II MHC-associated peptides (derived
mainly from endocytosed proteins), and CD8" cells
recognize class | MHC-associated peptides (derived
from cytosolic, usualy endogenously synthesized,
proteins). Adhesion molecules on the T cedlls, pri-
marily the integrins, stabilize the attachment of
the T cdls to APCs, thus ensuring that the T cells
are engaged for long enough to trigger functional
responses. T cell receptors for costimulators on
APCsprovide second signalsfor T cell activation;the
nature and significanceof these costimulatory signals
are discussed later in the chapter. Cytokinesdrivethe
proliferation and differentiation of T cells and will
also be discussed later and in Chapter 11.

Naive T cells require actiuation by dendritic cells,
wher eas effector T cells can respond to antigens pre-
sented by a wider variety of APCs. Mature dendritic
cellsare the APCs that are most potent at activating
naive T cells and initiating responses, for several
reasons. Dendritic cells are strategically located to
capture antigens and transport them to lymph
nodes; thisiswhy T cell responses are initiated in
lymph nodes. Mature dendritic cells also express
high levels of the MHC molecules that display
peptides and high levels of the costimulators that
provide second signals to naive T cells. Other APCs
that activate T lymphocytes include macrophages
and B cells, both of which are more efficient activer
tors of differentiated effector and memory cells
than of naive T cells. Thus, macrophages and B
lymphocytes are important APCs in the effector
phase of T cell responses. Both effector and memory
T cels are less dependent on costimulators and
require less antigen to be activated than do naive T
cells. Thisiswhy effector and memory cellsare able
to react to antigens displayed by APCs other than
dendritic cells in nonlymphoid organs. The nature
of the APCs also influences the differentiation
pathway of T cellsand the choice between activation
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Figure 8-2 Phases of T cell responses.

Antigen recognition by T cells induces cytokine (e.g., IL-2) secretion, clonal expansion as a result
of IL-2-induced autocrine cell proliferation, and differentiation of the T cells into effector cells or
memory cells. In the effector phase of the response, the effector CD4* T cells respond to antigen by
producing cytokines that have several actions, such as the activation of macrophages and B lympho-
cytes, and CD8* CTLs respond by Kkilling other cells. APC, antigen-presenting cell; CTL, cytolytic T

lymphocyte.

and tolerance. We will discuss these roles of APCs in
later chapters.

Functional Responses of
T Lymphocytes

The responses of T lymphocytes to antigen recogni-

tion, costimulation, and other signals consist of
cytokine secretion, proliferation, and differentiation
(seeFig.8-2). Many methods have been used to analyze
the activation of T cells in vivo and in vitro, and these
techniques are providing a wealth of valuableinforma
tion (Box 8-1). We describe the different functional
responsesof T cells here.

Secretion of Cytokines

Among the earliest detectable responses of T cells to
antigen recognition is the secretion of proteins called

cytokines. Cytokines are proteins secreted by many
cellsin the immune system, and they mediate many of
the responses and functions of immune cells;, we will
discuss these proteinsin more detail in Chapter 11.

In T cells, signals delivered by antigens and costim-
ulators trigger the transcription of several cytokine
genes and the synthesis of these proteins. The princi-
pal cytokine produced by naive T cells is interleukin
(IL)-2, which functions as a growth factor for the
T cdls. Under different activation conditions, naive
T cellsthat are stimulated by antigens may differentiate
into subsets that secrete distinct sets of cytokines and
perform different effector functions. The best defined
of these subsets are the Tyl and Ty2 populations of
CD4 helper T cells (see Chapter 13). The cytokines
produced by these differentiated effector CD4 T cells
function to activate macrophages and B lymphocytes
in the effector phases of cell-mediated and humoral
immunity. On antigen stimulation, T cellsaso increase
their expression of receptors for many cytokines.
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Methods for Studying T Cell Activation

Our current knowledge of the cellular events in T cell acti-
vation is based on a variety of experimental techniques
in which different populations of T cells are activated by
defined stimuli and functional responses are measured. In
vitroexperiments have provided a great deal of information
on the changes that occur in a T cell when it is stimulated
by antigen. More recently, several techniques have been
developed to study T cell proliferation, cytokine expression,
and anatomic redistribution in response to antigen activa-
tion in vivo. The new experimental approaches have been
particularly useful for the study of naive T cell activation and
the localization of antigen-specific memory T cells after an
immune response has waned.

POLYCLONAL ACTIVATION OF T CELLS Polyclo-
nal activators of T cells bind to many or all TCR com-
plexes regardless of specificity and activate the T cells in
ways similar to peptide-MHC complexes on APCs. Poly-
clonal activators are mostly used in vitro to activate T cells
isolated from human blood or the lymphoid tissues of
experimental animals. Polyclonal activators can also be
used to activate T cells with unknown antigen specificities,
and they can evoke a detectable response from mixed
populations of naive T cells, even though the frequency of
cells specific for any one antigen would be too low to elicit
a detectable response. The polymeric plant proteins called
lectins, such as concanavalin-A (Con-A) and phytohemag-
glutinin (PHA), are one commonly used group of poly-
clonal T cell activator. Lectins bind specifically to certain
sugar residues on T cell surface glycoproteins, including
the TCR and CD3 proteins, and thereby stimulate the T
cells. Antibodies specific for invariant framework epitopes
on TCR or CD3 proteins also function as polyclonal acti-
vators of T cells. Often, these antibodies need to be immo-
bilized on solid surfaces or beads or crosslinked with
secondary anti-antibodies to induce optimal activation
responses. Because soluble polyclonal activators do not
provide costimulatory signals that are normally provided
by APCs, they are often used together with stimulatory anti-
bodies to receptors for costimulators, such as anti-CD28 or
anti-CD2. Superantigens, another kind of polyclonal stim-
ulus, bind to and activate all T cells that express particular
types of TCR B chain (see Chapter 15, Box 15-1). T cells
of any antigen specificity can also be stimulated with phar-
macologic reagents, such as the combination of the
phorbol ester PMA and the calcium ionophore ionomycin,
that mimic signals generated by the TCR complex.

ANTIGEN-INDUCED ACTIVATION OF T CELLS
Polyclonal populations of normal T cells that are
enriched for T cells specific for a particular antigen can be
derived from the blood and peripheral lymphoid organs
of individuals after immunization with the antigen. The
immunization serves to expand the number of antigen-
specific T cells, which can then be restimulated in vitro by
adding antigen and MHC-matched APCs to the T cells.
This approach can be used to study antigen-induced acti-
vation of a mixed population of previously activated
(“primed”) T cells expressing many different TCRs, but
the method does not permit analysis of responses of naive
T cells.

Monoclonal populationsof T cells, which express iden-
tical TCRs, have been useful for functional, biochemical,

and molecular andyses. The limitation of these mono-
clonal populations is that they are maintained as long-term
tissue culture lines and therefore may have phenotypically
diverged from normal T cells in vivo. One type of mono-
clonal T cell population that is frequently used in experi-
mental immunology is an antigen-specific T cell clone.
Such clones are derived by isolating T cells from immu-
nized individuals, as described for polyclonal T cells,
followed by repetitive in vitro stimulation with the immu-
nizing antigen plus MHC-matched APCs and cloning of
single antigen-responsive cells in semisolid media or
in liquid media by limiting dilution. Antigen-specific
responses can easily be measured in these populations
because all the cells in a cloned cell line have the same
receptors and have been selected for growth in response
to a known antigen-MHC complex. Both helper and CTL
clones have been established from mice and humans.
Other monoclonal T cell populations used in the study of
T cell activation include antigen-specific T cell hybrido-
mas, which are produced like B cell hybridomas (see Box
3-1, Chapter 3), and tumor lines derived from T cells have
been established in vitro after removal of malignant T cells
from animals or humans with T cell leukemias or lym-
phomas. Although some tumor-derived lines express func-
tional TCR complexes, their antigen specificities are not
known, and the cells are usually stimulated with polyclonal
activators for experimental purposes. The Jurkat line,
derived from a human T cell leukemia cell, is an example
of a tumor line that is widely used as a model to study T
cell signal transduction.

TCR transgenic mice are a source of homogeneous,
phenotypically normal T cells with identical antigen speci-
ficities that are widely used for in vifro and in vive experi-
mental analyses. If the rearranged o and [ chain genes of
a single TCR of known specificity are expressed as a rans-
gene in mice, a majority of the mature T cells in the mice
will express that TCR. If the TCR transgene is crossed onto
a RAG-1- or RAG-2—deficient background, no endogenous
TCR gene expression occurs and 100% of the T cells will
express only the transgenic TCR. TCR transgenic T cells
can be activated in vitro or in vivo with a single peptide
antigen, and they can be identified by antibodies specific
for the transgenic TCR. One of the unique advantages of
TCR transgenic mice is that they permit the isolation of
sufficient numbers of naive T cells of defined specificity to
allow one to study functional responses to the first expo-
sure to antigen. This advantage has allowed investigators
to study the in vitro conditions under which antigen acti-
vation of naive T cells leads to differentiation into func-
tional subsets such as T,;1 and T2 cells (see Chapter 12).
Naive T cells from TCR transgenic mice can also be
injected into normal syngeneic recipient mice, where they
home to lymphoid tissues. The recipient mouse is then
exposed to the antigen for which the transgenic TCR is
specific. By use of antibodies that label the TCR transgenic
T cells, it is possible to follow their expansion and differ-
entiation in vive and to isolate them for analyzing recall
(secondary) responses to antigen ex vivo.

