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Preface

The fifth edition of Fundamental Immunology appears when the importance of the
immune response in human health and the prevention of disease was never clearer.
Bio-terroism is a world-wide threat, with the possibility that one of the greatest
achievements of mankind, the elimination of small pox, may be undone. The HIV
pandemic shows no signs of abating and exacts an increasingly frightening toll.
Tuberculosis and malaria continue to be major scourges of mankind. The number of
infants and children that annually succumb to diarrheal infectious diseases is in the
millions.

The true impact of autoimmunity is more fully appreciated than ever and we now
recognize that inflammation plays a major role in many diseases, not the least of which
is atherosclerosis. Childhood asthma and allergies have become a virtual epidemic,
particularly in certain parts of the western world. The great promise of transplantation
will only be fulfilled when we can induce specific tolerance and avoid the need for
long-lasting immunosuppression. The possibility that the immune response can become
a major modality for cancer therapy still remains to be determined.

These challenges demand a redoubled effort to more fully understand the basis of the
immune response and to learn how it can be mobilized or inhibited. Innnovative
approaches for the development of new vaccines are needed. A new generation of
immunologists will be required to grapple with these issues. Fundamental Immunology
and its sister publications play a key role in training those entering our field and in
helping current immunologists to be as productive as possible.

Fundamental Immunology was first published in 1984; | began to work on it in late 1982.
The Fifth Edition thus marks more than 20 years during which | have had the privilege of
participating in the preparation of this book. My goal was, and continues to be, to make
available to advanced students of immunology and to post-doctoral fellows in
immunology and related fields an authoritative treatment of the major areas of
immunology. Fundamental Immunology is also designed to provide my colleagues with
a simple way to keep current in aspects of immunology outside their immediate area of
expertise and to allow scientists in allied fields to rapidly inform themselves of the state
of the art to aid them in aspects of their work that impinge on immunology.

In agreeing to take responsibility for editing an advanced text in immunology, | was
motivated, in part, by my experience as a post-doctoral fellow working on the binding
properties of antibodies when | made almost daily use of Kabat and Mayer's
Experimental Immunochemistry. | hoped that Fundamental Immunology might serve a
similar role for a new generation of immunologists. The degree to which | have
succeeded must be judged by the readers.

What | failed to anticipate was the unremitting growth of our science. Indeed,
immunology has been in a state of continuing revolution throughout my entire career.



Fundamental Immunology, which was 809 pages in its first version, has more than
doubled in size and a field that seemed almost too broad to be encompassed in a single
volume in 1984 is now far broader.

| continue to be impressed with the vibrancy of immunology and with the upwelling of
new subjects that gain center stage. Indeed, in the period since the Fourth Edition,
virtually every area of immunology has seen major progress. Innate immunity and
regulatory T cells, topics that had languished for years, have become the “hottest” of hot
subjects. Of course, these are not new areas; the study of innate immunity and the
inflammatory response have been central to our discipline since the 19th century. The
competing ideas championed by Metchnikoff and by Ehrlich have always been in the
minds of immunologists. Nonetheless, the thrust of innate immunity into the forefront of
immunological science has been truly remarkable. Similarly, the re-emergence of the
study of immunological suppression, with its new name, and the recognition of the
central role that regulatory (suppressor) T cells play in control of autoimmunity has been
nothing short of spectacular.

Fundamental Immunology has changed just as our field has changed. New chapters
have been added to represent disciplines that have come to the fore and previous
chapters have been dropped, with the material in them reassigned to other chapters.
For the Fifth Edition, the previous organizational structure has been generally retained.
The opening section, Introduction, provides an overview of contemporary immunology
and a portrayal of the history of our field, prepared by a distinguished historian of
immunology, so that those with a limited background in the field can productively read
the subsequent chapters. The next three sections, Immunoglobulins and B
Lymphocytes, T Cells and NK Cells, and Organization and Evolution of the Immune
System, introduce the principal cellular components of the immune system and the
context in which they act. Emphasizing the centrality of antigen-presentation and of
major histocompatibility molecules in the process of T cell recognition of antigen, | have
added the section Antigen Processing and Presentation. The book then considers the
Reqgulation of the Immune Response, with 13 individual chapters detailing the critical
aspects of this process. Among these are four separate chapters on the central
regulatory molecules of the immune system, the cytokines. | then turn to consider how
the immune system mediates its functions, deals with infectious agents, and participates
in and may prevent or ameliorate a wide range of diseases. The chapters dealing with
this are found in the sections Effector Mechanisms of Immunity, Immunity to Infectious
Agents (a new section with five chapters) and Immunologic Mechanisms in Disease.