METHODS TO ENUMERATE AND STUDY FUNC-
TIONAL RESPONSES OF ANTIGEN-SPECIFIC T CELLS
IN VIVO  Fluorescent dyes can be used to study prolifer-

Continued on following page

Chepter 8 —Activation d T Lymphocytes B4

ation of T cdlsin vive. T celsarefirst [abeled with chem-
icaly reactive lipophilic fluorescent estersand then adop-
tively transferred into experimental animals. The dyes
enter cells, form covalent bondswith cytoplasmic proteins,
and then cannot leave the cells. One commonly used dye
" of thistypeis5,6-carboxyfluorescein diacetatesuccinimidyl
ester (CFSE), which can be detected in cdlls by standard
flow cytometric techniques. Every timea T cell divides, its
dye content is halved, and thereforeit is possible to deter-
mine whether th& adoptively transferred T cellspresent in
lymphoid tissues of the recipient mouse have divided in
vivo and to estimate the number of doublingseach T cell
has gone through.
Peptide-MHC tetramersare used to enumerate T cells
4, with asingleantigen specificityisolated from blood or lym-
phoid tissues of experimental animals or humans. These
tetramers contain four of the peptide-MHC complexes
that the T cell would normally recognizeon the surface of
APCs. The tetramer is made by producing a class | MHC
molecule to which is attached a small molecule called
biotin by use of recombinant DNA technology. Biotin
bindswith high affinity to aprotein called avidin, and each
avidin molecule bindsfour biotin molecules. Thus, avidin
forms a substrate for assembling four biotin-conjugated
MHC proteins. The MHC moleculescan be loaded with a
., peptide of interest and thusstabilized, and the avidin mol-
eculeis labeled with a fluorochrome, such as FITC. This
| tetramer binds to T cells specific for the peptide-MHC
complex with high enough avidity to label the T cellseven
in suspension. This method is the only feasible approach
for identifying antigen-specific T cells in humans. For
instance, it is possible to identify and enumerate circulat-
ing HLA-A2-restricted T cells specific for an HIV peptide
by staining blood cells with a tetramer of HLA-A2 mole-
. cules loaded with the peptide. The same technique is
, beingused toenumerateand isolate T cellsspecificfor saf
, antigensin normal individualsand in patientswith autoim-
mune diseases. Peptide-MHC tetramers that bind to a

particular transgenic TCR can aso be used to quantify the
transgenic T cellsin different tissues after adoptive trans-
fer and antigen stimulation. The technique is now widdy
used with class| MHC molecules;in cassl molecules, only
one polypeptideis polymorphic, and stable moleculescan
be produced in vitro. Thishas proved to be much more dif-
ficultfor classII molecules, in which both chainsare poly-
morphic and required for proper assembly. The use of
peptide-MHC tetramers to anayze the expansion of CD8*
T cdlsismentioned in the text.

Cytokine secretion assays can be used to quantify
cytokine-secreting effector T cellswithinlymphoid tissues.
The most commonly used methods are cytoplasmic stain-
ing of cytokines and single-cell enzyme-linked immuno-
sorbent assays (ELISPOT). In these types of studies,
antigen-induced activation and differentiation of T cells
take place in vivo, and then T cellsare isolated and tested
for cytokine expression in witro. Cytoplasmic staining
of cytokines requires permeabilizing the cells so that
fluorochrome-labeled antibodies specific for a particular
cytokine can gain entry into the cell, and the stained cells
are analyzed by flow.cytometry. Cytokine expression by T
cellsspecificfor aparticular antigen can be determined by
additionally staining T cells with peptide-MHC tetramers
or, in the case of TCR-transgenic T cells, antibodies spe-
cific for the transgenic TCR. By use of a combination of
CFSE and anticytokine antibodies, it is possible to examine
the rel ationship between cell division and cytokine expres-
sion. In the ELISPOT assay, T cdllsfreshly isolated from
blood or lymphoid tissues are cultured in plastic wdls
coated with antibody specificfor a particular cytokine. AS
cytokines are secreted from individual T cells, they bind
to the antibodies in discrete spots corresponding to the
location of individual T cells. The spots are visualized by
adding secondary enzyme-linked anti-immunoglobulin,as
in astandard ELISA (see Appendix 111), and the number
of spotsis counted to determine the number of cytokine-
secreting T cdls.

Activated T cellsare often identified by the expression
o newly synthesized surface proteins, called activation
markers, that are synthesized concomitantly with
cytokines. One such activation marker is the achain of
the I L2 receptor (also called CD25, see Chapter 11).

Proliferation

T céll proliferation in response to antigen recognition
is mediated primarily by an autocrine growth path-
way, in which the responding T cell secretes its own
growth-promoting cytokines and also expresses cell
surface receptors for these cytokines. The principal
autocrine growth factor for most T cellsis IL2. Both
the production of 1L2 and the expression of high-
affinity receptorsfor | L 2 requireantigen recognition by
specific T cdls. Therefore, the cells that recognize
antigen bind the IL-2 they secrete and thus proliferate
in response to thiscytokine. L 2 is not the only growth
factor for T cells. A cytokine called IL-15, which is
similar to 1L 2 but produced mainly by APCs and other
nonlymphoid cells, stimulatesthe proliferation of CD8*
T cells, especially memory cellsof the CD8* subset. The

result of the proliferation of naive T cells is clonal
expansion, which generates from a small pool of naive
antigen-specific lymphocytes the large number of cells
required to eliminate the antigen. Before antigen ex-
posure, the frequency of naive T cells specific for any
antigen is 1 in 10° to 10° lymphocytes. After antigen
exposure, the numbers of T cells specific for that
antigen may increase to about 1in 10for CD8" cellsand
1in 100 to 1000 for CD4" cells. These numbers rapidly
decline as the antigen is eliminated, and after the
immune response subsides, the surviving memory cells
specificfor the antigen number on the order of 1in 10%

& Studies in mice have revedled an unexpectedly large
expansion of CD8" T cells during the acute phase of
infections with intracellular microbes. In one such
study, 'I' cellsspecificfor adominant epitope of the lym-
phocytic choriomeningitisvirus (LCMV) were identi-
fied by staining cell populations with a fluorescent
tetramer of an appropriate MHC moleculeloaded with
the vira peptide (seeBox 8-1). It wes estimated that
the frequency of LCMV-specific T célsin uninfected
miceisabout 1in 10° CD8* cells. After infectionwith the
virus, at the peak of the immune response, there wes
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atwofadld to threefold expansionin the total number of
(D8 T cdlsin thespleen, and as many asonein five of
these cdls wes specific for the vird peptide. In other
words, in thisinfection, therewssagreater than 50,000-
fold expanson d antigen-specificCD8* T cdls and
remarkably, thisoccurred within 1week after infection.
Equdly remarkable wes the finding that during this
messve antigen-specificcdona expansion, "bystander”
T cdlsnot specificfor thevirusdid not proliferate. The
expanson d T cdls specific for Epstein-Barr virus
and human immunodeficiency virus (HIV) in acutdy
infected humans is d on this order & magnitude.
Although it has been more difficult to quantitate the
antigengtimulated expansion of CD4* cdls, it gppears
to be much lessithan the dond expansond CD8* cdls
This may be expected because CD8* CTLs perform
their effector functions by directly attacking infected
cdls wheress a sngle CD4* helper cdl mey secrete
cytokines that activate many effector cdls such as
macrophages,and thereforeagreater number of CTLs
mey be neededfor protectiveimmunity.

Thekineticsd 'I' cell expans on havebeen determined
by injecting T cdls expressing a transgenic TCR spe-
dfic for a known antigen into mice that produce the
antigen and then identifying the specific T cdls and
measuring their responses. FFom such studies, it is
egimated that T cdls begin to divide within 18 hours
after encountering antigen, and their doubling time
isabout 6 hours. This rapid praliferativecapacity pre-
sumably accounts for the enormous expanson d T
odls mentioned before.

Differentiation into Effector Cells

On antigen stimulation, some of the progeny of the
proliferating T cells differentiate into effector cells
that eliminate antigens and may activate other
immune cells. This process depends both on antigen-
induced activation of the T cellsand on other stimuli,
principally costimulatorsand cytokines produced at the
site of antigen recognition. The progeny of antigen-
stimulated CD4" T lymphocytes differentiate into effec-
tor cellswhosefunction isto activate phagocytesand B
lymphocytes. Effector CD4" cells consist of subsets that
produce distinct sets of cytokines and perform differ-
ent functions, such asTy1 and T2 subsets (see Chapter
13). CD8" T cells differentiate into functional CTLs,
with the ability to kill target cells that express the
peptide-MHGC complexes these T cells recognize (see
Chapter 13). The differentiation of T cellsis associated
with the transcriptional activation of genes encoding
effector molecules. Some of these effector molecules,
such as cytokines and CTL granule proteins, are
released from the T cell, and others, such as CD40
ligand (CD40L) and Fasligand, are cell surface mole-
cules that are involved in effector functions.

Differentiation into Memory Cells

Some of the progeny of antigen-stimulated T cells
develop into long-lived, functionally quiescent mem-
ory cells. Although the responses of T cellsto antigen

stimulation lastfor only days or afew weeks, memory T
cellssurvive for long periods even after the antigen is
eliminated. The memory T cell population is responsi-
ble for enhanced and accelerated secondary immune
responses on subsequent exposures to the same
antigen. The mechanisms of memory cell generation
and survival are not known. It is not even clear if
memory T cells develop from differentiated effector
cellsor if effector and memory cellsare divergent pop-
ulations arising from antigen-stimulated lymphocytes.
The mechanisms that determine whether the progeny
of antigen-stimulated T cells will differentiate into
functionally active, short-lived effector cells or func-
tionally quiescent, long-lived memory cells are not
known. The survival of memory cells does not require
antigen recognition (see Chapter 2).As mentioned, the
cytokine IL-15 appears to be important in maintaining
the pool of memory CD8' cells, but no comparable
stimulus for CD4* memory cells has been identified.
Memory cells accumulate with age, having been gener-
ated by encounters with environmental microbes and
other antigens. For instance, in human neonates, vir-
tualy all blood T cells are naive, whereas in the adult
human, half or more of T cells appear to be memory
cells. Memory cells also tend to accumulate in particu-
lar tissues, notably the mucosal immune system.

Several surface markers have been used to distin-
guish memory cells from naive and recently activated
effector T cells (see Chapter 2). Memory T célls, like
effector T cells, express high levelsof some surface mol-
ecules, notably integrins and CD44, that promote their
migration to peripheral sites of infection and inflam-
mation and their retention at these sites. This property
enables memory cells to rapidly locate and eliminate
antigen at any site of infection or inflammation.
However, memory cells do not express activation
markers, such asthe achain of the IL-2 receptor, which
is consistent with the fact that these cells are function-
dly quiescent and are neither proliferating rapidly nor
performing effector functionsuntil they areinduced to
do so on re-exposure to the antigen.

Memory T cellsappear to be heterogeneous in their
migration and functional capabilities. In humans,
memory T cells consist of subsets that differ in the
expression of the chemokine receptor CCR7. (Recall
that CCR7 is the chemokine receptor that is aso
responsible for the migration of naive T cellsand den-
dritic cellsinto the T cell zones of lymphoid organs; see
Chapter 2.) Itisbelieved that CCR7-high memory cells
preferentially migrate to lymph nodes and proliferate
rapidly on repeated encounter with antigen, providing
alarge pool of T cellsin secondary immune responses.
CCR7-low memory cells produce effector cytokines,
and they may migrate preferentially to peripheral sites
of infection and inflammation, where they function to
eliminate antigens.

Decline of T Cell Responses

T cell responses decline after the antigen i s eliminated
by effector cells. This decline isimportant for return-
ing the immune system to a state of rest, or homeosta-

gs T cell responses decline mainly because the major-
ity of antigen-activated T cells die by apoptosis. The
reason for thisis that as the antigen is eliminated, lym-
phocytes are deprived of survival stimuli that are nor-
mally provided by the antigen and by the costimulators
and cytokines produced during inflammatory reactions
to the antigen. It isestimated that in the example of the
vira infection mentioned earlier, more than 95% of the
virus-specificCD8" T cellsthat arise by clonal expansion
die by apoptosis as the infection is cleared. We will
return to the mechanisms of homeostasis in the
immune system in Chapter 10.

Role of Costimulators in
T Cell Activation

The proliferation and differentiation of T cells require
signals provided by molecules on APCs, called co-
stimulators, in addition to antigen-induced signals
(Fig. 8-3). In Chapter 1, we introduced the concept
that naivelymphocytes, both T cellsand B célls, require
two distinct sets of extracellular signals to induce their
proliferation and differentiation into effector cells. The
first signal is provided by antigen binding to antigen
receptors. In the case of T cells, binding of peptide-
MHC complexes to the TCR (and to the CD4 or CD8
coreceptor) providessignal 1. The second signal for T
cdl activetion is provided by moleculeson APCs, which
are called costimulators because they function together
with antigen to stimulate T cells. In the absence of co-
stimulation, T cells that encounter antigens either fail
to respond and die by apoptosisor enter astate of unre-
sponsivenesscalled anergy (scc Chapter 10).

The best characterized costimulatory pathway in T
cell activation involves the T cell surface molecule
CD28, which binds the costimulatory molecules B7-1
(CD80) and B7-2 (CD86) expressed on activated APCs
(Box 8-2). CD28 delivers signals that enhance many T
cell responses to antigen, including cell survival, pro-
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duction of cytokinessuch asIL-2, and differentiation of
naive T cellsinto effector and memory cells. The struc-
ture and expression of CD28 were described in Chapter
6. B7-1 and B7-2 are structurally similar single-chain gly-
coproteins, each with two extracellular 1g-like domains,
a transmembrane segment, and a cytoplasmic tail. The
B7 molecules are expressed mainly on APCs, including
dendritic cells, macrophages, and B lymphocytes. They
are absent or expressed at low levels on resting APCs
and are induced by various stimuli (discussed|ater).

The essential role of the B7 costimulators in T
cell activation has been established by several types of
experiments.

In wvitro, purified populations o CD4* T cdls respond
to antigen by cytokine secretion and proliferation
when the antigen is presented by APCs that express B7
molecules but not when the antigen is presented by
ARCs that lack B7 expression. An activating antibody
that binds to CD28 can provide an atificia costimula-
tory sgnd and induce T cdl responsss even if the
ARGs lack B7 molecules (Fig.8-4).

If a pure population d CD4* T cdls s cultured with
agents that crosslink the TCR, such as anti-CD3 anti-
bodies, the T cdls produce vay little cytokine and do
not proliferate. Agan, if an additiona costimulatory
sgnd is provided by antibodies that bind to CD28, the
T cdlsare able to respond (seeHg. 8-4). The costim-
ulatory signd provided by anti-CD28 antibody in the
absence d the TOR sgnd does not by itsdf induce T
cdl responses.

Knockout mice lacking B7-1 and B7-2 are deficient
in T cel-dcpendent responses to immuni zation with
protein antigens.

The expression of costimulators is regulated and
ensures that T lymphocyte responses are initiated at
the correct time and place. The expression of B7 cos-
timnulators is increased by microbial products, such as
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The best defined costirnulatorsfor T lymphocytes are the
B7 family of molecules on ARCs that bind to members of
the CD28family of receptorson T cdls. Thefirst proteins
to bediscoveredin thesefamilieswere CD28and B7-1 The
existence and functionsof B7-1 and CD28 were originally
surmised from experimentswith monoclonal antibodies
specific for these molecules. The cloning of the genes
encoding B7-1 and CD28 opened the wey for a variety of
experimentsin mice that have clarified the role of these
molecules and led to the identification of additional
homologousproteinsinvolved in T cell costimulation. For
example, residual costimulatory activity of APCsfrom B7-
1 knockout mice suggested the existence of additional
costimulatory molecules, and homology-based cloning
strategiesled to the identification of the B7-2 molecule.
B7-1 and B7-2 both bind to CD28 and together account
for the mgjority of costimulatoryactivity provided by APCs
for the activation of naive T cdls Thisisevidentfrom the
phenotype of B7-1/B7-2 double knockout mice, which
have profound defectsin adaptive immune responses to
protein antigens.

Although costimulatory pathways were discovered as
mediatorsof T ceall activation, itisnow clear that homolo-
gousmoleculesareinvolvedin inhibitingT cell responses.
Thefirst and best defined example of an inhibitory recep-
tor on T cdlsis CTLA4, a member of the CD28 family,
which weas discoyered and characterized by the use of
monoclonal antibodies. The name CTLA-4 isbased on the
fact that this molecule was the fourth receptor identified
inasearchfor moleculesexpressed in CTLs, but itsexpres-
son and function are not restricted to CTLs. CTLAA4 is
structurally homologous to CD28 and is a receptor for
both B7-1 and B7-2. Unlike CD28, CTLA4 servesasaneg-
ativeregulator of T cell activation. CTLA~4 knockout mice
show excessiveT cell activation, proliferation, and systemic
autoimmunity.

Severd other proteinsstructurally related to B7-1 and
B7-2 or to CD28 and CTLA-4 haverecently been identified
by homology-based cloningstrategies, and their functions
are now being studied. These proteinscan be considered
members of the B7 and CD28 families, respectively. The
two recently discovered members of the family that are
described here were identified first by the cloning of the
receptorson T cdlls, and these receptorswere caled ICOS
(inducible costimulator) and PD-1 (programmeddeath-1,
because this molecule was thought to regulate pro-
grammed cell death of T cells). An emergingpictureof T
cell costimulationincludes the actions of several costimu-
latory signals and negative regulatory signas, involving
multiple members of the B7 and CD28 families whose
actions are regulated with respect to location and timing
of expression.

Members of the B7 family include B7-1, B7-L, ICOS-
ligand (L), and PD-L1 and PD-L2 (see Figure). All these
proteins are transmembrane proteins consisting of two
extracellular Ig-like domains, including an N-termina V-
like domain and a membrane proxima Glike domain.
Another member of the family, B7-H3, may be expressed
in aternative forms, with' either one pair of V and C
domainslike the other B7 family membersor two tandem
pairs of V and C domains. The main function of these
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The B7 and CD28 Families of Costimulators and Receptors

moleculesis to bind to CD28 family receptorson T cdls,
thereby stimulatingsignal transduction pathwaysin the T
cdls There is no compelling evidence that the cytoplas-
mic tails of the B7 family members transduce activating
signasin the cellson which they are expressed, B7-1 and
B7-2 are mainly expressed on APCs including dendritic
cells, macrophages, and B cells. Although there is some
congtitutive expression on dendritic cells, expression of
both molecules is strongly induced by various signas
including endotoxin, inflammatory cytokines (e.g., IL-12,
IFN-y), and CD40-CD490 ligand interactions. The tempo-
ral patternsof expression of B7-1 and B7-2 differ; B7-2 is
expressed condgtitutively at low levels and induced early
after activationof APCs whereasB7-1isnot expressedcon-
ditutively and is induced hours or days later. The other
membersof the B7 family, ICOSIligand and PD-LI and PD-
L2, are dso expressed on ARCs but in addition, there is
significant expression on avariety of nonlymphoid tissues.
PD-L1 and PD-L2,for example, are expressed on endothe-
lid cellsand cardiac myocytes The nonlymphoid expres-
son of these molecules suggests they play a role in
regulating T cell activation in peripheral tissues and
perhapsin the maintenanceof self-tolerance.

The CD28 family of receptors are all expressed on T
cells, but PD-1 is dso expressed on B cells and myeoid
cells. These receptors are transmembrane proteins, al of
whichincludeasingle |g V-ike domain and a cytoplasmic
tail with tyrosine residues. CD28, CTLA-4, and ICOS exist
as disulfide-linked homaodimers; PD-1 is expressed as a
monomer. Both CD28 and CTLA~4 bind both B7-1 and B7-
2, with different affinities, and share a sequence motif,
MYPPPY, in the V domain, which is essentid for B7
binding. ICOShas an FDPPPF matif in the corresponding
position, which mediates binding to ICOS-ligand but not
to B7-1 or B7-2 PD-1 has neither motif and bindsto PD-
L1 or PD-L2 but not to B7-1, B7-2, or ICOSigand. The
cytoplasmic tails of the CD28 family molecules contain
structural motifs that mediate interaction with signaling
molecules, although the signa pathways that are engaged
are incompetently understood. Tyrosine residuesin the
tals of CD28 become phosphorylated on B7-1 or B7-2
binding, and they serveasdocking sitesfor Pl-3kinase and
Grb-2. PI-3 kinase activation is linked to the activation of
the serine/threonine kinase Akt. PI-3 kinase binding and
activation also occur on the cytoplasmic tail of CTLA-4,
and perhapsICOS. Consistentwith their rolesin negative
regulation of cellular activation, both CTLA4 and PD-1
havevariationsof theimmunoreceptor tyrosine inhibitory
motifs (ITIMs) in their cytoplasmic tails (seeBox 8-3) and
recruit the tyrosine phosphatase SHP-2. CD28 is constitu-
tivdly expressed on CD4* and CD8" T cdls. ICOS is
expressed on CD4* and CD8" T cdls only after TCR
bindingto antigen, and itsinductionisenhanced by CD28
dgnas.

X-ray crystallographicanadyses of B7-1 and B7-2 inter-
actions with CTLA-4 suggest that these moleculesform a
repeating lattice structure in the immunol ogical synapse.
B7-1 or B7-2 may dimerize in the ARC membrane, and
each monomeric subunitwould bind to one chain of adif-
ferent GTLA4 dimer. This arrangement would enhance
the local concentration of the ligandsand receptorsand

Continued on following page
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presumably enhance signaling. It is not known if such an
arrangement aso appliesto other B7:CD28 family ligand-
receptor interactions.