In the Preface to each of the previous editions, | reminded readers that Fundamental
Immunology grapples with the most current of immunological subjects. In many areas,
consensus may not yet have been reached. Each chapter has been written by a leader
in the field, but inevitably there will be disagreement among them on certain issues.
Rather than striving for an agreement where none yet exists, | ask the reader to take
note of the differences and reach their own judgments in these contentious areas.

| welcome comments by readers of Fundamental Immunology for ways to improve the
book and to increase its value. Such suggestions will be seriously considered in the



preparation of subsequent editions.

William E. Paul
Bethesda Maryland



Quotes

From my teachers | have learned much, from my colleagues still more, but from my
students most of all.
The Talmud

Discovery consists of seeing what everybody has seen and thinking what nobody has
thought.
Albert Szent-Gyorgyi

...the clonal selection hypothesis...[SClassumes that...[SC]there exist clones of
mesenchymal cells, each carrying immunologically reactive
sites...complementary...[SC]to one (or possibly a small number of) potential antigenic
determinants.

Sir Macfarlane Burnet The Clonal Selection Theory of Acquired Immunity

In the fields of observation, chance favors only the mind that is prepared.
Louis Pasteur Address at the University of Lille

In all things of nature there is something of the marvelous.
Aristotle Parts of Animals
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The Immune System: An Introduction

KEY CHARACTERISTICS OF THE IMMUNE SYSTEM
Innate Immunity (Chapter 17)

Primary Responses (Chapter 6, Chapter 10, and Chapter 14
Secondary Responses and Immunologic Memory (Chapter 6, Chapter 10, Chapter 14, and Chapter 28)

The Immune Response Is Highly Specific and the Antigenic Universe Is Vast

The Immune System Is Tolerant of Self-Antigens (Chapter 29)
Immune Responses Against Self-Antigens Can Result in Autoimmune Diseases (Chapter 44 and Chapter 45)
AIDS Is an Example of a Disease Caused by a Virus that the Imnmune System Generally Fails to Eliminate (Chapter 42)

Major Principles of Immunity
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B-LYMPHOCYTES AND ANTIBODY
B-Lymphocyte Development (Chapter 6)

B-Lymphocyte Activation (Chapter 7)

B-Lymphocyte Differentiation (Chapter 5, Chapter 7, and Chapter 28)
B1 or CD5+ B-Lymphocytes (Chapter 6)

B-Lymphocyte Tolerance (Chapter 29)

Immunoglobulin Structure (Chapter 3)

Immunoglobulin Genetics (Chapter 5)
Class Switching (Chapter 5)
Affinity Maturation and Somatic Hypermutation (Chapter 5)

T-LYMPHOCYTES
T-Lymphocyte Antigen Recognition (Chapter 8, Chapter 19, and Chapter 20)

T-Lymphocyte Receptors (Chapter 8)

T-Lymphocyte Activation (Chapter 11)

T-Lymphocyte Development (Chapter 9)

T-Lymphocyte Functions (Chapter 10)

T Cells That Help Antibody Responses (Chapter 10)
Induction of Cellular Immunity (Chapter 10)
Regulatory T Cells (Chapter 30)

Cytotoxic T Cells (Chapter 36)

CYTOKINES (Chapter 23, Chapter 24, Chapter 25, and Chapter 26)
Chemokines (Chapter 26)

THE MAJOR HISTOCOMPATIBILITY COMPLEX AND ANTIGEN PRESENTATION (Chapter 19 and Chapter 20)
Class | MHC Molecules (Chapter 19)

Class Il MHC Molecules (Chapter 19)
Antigen Presentation (Chapter 20)

T-Lymphocyte Recognition of Peptide/MHC Complexes Results in MHC-Restricted Recognition (Chapter 8)

Antigen-Presenting Cells (Chapter 15)
EFFECTOR MECHANISMS OF IMMUNITY




Effector Cells of the Immune Response

Monocytes and Macrophages (Chapter 16)

Natural Killer Cells (Chapter 12)

Mast Cells and Basophils (Chapter 46)
Granulocytes (Chapter 37)

Eosinophils (Chapter 38 and Chapter 46)

The Complement System (Chapter 34)

The Classical Pathway of Complement Activation
The Alternative Pathway of Complement Activation
The Terminal Components of the Complement System
CONCLUSION

The immune system is a remarkable defense mechanism. It provides the means to
make rapid, specific, and protective responses against the myriad potentially pathogenic
microorganisms that inhabit the world in which we live. The tragic example of severe
immunodeficiencies, as seen in both genetically determined diseases and in acquired
immunodeficiency syndrome (AIDS), graphically illustrates the central role the immune
response plays in protection against microbial infection. The immune system also has a
role in the rejection of tumors and may exert important effects in regulating other bodily
systems, but most immunologists would agree that the evolutionary pressure that has
principally shaped the immune system is the challenge to vertebrates of the microbial
world.

Fundamental Immunology has as its goal the authoritative presentation of the basic
elements of the immune system, of the means through which the mechanisms of
immunity act in a wide range of clinical conditions, including recovery from infectious
diseases, rejection of tumors, transplantation of tissue and organs, autoimmune and
other immunopathologic conditions, and allergy; and how the mechanisms of immunity
can be martialed by vaccination to provide protection against microbial pathogens.