The functional consequences of signaling by CD28
family membersdiffer for each molecule. CD28 signaling
promotes T cell IL-2 production and clonal expansion of
naiveT cdlsand increased BCL-X; expression resultingin
enhanced T cell surviva. As a built-in postive amplifica
tion mechanism, CD28 signas aso up-regulate CD40
ligand expression,which leadsto CD40 signalingin APCs
which in turn up-regulates the expresson of the CD28
ligands B7-1 and B7-2 In contrast, ICOS signaling pro-
motes expression of effector cytokines such as IL-10 and

IL4, but not of the T cell growth factor IL-2. It appears
that ICOS is more important for costimulationof effector
T cdl responses, paticularly Ty2 responses, than for
clonal expansion of antigen-stimulated T cells. It is not
known whether CTLA4 and PD-1 play distinct or over-
lapping roles in inhibiting immune responses. The
CTLA-4 knockout mouse develops severe enlargement of
lymphoid organs and infiltration of many tissues by
activated lymphocytes, whereas the PD-1 knockout devel-
ops an unusual dilated cardiomyopathy thought to be
antibody mediated. These findings suggest that CTLA-4
and PD-1 dg indeed inhibit diffgrgnt types Of immune

nmung
responses.

endotoxin, and by cytokinessuch asinterferon (IFN)-y
produced during innate immune reactions to microbes.
The induction of costimulators by microbes and by the
cytokines of innate immunity promotesT cell responses
to microbial antigens (see Chapter 12). In addition,
when T cells are activated, they express a molecule
caled CD40 ligand (CD40L), which binds to CD40
expressed on APCs and delivers signals that cnhancc

the expression of B7 costimulators on the APCs In B
lymphocytes, engagement of the antigen receptor stim-
ulates B7 expression, so that B cells that encounter
antigen are able to activate and be helped by CD4*
helper T cells. Of al potential APCs mature dendritic
cells express the highest levels of costimulators and, as
aresult, are the most potent stimulators of naiveT cells
(whichare completely dependent on costimulation for
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Figure 84 Role of BZ and CD28in T
cell activation.
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activation). In Chapter 5, we mentioned the essential
role of adjuvantsin inducing primary T cell responses
to protein antigens such asvaccines. Many adjuvantsare
products of microbes, or mimic microbes, and one of
their major functionsin T cell activationis to stimulate
the expression of costimulators on APCs The absence
of costimulators on unactivated, or "resting," APCs in
normal tissues contributes to the maintenance of tol-
erance to sdf antigens. Because such tissue APCs are
capable of presenting sdlf antigens to T cells, the lack
of costimulator expression ensures that potentially self-
reactive T cells are not activated and may be rendered
anergic (see Chapter 10).

Previoudy activated effector and memory T cels
are less dependent on costimulation by the B7:CD28
pathway than are naive cells. This property of effector
and memory cellsenables them to respond to antigens
presented by various APCs that may reside in nonlym-
phoid tissues and may express no or low levels of B7.
For instance, the differentiation of CD8" T cellsinto
effector CTLsrequirescostimulation, but effector CTLs

A costimulator-deficient  antigen-pre-
senting cell (APC) does not stimulate re-
sponses of CD4* T cells or may induce T cell

anergy (A). The expression of B7 molecules
in the APCs by gene transfection (B) or the
provision of a costimulatory signal with an

No response
ar anergy

Idifferentiation .

anti-CD28 antibody (C) leads to T cell acti-
vation. Similarly, cross-linking of the TCR
complex with an antibody specific for the
TCR/CD3 complex does not activate the T

T cell cells (D), but the addition of an activating
proliferation anti-CD28 antibody elicits T cell responses
(E).  Such experiments show that the
B7:CD28 pathway is a costimulatory path-
way for naive T cells.
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can kill other cells that do not express costimulators
(see Chapter 13).

The biochemical mechanism by which CD28:B7
interactions promote T cell activation is incompletely
understood. CD28-mediated signals increase the pro-
duction of cytokines, especially the T cell autocrine
growth factor IL-2. This may occur by a combination
of enhanced transcription and stabilization of 1L-2
messenger RNA. I n addition, CD28 signals promote the
survival of T cells, in part by increasing expression of
the anti-apoptotic protein Bd-x (see Chapter 10, Box
10-2). We will describe signaling responses to costimu-
lators later in the chapter, after we discuss the bio-
chemistry of T cell activation.

The CD28:B7 pathway of costimulation is the proto-
type of a much larger family of receptors and ligands
that both stimulate and inhibit T cells (seeBox 8-2). A
protein called ICOS (inducible costimulator) is homol-
ogous to CD28 and is so nhamed because it is induced
on 'I' cels after activation. 'I'ne ligand for ICOS is
homologous to B7-1 and B7-2. ICOS appears to be par-

ticularly important for stimulating the production of
certain cytokines, notably IL-10, and for the activation
of previously differentiated effector T cells. A protein
called CTLA-4 (CD152) is also homologous to CD28,
bindsto B7-1 and B7-2, and is expressed on activated T
cells. Unlike CD28, CTLA-4 functions to terminate
T cell responses and plays a role in self-tolerance
(Chapter 10).

The interaction of CD40L on T cellswith CD40 on
APCs enhances T cell activation. The likely mechanism
of this effect is that the engagement of CD40 on the
APCs activates the APCs o increase their expression of
B7 moleculesand to secrete cytokinessuch asIL-12 that
promote T cell differentiation (Fig. 8-5). Thus, the
CDA40 pathway indirectly amplifiesT cell responses and
probably does not function as a costimulatory pathway
by itself. On the basis of many experimental studies
of costimulators, antagonists against B7 molecules and
CD40L are in clinical trids to prevent the rejection
of organ alografts and other pathologic immune
responses. Many other T cell surface molecules, includ-
ing CD2 and integrins, have been shown to deliver co-
stimulatory signals in vitro, but their physiologic rolein
mice and humans is unclear.

Signal Transduction by the
TCR Complex

The goal of T cell signaling pathways is to coordi-
nately actiuate the transcription of genes that are
silent in naiue cells and whose products mediate the
responses and functions of activated T cells. The
recognition of antigen by the TCR initiates a sequence
o biochemical signalsin T cels that result in tran-
scriptional activation of particular genes and the entry
of the cdls into the cell cyde The genes that are
expressed in T cells after antigen recognition encode
many of the proteins that mediate the biologic
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responses of these cells (Fig. 8-6). The signaling cas
cades triggered by the TCR have been defined largely
by in vitroanayses of various T cell populationsthat can
be activated by the engagement of their antigen recep-
tors (see Box 8-1). From such studies, several impor-
tant general features of T cell signal transduction are
now well established.

Signal transduction by the TCRis triggered by lig-
ation of multiple antigen receptors and coreceptors.
The outcome of T cell antigen recognition is deter-
mined by the duration and affinity of the TCR-
antigen interaction. The affinity of most TCRs for
peptide-MHC complexes is low, with dissociation
constants (K, values) on the order of 107 to 107 M,
which is much lower than the affinity of most anti-
bodiesfor antigens (see Chapter 3, Table 3-1). The
off-rate of the TCR-antigen interaction is rapid, and
it is estimated that a single TCR engages an MHC-
associated peptide for less than 10 seconds. Further-
more, on any APC, fewer than 1000 of the ~10°
available MHC molecules are likely to be displaying
any one peptide at any time. Therefore, one APC can
engage a small fraction of the 10* to 10° antigen
receptors on a single T cell. For al these reasons,
the antigen receptorsof aT cell arelikely to bind to
antigen-bearing APCs weskly and briefly. Activation
of an individual T cell may require multiple sequen-
tial engagements of that cell's antigen receptors
by peptide-MHC complexes on APCs. Thus, the T
cell behaves like a signa integrator, adding up
the number of times that TCR molecules bind to
peptide-MHC complexes and the duration of each
encounter. Full activation of the T cell, resulting
in al the possible biologic responses, occurs when
the TCR-induced signals reach a critical threshold.
(Thereis, asyet, no accurate quantitative estimate of
this threshold.) Incomplete signaling may result in
no response; in partial activation, in which some but
not all responses ensue; or even in functional inacti-
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Figure 8-5 Role of CD40 in T cell activation.

Antigen recognition by T cells induces the expression of CD40 ligand (CD40L). CD40L engages
CD40 on the antigen-presenting cell (APC) and stimulates the expression of B7 molecules and the
secretion of cytokines that activate T cells. Thus, CD40L on the T cells makes the APCs "better" APCs.
T cells can express CD40L on antigen recognition even without costimulation, but sustained expres-
sion of CD40L requires B7:CD28 costimulation as well as antigen. Thus, the B7 and CD40 pathways

stimulate each other.
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vation of the T cells. At the end of the chapter, we
will return to a discussion of how altered versions of
apeptide antigen may elicit these distinct responses.

The early biochemical response to antigen recogni-
tion consists of clustering of membrane receptors,
tyrosine phosphoylation of several proteins, and
recruitment and activation of adapter proteins (Fig.
8-7). The TCR does not have intrinsic enzymatic
activity, but it is associated with other proteins that
bind enzymes and adapter molecules that form a
scaffold for the assembly of signaling intermediates.
These eventsoccur within seconds after the engage-
ment of antigen receptors, and they result in the
assembly of signaling complexesin the plasmamem-
brane, at the site of receptor clustering. The subse-
quent events in signa transduction are generated
from the membrane-associated complexes of recep-
tors and adapter proteins.

Signals from the antigen receptor coordinately
activate a number of important biochemical path-
ways, the main ones being the Ras—-MAP kinase
pathway, the protein kinase C pathway, and the
calcium-calcineurin pathway (see Fig. 8-7). Activar
tion of these enzymesoccursin minutesafter antigen
recognition. The enzymes activated by each of these
pathwaysinduce transcription factors that stimulate
the expression of various genes in the T cells, a
process that takesseveral hours.

In the following sections, we describe the major steps
in signaing by the TCR, starting with the earliest
responses at the plasma membrane and culminatingin
the transcriptional activation of many T cell-specific
genes.

Early Membrane Events: Formation of the
Immunological Synapse and Recruitment
and Activation of Protein Tyresine Kinases
and Adapter Proteins

The earliest events that occur after antigen recogni-
tion are designed to bring together many of the mole-

cules that are involved in signal transduction in T
cells.

Formation of the Immunological Synapse

When the TCR complex recognizes MH C-associated
peptides on an APC, several T cell surface proteins
and intracellular signaling molecules are rapidly
mobilized to the site of T cell-APC contact (Fig. 8-8).
Thisregion of physica contact between the T cell and
the APC has been called theimmunological synapse (or
the supramolecular activation cluster). The T cell mol-
ecules that are rapidly mobilized to the center of the
synapseinclude the TCR complex (theTCR, CD3, and
{ chains), CD4 or CD8 coreceptors, receptors for co-
stimulators (such as CD28), and enzymes and adapter
proteins that associate with the cytoplasmic tails of the
transmembrane receptors. Integrins remain at the
periphery of the synapse, where they function to stabi-
lize the binding of the T cell to the APC. Many signal-
ing moleculesfound in synapsesarelocalized to regions
of the plasma membrane that have alipid content dif-
ferent from the rest of the cell membrane and are
caled lipid rafts or glycolipid-enriched microdomains.
The regulated movement of membrane moleculesinto
the synapse is triggered by antigen recognition and
involves signaling pathways that activate proteins of
the cytoskeleton. The formation of the synapse brings
signaling moleculesinto proximity to one another and
to the receptors that activate these molecules. These
molecules initiate and amplify TCR-induced signals.
However, some signals may be triggered by antigen
recognition before the formation of the synapse and
may even be required for membrane moleculesto move
into the synapse. In addition, the formation of the
synapse ensures that the molecules that T cells use to
communicate with APCsare brought close to the target
molecules on the APCs. For instance, as we shall see
in Chapter 9, T cells activate B lymphocytes by using
CD40L to interact with CD40, and thisligand:receptor
pair isconcentrated in the synapse after antigen recog-
nition, with CD40L on the T cell side and CD40 on the
B cell.
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Figure 8-7 Intracellular signaling events during T cell activation.

Binding of the TCR and coreceptors to peptide-MHC complexes on the antigen-presenting cell
(APC) initiates proximal signaling events, which result in phosphorylation of the ¢ chain, binding and
activation of ZAP-70, phosphorylation of adapter proteins, and activation of various cellular enzymes.
These enzymes then activate transcription factors that stimulate the expression of various genes

involved in T cell responses.

Activation of Tyrosine Kinases

The earliest biochemical events within the T cell that
follow clustering of the TCR complex and coreceptor
are the activation of protein tyrosine kinases associ-
ated with the cytoplasmic domains of the clustered
CD3 and coreceptor proteins and phosphorylation of
tyrosines in CD3 and § chains. Protein tyrosine kinases
are enzymes that catdyze the phosphorylation of tyro-
sineresiduesin variousprotein substrates (Box8-3).1n
T cells, several components of the TCR complex, aswell
as downstream intermediates, are targets of protein
tyrosine kinases. The cytoplasmic portions of the CD3
chains and the { chains contain a total of nine con-
served peptide sequences called immunor eceptor tyro-
sinebased activation motifs (ITAMs) (see Chapter 6).
When TCRs bind to peptide-MHC complexes, CD4 or
CD8 binds at the same time to nonpolymorphic regions
of the classlI or class| MHC molecule on the APC (Fig.
8-9). Lck, a Src family tyrosine kinase that is associ-
ated with the cytoplasmic tails of CD4 and CDS8, is thus
brought into proximity of the ITAMs in the CD3and {

chains. Lck may be activated by autophosphorylation,
and the active Lck then phosphorylates the tyrosines
in the ITAMs of the CD3 and { chains. Thus, within
seconds of TCR clustering, many of the tyrosine
residues within the ITAMs of the CD3 and { chains
become phosphorylated. Another cytoplasmic tyrosine
kinase that isfound in physical associationwith the TCR
complex is CD3-associated Fyn, and it may play a role
similar to that of Lck. Mice lacking Lck show some
defects in T cell development, and double knockout
mice lacking both Lck and Fyn show even more severe
defects.

The tyrosine phosphorylated ITAMs in the { chain
become " docking sites" for the tyrosine kinase called
ZAP-70 (for [-associated protein of 70-kD). ZAP-70 is
a member of afamily of tyrosine kinases distinct from
the Src family. (Another member of the ZAP-70 family
is Syk, which plays an important role in signal trans-
duction in B cellsand in some populations of T célls,
such asyd T cellsfrom the intestine.) ZAP-70 contains
two conserved domains called Src homology 2 (SH2)
domains that can bind to phosphotyrosines (see Box
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Figure 8-8 Formation of the immunological synapse.

A. This schematic diagram illustrates the steps in the formation of the immunological synapse.
Before antigen recognition, various receptors on T cells and their ligands on APCs are dispersed in the
plasma membranes of the two cells. When the T cell recognizes antigen presented by the antigen-
presenting cell (APC), selected receptors on the T cell and their respective ligands are redistributed to
a defined area of cell-cell contact, forming the synapse. The molecules in the central portion of the
synapse form the central supramolecular activation cluster (¢cSMAC), and the moleculesin the periph-
ery form the peripheral supramolecular activation cluster (pSMAC).
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Figure 8-8 (Continued)

B. The formation of the synapse can be demonstrated by labeling selected molecules of T cells and
APCs with fluorescent antibodies and imaging the distributions of these molecules by confocal
microscopy. A T cell specific for a peptide binds to an APC presenting that peptide (a). CD3, a com-
ponent of the TCR complex (b), becomes localized to the cSMAC, and leukocyte function-associated
antigen (LFA-1), an accessory molecule (c), is clustered in the pSMAC. In the three-dimensional view
(d), CD3 is in the center and LFA-1 is at the periphery of the T cell-APC contact site. (From Monks
CRF, BA Freiberg, H Kupfer, N Sciaky, and A Kupfer. Three dimensional segregation of supramolecu-
lar activation clusters in T cells. Nature 395:82-86, 1998. Copyright 1998 Macmillan Magazines
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Protein Tyrosine Kinases and Phosphatases

Protein-protein interactions and the activities of cellular
enzymes are often regulated by phosphorylation of tyro-
sine residues. Inducible phosphorylation of tyrosines is
much less common than phosphorylation of serine or
threonine residues and is usually reserved for critical reg-
ulatory steps. It is not surprising, therefore, that the
kinases that catalyze tyrosine phosphorylation are essential
components of many intracellular signaling cascades in
lymphocytes and other cell types. These protein tyrosine
kinases (PTKs) mediate the transfer of the terminal phos-
phate of adenosine triphosphate (ATP) to the hydroxyl
group of a tyrosine residue in a substrate protein. A par-
ticular PTK will phosphorylate only a limited set of sub-
strates, and this specificity is determined by the amino acid
sequences flanking the tyrosine as well as by the tertiary
structural characteristics of the substrate protein.

Some tyrosine kinases are intrinsic components of the
cytoplasmic tails of cell surface receptors, such as the
receptors for platelet-derived growth factor (PDGF) and
epidermal growth factor (EGF). Examples of receptor tyro-
sine kinases that are involved in hematopoiesis include c-
Kit, a receptor for stem cell factor, and the receptor for
monocyte colony-stimulating factor (M-CSF). Many PTKs
of importance in the immune system, however, are cyto-
plasmic proteins that are noncovalently associated with the
cytoplasmic tails of cell surface receptors or with adapter
proteins. Sometimes this association is only transiently
induced in the early stages of signaling cascades. Three
families of cy lU;)ld'sl‘llll PTKs that are prominent in B and
T cell antigen receptor signaling cascades, as well as Fc
receptor signaling, are the Sre, Syk/ZAP-70, and Tec fam-
ilies (see Figure). The Janus kinases are another group of
nonreceptor PTKs involved in many cytokine-induced sig-
naling cascades and are discussed in Chapter 11,

Src kinases are homologous to, ;mrl named after, the

nt De thia B 21
transfor ‘-‘-‘x‘u‘u}g 2N 01 ROUS 5arcoma virus, thc nvst animal

tumor virus identified. Members of this family include
Src, Yes, Fgr, Fyn, Lek, Lyn, Hek, and Blk. All Src family

members share tertiary structural characteristics that are
distributed among four distinct domains and are critical
for their function and regulation of enzymatic activity. The
amino terminal end of most Src family kinases contains a
consensus site for addition of a myristic acid group; this
type of lipid modification serves to anchor cytoplasmic
proteins to the inner side of the plasma membrane,
Otherwise, the amino terminal domains of Sre family PTKs
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Protein Tyrosine Kinases and Phosphatases (Continued)

are highly variable among different family members, and
this region determines the ability of each member to inter-
act specifically with differgnt proteins. For example, the
amino terminal region of the Eck protein is the contact
site for interaction with the Cytoplasmic tails of CD4 and
CD8. The Src family PTKs have two internal domains
called Src homology 2 (SH2) and Src homology 3 (SH3)
domains, each of which has a distinct three-dimensiona
structure; that permits specific noncovaent interactions
with gthér proteins. SH2 domains are about 100 amino
acids long and bind to phosphotyrosineson other pro-
teins. Each SH2 domain has a unique binding specificity,
which isdetermined by the three residuesamino terminal
to the phosphotyrosine on the target protein. SH2
domains are dso found on many signaling molecules
outside the Src family. SH3 domainsare approximately 60
amino acids long and dso mediate protein-protein
binding. It is believed that SH3 domains bind to proline
residues and may function cooperatively with the SH2
domainsof the same protein binding to phosphotyrosines.
The critical role of SH3 domainsin PTK function isillus-
trated by mutationsin the SH3 domain of Bruton’s tyro-
sine kinase; these mutations do not alter the protein's
stability or kinase activity but result in defective B cdll
receptor signaling and agammaglobulinemia. The car-
boxyl terminal SH1 domain in Src PTKs isusudly the tyro-
sinekinase enzymaticdomain. |t containsbindingsitesfor
the substrate and for the ATP phosphate donor and an
autophosphorylation site (atyrosine residue) whose phos-
phorylationis needed for kinase activity. The carboxy! ter-
minal domain has a second tyrosine that serves &s a
regulatory switch for the PTK. When it is phosphorylated,
the PTK isinactive, and when the phosphate is removed
by tyrosine phosphatases, the enzyme ectivity isturned on.
The PTKs that phosphorylate Src family PTKs at this
inhibitorysiteformyet another subfamily of PTKs, thebest
described member being ¢-Sre kinase-1 (Csk-1).

The Syk/ZAP-70 family of PTKsincludesonly two iden-
tified memberssofar. Sk isabundantly expressed in Blym-
phocytes but is dso found in lower amounts in other
hematopoietic cdls including some T cdls. ZAP70 is
expressed in only T lymphocytesand NK (natural killer)
cdls Sk and ZAP-70 play smilar rolesin membrane Ig
and TCR signaling cascades, respectively. There are two
SH2 domainsin the Syk/ZAP-70 PTKs, but noSH3domain
and no inhibitory tyrosine. Sk and ZAP-70 are inactive
until they bind, through their two SH2 domains, to paired
phosphotyrosineswithin immunoreceptor tyrosine-based
activation motifs (ITAMs) of antigen-receptor complex
proteins (see text). Furthermore, activation of ZAR70
probably requires Src family PTK (e.g., Lek)—mediated
phosphorylation of one or more tyrosine residues.

The Tec PTKs are athird group of nonreceptor kinases
that are activated by antigen receptorsin Band T cellsas
wadl ashy many other signasin other cell types. Thisfamily
includes Btk, Tec, Itk, DSrc29, Etk, and Rlk. Btk is
expressed in dl hematopoietic cels, but mutations of the
Btk gene primarily affect B cell developmentin humans,
cawing X-linked agammaglobulinemia. The magor Tec

kinases expressed by T cdllsare Itk, Rlk, and Tec. All the
Tec family members contain a Tec homology (TH)
domain, which includes sequences unique to this family
(Btk homology domain) and sequences homol ogouswith
GTPase-activating protein. The TH domain mediatesinter-
actions with other signaling molecules. In addition, Tec
kinases share structural smilarities with the Src family
kinases, including SH3 and SH2 domains that mediate
interactionswith other signalingmoleculesand a cataytic
SH1 domain. Unlike the Src kinases, the Tec kinases
do not have N-terminal myristoylation sites. In contrast,
most Tek family kinases contain a pleckstrin homology
(PH) domain, which promotes membrane locaization
by binding to PIP; generated by PI-3 kinase. The Tec
kinases dso do not contain a Gterminal regulatory
tyrosine. Activation of a Tec kinase requires membrane
localization, phosphorylation by a Src kinase, and auto-
phosphorylation of the SH3 domain. The SH2 domainsof
Btk and Itk bind the phosphorylated adapter proteins
BLNK/SLP-65 and SLP-76, in B and T cdlls, respectively,
shortly after antigen recognition. Once bound to these
adapter proteins, Btk and Itk can phosphorylate and acti-
vate phospholipaseC.

Protein tyrosine phosphatases (PTPs) are enzymesthat
remove phosphate moietiesfrom tyrosine residues, coun-
tering the actionsof PTKs; PTPs may be membrane recep-
torsor cytoplasmic proteins. Oneimportant receptor PTP,
which hasarolein lymphocyte activation, is CD45, amem-
brane-bound protein that removes autoinhibitory C-
terminal phosphates from Sr¢ family kinases, such as Lck
and Fyn, and is essentid for T and B cell activation. The
phosphatase activity of CD45 appearsto require dimeriza-
tion for activation, and mutations that prevent dimeriza-
tion result in dysregulated activation of lymphocytes.
Cytoplasmic PTPs are loosdly associated with receptorsor
are recruited to tyrosine phosphorylated receptos-
through SH2 domains. These enzymesinclude two PTI?s
commonly called SH2-containing phosphatase-1 and SH2-
containing phosphatase-2 (SHP-1 and SHP-2). SHP-1 is
particularly abundant in hematopoietic cels. SHP-1 isa
negative regulator of lymphocytesand contributesto the
inhibitory signalsmediated by inhibitory receptorsof the
immune system, such as killer inhibitory receptorsof NK
cells (see Chapter 12). These inhibitory receptors bind
SHP-1 through specia motifscalled immunoreceptor tyro-
sineinhibitory motifs (ITIMs) by analogy to the ITAMs d
the TCR and other activating receptors. The central role
of SHP-1in regulating lymphocyte function is illustrated
by the "moth-eaten” mouse strain, which carriesa muta
tion in the SHP-1 gene and is characterized by severe
immunodeficiency and autoimmunity. SHP-2 plays a posi-
tiverolein signaling by certain receptors, such as the EGF
receptor, but may dso be involved in negative regulation
in CTLA4 signaing.

Other phosphatases act on phosphorylated inositol
lipids and inhibit cellular responses; an example is SHIP-
1, an inositol phosphatase that is associated with & Fe
receptor of B cellsand servesto terminateB cell responses
(seeChapter 9, Hg. 9-19).
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Figure 89 Early tyrosine phosphorylationevents in T cell activation.

On antigen recognition, there is clustering of TCR complexes and coreceptors (CD4, in this case).
CD4-associated Lck becomes active and phosphorylates tyrosines in the ITAMs of CD3 and ¢ chains
(A). ZAP-70 binds to the phosphotyrosines of the { chains and is itself phosphorylated and activated.
(The illustration shows one ZAP-70 molecule binding to two phosphotyrosines of one ITAM in the {
chain, but it is likely that initiation of a T cell response requires the assembly of multiple ZAP-70 mol-
ecules on each ¢ chain.) Active ZAP-70 then phosphorylates tyrosines on various adapter molecules,
such as LAT (B). The adapters become docking sites for cellular enzymes such as PLCyl and proteins
that activate Ras and MAP kinases (C), and these enzymes activate various cellular responses.



H Section Jil — Maturation, Activation, and Regulation of Lymphocytes

8-8). Each ITAM of the { chain has WO tyrosine
residues, and poth of these must become phosphory-
lated to form a docking site for on¢ ZAP-70 molecule.
The bound ZAP-70 becomes a substrate for the adjacent
Lck, which phosphorylates the tyrosines of ZAP-70. As
a result, ZAP-7() acquires its OWN tyrosine kinase activity
and is then able to plwsphor)date a number of other
cytoplasmic  signaling molecules. Once activated,
ZAP-70 can also autophosphorylate itself. A critical
threshold of ZAP-70 activity may be needed before
downstream signaling events will proceed, and this
threshold is achieved by the recruitment of multiple
ZAP-70 molecules to the muitiple  phosphorylated
ITAMs of the { chains. In fact, the need for asingle T
cell to bind antigen multiple times, which wes men-
tioned earlier, may be because each binding event phos-
phorylates more ITAMs on the { chains, recruiting and
activating additional ZAP-70 molecules.
The activation of ZAP-70 plays a critical role in sus-
taining the signaling cascade set in motion by TCR
recognition of antigen.

T cdl lines and knockout mice lacking functiond
ZAP-70 show profound defects in TCR-induced
responses. Mutationsin the ZAP-70 gene are re3pons-
blefor some rare immunodeficiency diseeses dso char-
acterized by defective T cell maturation and activetion
(see Chapter 20).

o There is a strong correlation between the levd o ¢
chain phosphorylation and ZAP-70 activation and the
subsequent T cell response. Peptides that have been
mutated in their TCR contact residues often induce
patiad or no activaiond T cdls. The magnituded T
cdl responses to these peptides, which are cdled
altered peptide ligands (APLs), correlates with the
extent o ¢ chain phosphorylation. Wewill returnto a
discusson o APLs later in this chapter.

Another kinase pathway in T cells involves PI-3
(phosphatidylinositol-3) kinase, which phosphorylates
membrane-associated inositol lipids. This enzyme is
recruited to the TCR complex and associated adapter
proteins and generates phosphatidylinositol triphos-
phate (PIP;) from the biphosphate membrane lipid.
PIP; is a binding site for signaling intermediates that
contain pleckstrin homology domains, including phos-
pholipase Cy and kinases such as Itk (and Btk in B
cells). PI-3 kinase is also involved in CD28 signaling, as
we will discuss later.

The activity of kinasesin T cell signaling pathways
may be regulated by protein tyrosine phosphatases.
These phosphatases can remove phosphates from tyro-
sine residues of the kinases, and depending on which
tyrosine residue is involved, the effect may be to acti-
vate or to inhibit the enzymaticfunction of the kinases.
Two phosphatases that are recruited to the TCR
complex are SHP-1 and SHP-2 (for SH2 domain—con-
taining phosphatases). These phosphatases serve to
inhibit signal transduction by removing phosphates
from key signaling molecules. Another inhibitory
phosphatase is specific for inositol phospholipids and
is called SHIP. In Chapter 6, we described the CD45

rotein, which has an intrinsic tyrosine phosphatasein
its cytoplasmic tail. CD45 may dephosphorylate
inhibitory tyrosine residues in Lck that are present
before antigen recognition, and this may allow Lck to
become active. Mice in which CD45 is mutated so that
it cannot be down-regulated develop excessive T cell
activity and autoimmunity. Much of our knowledge of
the function of CD45 is based on studies with T cell
tumor lines. How CD45 is recruited to the TCR
complex and itsrole in antigen-induced responses of
normal T cells are not known.

Recruitment and Activation of Adapter Proteins

Activated ZAP-70 phosphorylates several adapter
proteins that are able to bind signaling molecules (see
Fig. 8-7). Adapter proteins serve to bring many signal-
ing moleculesinto specific cellular compartments and
thereby promote the activation of signal transduction
pathways. Adapter proteins contain structural motifs,
or domains, that bind other proteins. These domains
include moatifs that bind Src homology 2 and 3 (SH2
and SH3) domains, phosphotyrosine-binding (PTB)
domains, and pleckstrin homology (PH) domains. Both
transmembrane and cytoplasmic adapter proteins con-
tribute to the rapid assembly of scaffolds of signaling
moleculesafter T cellsrecognizeantigen on APCs. A key
early event in T cell activationis the ZAP-70-mediated
tyrosine phosphorylation of the membrane-anchored
adapter protein LAT (linker of activation of T cells).
The phosphorylated tyrosines of LAT serve as docking
sites for SH2 domains of other adapter proteins and
enzymesinvolvedin severa signaling cascades. LAT aso
contains proline-rich regions that bind SH3 domains of
other proteins. Activated LAT directly binds phospholi-
pase Cyl, akey enzyme in T cell activation (discussed
later), and because it localizeswithin the immunologi-
ca synapse, it coordinates the recruitment of several
other adapter proteins, including SLP-76 (for SH2-
binding leukocyte phosphoprotein of 76kD) and
Grb-2, to thesynapse. Thus, LAT servesto bring avariety
of downstream components of TCR signaling pathways
closeto their upstream activators. Because the function
of many of these adapters depends on their tyrosine
phosphorylation by active ZAP-70, only antigen recog-
nition (the physiologic stimulusfor ZAP-70 activation)
triggers the signal transduction pathways that lead to
functional T cell responses.

Ras-MAP Kinase Signaling Pathways in
T Lymphocytes

The Ras pathway is activated in T cells on TCR clus
tering, leading to the activation of kinases called
MA PEinases and eventually to the activation of tran-
scription factors. Rasis a member of afamily of 21-kD
guanine nucleotide-binding proteins (small G pro-
teins) that are involved in diverse activation responses
in different cell types. Ras is loosely attached to the
plasma membrane through covalently attached lipids.
In its inactive form, the guanine nucleotide-binding
site of Ras is occupied by guanosine diphosphate
(GDP). When the bound GDP isreplaced by guanosine

Figure 8-10 The Ras-MAP
kinase pathway in T cell
activation.

ZAP-70 that is activated by
antigen recognition (see Fig. 8-9)
hosphorylates membrane-associ-
ated adapter proteins (such as
LAT), which then bind another
adapter, Grb-2. ZAP-70 phospho-
rylates Grb-2, making it a doding
site for the GTP/GDP ex
factor Sos. Sos converts RaseGDP
to RaseGTP. RaseGTP activates a
cascade d @zymes which culmi-
nates in the activation d the
MAP kinase ERK. A pardlel
Rac-dependent . called
the stress-activated protein (SAP)
kinase pethway, generates another
adive MAP kinese |NK (not

shown). Ras*GTP

MAP kinase
cascade
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triphosphate (GTP), Ras undergoes a conformational
change and can recruit or activate various cellular
enzymes. Activation of Ras by GDP/GTP exchange is
seen in response to the engagement of many types of
receptorsin many cell populations, including the TCR
complex in T cells. Mutated Res proteins that are con-
ditutively active (i.e., assume the GTP-bound confor-
mation) are associated with neoplastic transformation
of many cell types.

The mechanism of Ras activationin T cells involves
the adapter proteins LAT and another adapter protein,
Grb-2 (Fig. 8-10). When LAT is phosphorylated by
ZAP-70 at the site of TCR clustering, it serves as the
docking site for the SH2 domain of Grb-2. Once
attached to LAT, Grb-2 recruits to the membrane the
Res GTP/GDP exchange factor called Sos (so named
becauseit is the mammalian homologue of a Drosophila
protein called son of sevenless). Sos catalyzes GTP for
GDP exchange on Ras. This generates the GTP-bound
form of Ras (written asRas®GTP), which then functions
as an alosteric activator of' enzymes called mitogen-
activated protein (MAP) kinases, There are three main
MAP kinasesin T cells, the prototype being an enzyme
caled the extracellular receptor-activated kinase
(ERK). ERK activation results from Ras*GTP-induced
sequential activation of at least three different kinases,
each of which phosphorylates (and thus activates) the
next enzyme in the cascade. The activated ERK phos-
phorylatesa protein called Elk, and phosphorylated Elk
stimulates transcription of Fos, a component of the
activation protein-1 (AP-I) transcription factor.

In parallel with the activation of Ras through recruit-
ment of Grb-2 and Sos, the adapters phosphorylated
by TCR-associated kinases also recruit and activate a
GTP/GDP exchange protein called Var that acts on
another small 21-kD guanine nucleotide-binding
protein called Rac. The RaceGTP that is generated
initiates a paralel enzyme cascade, resulting in the
activation of the MAP kinase called ¢-Jun N-terminal
kinase (JNK). INK is sometimes called stress-activated
protein (SAP) kinase because in many cdls, it is
activated by various forms of noxious stimuli such as
ultraviolet light, osmotic stress, or proinflammatory
cytokines such as tumor necrosis factor (TNF) and
IL-1. Activated INK then phosphorylates c-Jun, the
second component of the AP-1 transcription factor.
The third member of the MAP kinase family, in addi-
tion to ERK and NK, is p38, and it too is activated by
Rac*GTP and in turn activates various transcription
factors. RaceGTP aso induces cytoskeletal reorgani-
zation and may play a role in the clustering of TCR
complexes, coreceptors, and other signaling molecules
into the synapse. Thus, active G proteins induced by
antigen recognition stimulate at least three different
MAP kinases, which in turn activate transcription
factors.

The activities of ERK and JNK are eventually shut
off by the action of dual-specificity protein tyrosine/
threonine phosphatases. These phosphatases are in-
duced or activated by ERK and INK themselves, pro-
viding a negative feedback mechanism to terminate T
cell activation.



Section Ill — Maturation, Activation, and Regulation of Lymphocytes

Calcium- and Protein Kinase C-Mediated
Signaling Pathways in T Lymphocytes

TCR signaling leads to the activation of theyZ isoform
of the enzyme phospholipase C (PLCyI), and the prod-
ucts of PLCyl-mediated hydrolysis of membrane
lipids activate enzymes that generate additional
active transcription factors in T cells (Fig. 8-11).
PLCyl is a cytosolic enzyme specific for inositol phos-
pholipids that is recruited to the plasma membrane by
tyrosine phosphorylated LAT. Here the enzymeis phos-
phorylated by ZAP-70 and by other kinases, such asthe
Tec family kinase called Itk (see Box 8-3), and this
occurs within minutes of ligand binding to the TCR.
Phosphorylated PLCyl catayzes the hydrolysis of a
plasma membrane phospholipid called phosphatidyli-
nositol 4,5-bisphosphate (PIP,), generating two break-
down products, inositol 1,4,5-trisphosphate (IP;) and
diacylglycerol (DAG).IP; and DAG then activate two
distinct downstream signaling pathwaysin T cells.

IP; produces a rapid increase in cytosolic free
calciumwithin minutes after T cell activation. IP; dif-
fusesthrough the cytosol to the endoplasmic reticulum,
where it binds to its receptor and stimulates release
of membrane-sequestered calcium stores. The released
calcium causes a rapid rise (during a few minutes) in
the cytosolic free calcium ion concentration, from
a resting level of about 100 nM to a peak of 600 to
1000 nM. In addition, a plasma membrane calcium
channel is opened in response to as yet incompletely
understood TCR-generated signals, producing an
influx of extracellular calcium. Thisinflux of extracel-
lular calcium dlowsthe T cell to sustain an increase in
cytosolic free calcium for more than an hour. Cytosolic

free calcium acts as a signaling molecule by binding to
a ubiquitous calcium-dependent regulatory protein
called calmodulin. Calcium-calmodulincomplexes acti-
vate several enzymes, including a protein serine/threo-
nine phosphatase called calcineurin that is important
for transcription factor activation, as discussed later.

DAG, the second breakdown product of PIP,, acti-
vates the enzyme protein kinase C (PKC, which has
several isoforms) that also participates in the gener-
ation of active transcription factors (see Fig. 8-11).
DAG is hydrophobic, and it remainsin the membrane
where it is formed. The combination of elevated
free cytosolic calcium and DAG eactivates membrane-
associated PKC by inducing a conformational change
that makes the catalytic site of the kinase accessible to
substrate. The PKC-¢ isoform is known to localize to the
immunological synapseand isinvolvedin the activation
of several downstream signaling pathways. However, the
substrates of PKC enzymes in T cells are not clearly
defined.

The importance of PKC and calcium signals for
the functional activation of T cellsis supported
by the observation that pharmacologic activators
of PKC, such as phorbol myristate acetate, and
calcium ionophores, such as ionomycin, which
raise cytosolic free calcium ion concentrations,
act together to stimulate T cell cytokine secretion
and proliferation. These pharmacologic agents
mimic the effects of antigen and induce T cell
functional responsesin the absence of antigen.

So far, we have described several signal transduction
pathways initiated by ligand binding to the TCR that
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result in the activation of different types of enzymes:
a Res-MAP kinase pathway leading to activation of
the kinases such as ERK and JNK, a PLCyl-calcium—
dependent pathway leading to activation of the phos-
phatase calcineurin, and a PLCyl-DAG-dependent
pathway leading to activation of PKC (see Fig. 8-7).
Each of these pathways contributes to the expression
of genes encoding proteins needed for T cell clonal
expansion, differentiation, and cffcctor functions. In
the following section, we describe the mechanisms by
which these different signaling pathways stimulate the
transcription of variousgenesin T cells.
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Activation of Transcription Factors That
Regulate T Cell Gene Expression

The enzymes generated by TCR signaling activate
transcription factors that bind to regulatory regions
of numerous genesin T cells and thereby enhance tran-
scription of these genes (Fig. 8-12). Much of our
understanding of the transcriptional regulation. of
genesin T cellsis based on analyses of cytokine genes.
The transcriptional regulation of most cytokine genes
in T cellsis controlled by the binding of transcription
factors to nucleotide sequences in the promoter and
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Figure 8-12 Activation of transcription factors in T cells.

Multiple signaling pathways converge in antigen-stimulated T cells to generate transcription factors
that stimulate expression of various genes (in this case, the IL-2 gene). The calcium-calmodulin
pathway activates NFAT, and the Res and Rac pathways generate the two components of AP-1. Less
is known about the link between TCR signals and NF-«xB activation. (NF-kB is shown a a complex of
two subunits, which in T cells are typically the p50 and p65 proteins, named for their molecular sizes
in kilodaltons.) PKC is important in T cell activation, but it is not clear which transcription factors it
induces, and its action is shown & a dashed arrow. These transcription factors function coordinately
to regulate gene expression. Note also that the various signaling pathways are shown & activating
unique transcription factors, but there may be considerable overlap, and each pathway may play a

role in the activation of multiple transcription factors.
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enhancer regions of these genes. For instance, the | G
2 promoter, located 5 of the gene, contains a segment
of approximately 300 base pairs in which are located
binding sitesfor several different transcription factors.
All these sites must be occupied by transcription factors
for maximal transcription of the IL-2 gene. Different
transcription factors are activated by different cytoplas-
mic signal transduction pathways, and the requirement
for multiple transcription factors accountsfor the need
to activate multiple signal transduction pathways on
antigen recognition. Itislikely that the same principles
are true for many genes in T cells, including genes
encoding cytokine receptors and effector molecules,
although different genes may be responsive to different
combinations of transcription factors.

Three transcription factors that are activated in
T cells by antigen recognition and appear to be critical
for most T cell responsesare nuclear factor of activated
T cells (NFAT), AP-1, and nuclear factor kB (NF-KB)

NFAT is a transcription factor required for the
expression of 11-2, IL-4, TNF, and other cytokine genes.
There arefour different NFATs, each encoded by sepa-
rate genes; NFAT1 and NFAT2 are the types found
in T cells. NFAT is present in an inactive, serine
phosphorylated form in the cytoplasm of resting T
lymphocytes. It is activated by the calcium-calmodulin
—dependent phosphatase calcineurin. Calcineurin
dephosphorylates cytoplasmic NFAT, thereby uncover-
ing a nuclear localization signal that permits NFAT to
translocate into the nucleus. Onceinthenucleus, NFAT
bindsto the regulatory regions of IL-2, G4, and other
cytokine genes, usually in association with other tran-
scription factors, such as AP-1.

The mechanism of activation of NFAT was discov-
ered indirectly by studies of the mechanism of action
of the immunosuppressive drugs cyclosporine and
FK-506 (see Chaptcr 16). These drugs, which are
natural products of fungi, are the main therapeutic
agentsused to prevent allograft rejection, and they func-
tion largely by blocking T cell cytokine gcnc transcrip-
tion. Cyclosporine binds to a cytosolic protein called
cyclophilin, and FK-506 binds to a structurally homolo-
gous protein called FK-506-binding protein (FKBP)
Cyclophilin and FKBP are aso called immunophilins.
Cyclosporine-cyclophilin complexes and FK-506—-FKBP
complexes bind to and inhibit calcineurin, and there-
fore they block translocation of NFAT into the nucleus.

AP-1 is a transcription factor found in many cell
types; it is specifically activated in T Iymphocytes by
TCR-mediated signals. AP-1 is actually the name for a
family of DNA-binding factors composed of dimers of
two proteinsthat bind to one another through ashared
structural motif called a leucine zipper. The best char-
acterized AP-1 factor is composed of the proteins Fos
and Jun. TCR-induced signals lead to the appearance
of active AP-1 in the nucleus of T cells. Activation of
AP-1 typically involves synthesis of the Fos protein and
phosphorylation of preexistingJun protein. Transcrip-
tion and synthesis of Fos can be enhanced by the ERK
pathway, as described before, and also by PKC. JNK
phosphorylates c-Jun, and AP-1 complexes containing
the phosphorylated form of Jun have increased tran-

scriptional enhancing activity. AP-1 appears to physi-
caly associate with other transcription factors in the
nucleus, including NFAT, and works best in combina-
tion with NFAT. Thus, AP-1 activation represents a
convergence point of several TCR-initiated signaling
pathways.

NF-xB is a transcription factor that is activated in
response to TCR signals and is essential for cytokine
synthesis. NFKB proteins are homodimers or het-
erodimers of proteins that are homologous to the
product of acellular proto-oncogenecalled c-reland are
importantin the transcription of many genesin diverse
cell types, particularly in cellsof innate immunity (Box
8-4). In resting T cells, NFKB is present in the cyto-
plasminacomplexwith other proteinscalledinhibitors
of kB (IxBs), which block the entry of NFKB into the
nucleus. TCR signals lead to serine phosphorylation of
IxB. The enzymes responsible for phosphorylation of
IxB are called IkB kinases. In T cells, PKC, the MAP
kinase pathway, and calcium may all lead to the phos-
phorylation of IxkB, but how these signaling inter-
mediates activate IxkB kinases hasnot been defined. The
phosphorylation of IxkB is followed by attachment of
multiple copiesof asmall protein called ubiquitin. This
ubiquitination targets IxB for proteolysis in the cyto-
solic proteasome, the multienzyme protease complex
that degrades many cytosolic proteins. Thus, NF-kB is
released and translocates to the nucleus, where it con-
tributes to the transcriptional activation of multiple
cytokine genes and cytokine receptor genes.

Although we have described some of the major sig-
naling pathways in T cells as generating distinct tran-
scription factors, many experimental results suggest
that these TCR signaling pathways may not be
independent.

Pharmacologic activators or inhibitors of one pathway
appear to influence others. For instance, cyclosporine
and FK-506, which inhibit calcineurin, not only inhibit
the activation of NFAT but aso inhibit the activation
of NF-xB; and phorbol esters, which activate PKC, acti-
vate both NF-«B and AP-1.

Componentsof onesignaling pathway may do activate
multiple transcription factors. For example, over-
expressionin T cdl tumor lines of dominant negative
formsof Ras (bygenetransfection) not only blocks AP-1
activation,asexpected, but dso blocksNFAT activation.

The links between different signaling proteins, acti-
vation of transcription factors, and functional responses
of T cells are often difficult to establish because there
are complex and incompletely understood interactions
between signaling pathways. Also, we have focused on
selected pathways toillustrate how antigen recognition
may lcad to biochemical alterations, but itislikely that
other signaling molecules are aso involved i n antigen-
induced lymphocyte activation.

Biochemistry of Costimulation

Costimulatory signals delivered by T cell receptors,
such as CD28, cooperate with TCR signals to augment

Transcriptional Regulation and NF-xkB

A common therge 10logy is that activating stimuli,
such as antigens and cytokines, result in the initiation of
transcription of genes that were previoudy silent or tran-
scribed at very low ratesin the responding cells. The set of
genes that can be transcribed in any given differentiated
cell type isdetermined by numerous mechanisms, includ-
ing the accessibility of the DNA encoding agene to soluble
protein factors (i.e., the "openness of the chromatin"),
chemical modifications of the DNA in the regulatory
regions of a gene (e.g., by methylation of particular
nucleotides), and protein factorsthat bind to the DNA and
promote or represstranscription.When ageneisavailable
for active transcription, a complex of proteins, including
the RNA polymerase enzyme, assemble near the sitewhere
transcription begins. The DNA sequence that binds this
basal transcription complex of proteins is caled the
promoter. However, binding of the basd transcription
complex to the promoter is not sufficient by itself to initi-
ate transcription efficiently, and additional signasare pro-
vided by interactions with DNA-binding proteins called
transcription factors. Transcription factors have dual
functions: they must recognize and bind to specific DNA
sequences, and they must interact with proteins of the
basd transcription complex, either directly or through a
coactivator protein. The specific DNA sequencesthat bind
these transcription factors must be located on the same
segment of DNA as the promoter and are therefore called
cis-acting sequences. |n some cases, these sequences must
be near and in a particular orientation to the transcrip-
tional start site and are often considered to be part of
the promoter. In other cases, these cis-acting regulatory
seguencescan be as much asseveral thousand nucleotides
away and will work in either orientation. Such movable
regulatory DNA sequencesare called enhancers The tran-
scription factors that bind to promoter or enhancer
sequences are usually encoded by genes that are distant
from the promoter or enhancer sequences (e.g., on adif-
ferent chromosome), and therefore transcription factors
are sometimes caled trans-acting factors, meaning they
need not be encoded by the same pieceof DNA asthe reg-
ulated gene. In fact, many transcription factorsare multi-
meric proteins, and their subunits may be encoded by
widdly separated genes on separate chromosomes.

Transcriptionfactors may be activated in different ways
in responseto variousstimuli.

1. Transcription factors may not be present in aresting
cdl, and activation signalsinduce their de novo synthe-
ds Anexampleof thiskind of regulation isthe synthe-
dsof ¢-Fos, a component of transcription factor AP-1,
in response to antigenic stimulation of lymphocytes.

2. Transcriptionfactors may require assembly into mul-
timeric complexesto bind to DNA, and thisstep may
be regulated. An example of thiskind of regulation
isthe assembly of cytokine-responsive STAT proteins
into dimers,whichisinduced by the phosphorylation
of these proteins by Janus kinases (see Chapter 11,
Box 11-2).

3. Transcription factors may require covalent modifica
tion to interact with the proteins of the basal tran-
scription complex, and this step may be regulated.
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For instance, in the case of c-Jun, regulation involves
phosphorylation of an amino acid side chain in the
amino terminal transactivatingregion of the protein
by the enzyme c-Jun N-terminal kinase.

4. Transcription factors may preexistin aform that is
capable of binding DNA and of mediating transacti-
vation, but the factor may not have accessto the cis-
acting regul atory sequencesof the target gene. In the
case of nuclear factor of activated T cells (NFAT),
regulation involves remova of a phosphate moiety
from an amino acid side chain, thereby exposing an
amino acid sequence required for the NFAT protein
to enter the nucleus. The protein phosphatase that
mediatesthisreaction, calcineurin, isactivatedin the
T cdl by antigen recognition (seetext).

We discussthe transcriptionfactor called nudear factor
kB (NFKB) as a prototype because of its central role in
many immunologic reactions. The functional NFKB tran-
scriptionfactor isadimer of either identical or structurally
homologous protein subunits of about 50 to 75 kD. The
common structural motif shared by these proteinsiscalled
a rel homology domain because this sequence wes first
identified in the retrovira transforming gene v-rel. The
mammalian proteins that share this motif are p50 (also
caled NF«Bl), p52 (NF-xB2), p65 (Reld), c-Rd, and
ReB. Drosophila express a member of this family called
dorsal. Membersof the NF-kB/Rel family are expressed in
amost every cel type; ReB is expressed in lymphocytes
and afew other cdls. All of these proteins can participate
in either homodimer or heterodimer formation, except
for RelB, which only forms heterodimers with p50 or p52.

In resting cells, functional NF-xB dimersare present in
an inactive state in the cytoplasm, bound to one or more
inhibitory proteinscalled inhibitor sof kB (IkBs). The acti-
vation of NFKB isinitiated by the signal-induced degrada-
tion of IxB proteins. The detail sof thisprocessare not fully
known, but it involves phosphorylation of specific serine
residuesin IxkB by an enzymaticcomplex called IxB kinase
(IKK). How IKK activation is linked to upstream signas
generated by the TCR or cytokine receptors is not fully
understood but probably involvesadditional kinases aswell
as TRAF family adapter molecules (see Box 11-1). IKK is
composed of at least two kinases called IKK-a and IKK-
and a noncatal ytic regulatory subunit called NFKB essen-
tial modulator (NEMO) or IKK-y. IKK-mediated phospho-
rylation targets IxkB for ubiquitination and, findly,
degradation of the polyubiquitinatedIxB by the cytoplas-
mic proteasome. Once NFKB isfreed from IkB, it is able
to enter the nucleus, where it binds to specific DNA
sequencesin target genes and stimulates their wanscrip-
tion. NFKB may interact with other proteins to activate
transcription optimally.

NFKB wes so named because the first identified
binding site for this protein is located within an intronic
enhancer in the |g a light chain gene. Although NFKB is
not required for Igx chain expression, multiple roles for
NFKB in the immune sysem have been determined by
molecular studiesand the phenotype of severa knockout
mice (see Table). NFKB isinvolved in T cdl activation,
contributing to 1L 2 transcription (see text), and in the

Continued on following page
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Transcriptional Regulation and NF-xB ( Continued)

Molecule | Function Phenotype of gene knockout in mice |

p50 Component of NF-xB Defects in antibody and innate immuﬁ;éé:b_or'];;s;
transcription factor to infection

p52 Componat & NF-xB Impaired antibody responses to T-dependent
trangoription antigens; absence of B cell follicles, follicular

dendritic cell networks, and germinal centers
in secondary lymphoid organs

Component of NF-xB
p65 (ReiA) transcription factor

Embryonic lethal due to hepatocyte apoptosis

RelB Component of NF-xB
transcription factor

Inflammation of multiple organs, myeloid
hyperplasia and extramedullary hematopoiesis,
impaired cellular immunity

nuclear localization

c-Rel Component of NF-xB Defects in lymphocyte proiiferation, humoral
transcription factor immunity, and interleukin-2 expression

IkB-o1 Inhibitor of NF-kB; blocks Perinatal lethality with increased basal NF-xB
nuclear localization activitr in hematopoietic organs, excess J

granulopoiesis, and dermatitis

IxB-B Inhibitor of NF-xB: blocks
nudeer locdization

|xB-¢ Inhibitor of NF-xB; blocks

Bel-3 Inhibitor of NF-xB; blocks
nuclear localization

Impaired antibody responses to T-dependent
antigens; absence of B cell follicles, follicular
dendritic cell networks, and germinal centers in
secondary lymphoid organs

p100 Inhibitor of N-F-KB: blocks
nuclear localization

Gastric hyperplasia and an impaired Broliferativ-em-
response in lymphocytes

IKK-o Catalytic component of 1xB
kinase, which phosphorylates
IkB, leading to its degradation
and activation of NF-xB

kinase, which phosphorylates
IxB, leading to its degradation
and activation of NF-xB

IKK-B Catalytic component of [xB

Perinatal lethality with defective differentiation of
the epidermis and related keratinizing tissues

Embryonic lethal due to hepatocyte apoptosis

IKK-y Regulatory component of kB
( NE MO) kinase, which phosphorylates

IxB, leading to its degradation
and activation of NF-xB

Male embryonic lethality (X-linked) due to
hepatocyte apoptosis; heterozygous female mice
develop inflammatory and proliferative skin
lesions similar to human genetic disorder
incontinentia pigmenti

responses of many diverse cdll typesto microbiad products
and proinflammatory cytokinessuch as TNFand IL-1 (see
Chapter 11). In fact, many of the cdlular responses seen
in innate immune reactions are dependent on the activity
d this transcription factor. NF-xB aso activates the tran-
scription of geneswhose products protect cdlsfrom apop-

totic death and is thus a component of a basi¢ survival
mechanism o cdls. Knockout of the genes encoding the
p65 subunit (RelA) or IKK-B in mice resultsin embryonic
lethdity due to messve liver cdl apoptosis. This supports
the notion that NF-«xB plays an important anti-apoptotic
role in vivo.

the activation of transcription factors. CD28 engage-
ment may enhance signaling by the TCR complex in
part by stabilizingand prolonging the synapse between
T cellsand APCs. CD2