The purpose of this opening chapter is to provide readers with a general introduction to
our current understanding of the immune system. It will thus be of particular importance
for those with a limited background in immunology, providing them with the preparation
needed for subsequent chapters of the book. Indeed, rather than providing extensive
references in this chapter, each of the subject headings will indicate the chapters that
deal in detail with the topic under discussion. Those chapters will not only provide an
extended treatment of the topic but will also furnish the reader with a comprehensive
reference list.

KEY CHARACTERISTICS OF THE IMMUNE SYSTEM
Innate Immunity ( Chapter 17)

Most pathogenic microorganisms attempting to infect an individual encounter powerful
nonspecific defenses. The epithelium provides both a physical barrier to the entry of



microbes and produces a variety of antimicrobial factors. Microbes that penetrate the
epithelium are met with macrophages and related cells that have receptors for
cell-surface molecules found on many microbial agents. These interactions may lead to
phagocytosis of the pathogen, activation of the macrophage so that it can destroy the
agent and to the induction of an inflammatory response that recruits other cell types,
including neutrophils, to the site. Microbial pathogens may also be recognized by
components of the complement system leading to the enhanced phagocytosis of the
agent and in some instances to its lysis as well as to independent activation of
inflammatory responses.

The innate immune system also acts to recruit antigen-specific immune responses, not
only by attracting cells of the immune system to the site of the infection, but also through
the uptake of antigen by dendritic cells that transport antigen to lymphoid tissue where
primary immune responses are initiated. Dendritic cells also produce cytokines that can
regulate the quality of the immune response so that it is most appropriate to combating
the pathogen.

Primary Responses ( Chapter 6, Chapter 10, and Chapter 14)

Primary immune responses are initiated when a foreign antigenic substance interacts
with antigen-specific lymphocytes under appropriate circumstances. The response
generally consists of the production of antibody molecules specific for the antigenic
determinants of the immunogen and of the expansion and differentiation of
antigen-specific helper and effector T-lymphocytes. The latter include cells that produce
cytokines and killer T cells, capable of lysing infected cells. Generally, the combination
of the innate immune response and the primary response are sufficient to eradicate or
to control the microbe. Indeed, the most effective function of the immune system is to
mount a response that eliminates the infectious agent from the body.

Secondary Responses and Immunologic Memory ( Chapter 6, Chapter 10, Chapter
14, and Chapter 28)

As a consequence of the initial encounter with antigen, the immunized individual
develops a state of immunologic memory. If the same (or a closely related)
microorganism is encountered again, a secondary response is made. This generally
consists of an antibody response that is more rapid, greater in magnitude, and
composed of antibodies that bind to the antigen with greater affinity and are more
effective in clearing the microbe from the body. A more rapid and more effective T-cell
response also ensues. One effect is that an initial infection with a microorganism
initiates a state of immunity in which the individual is protected against a second
infection. In the majority of situations, protection is provided by high-affinity antibody
molecules that rapidly clear the re-introduced microbe. This is the basis of vaccination;
the great power of vaccines is illustrated by the elimination of smallpox from the world
and by the complete control of polio in the Western Hemisphere.

The Immune Response Is Highly Specific and the Antigenic Universe Is Vast



The immune response is highly specific. Primary immunization with a given
microorganism evokes antibodies and T cells that are specific for the antigenic
determinants found on that microorganism but that fail to recognize (or recognize only
poorly) antigenic determinants expressed by unrelated microbes. Indeed, the range of
antigenic specificities that can be discriminated by the immune system is enormous.

The Immune System Is Tolerant of Self-Antigens ( Chapter 29)

One of the most important features of the immune system is its ability to discriminate
between antigenic determinants expressed on foreign substances, such as pathogenic
microbes, and potential antigenic determinants expressed by the tissues of the host.
The capacity of the system to ignore host antigens is an active process involving the
elimination or inactivation of cells that could recognize self-antigens through a process
designated immunologic tolerance.

Immune Responses Against Self-Antigens Can Result in Autoimmune Diseases (
Chapter 44 and Chapter 45)

Failures in establishing immunologic tolerance or unusual presentations of self-antigens
can give rise to tissue-damaging immune responses directed against antigenic
determinants on host molecules. These can result in autoimmune diseases. It is now
recognized that a range of extremely important diseases are caused by autoimmune
responses or have major autoimmune components, including systemic lupus
erythematosus, rheumatoid arthritis, insulin-dependent diabetes mellitus, multiple
sclerosis, myasthenia gravis, and regional enteritis. Efforts to treat these diseases by
modulating the autoimmune response are a major theme of contemporary medicine.

AIDS Is an Example of a Disease Caused by a Virus that the Immune System
Generally Fails to Eliminate ( Chapter 42)

Immune responses against infectious agents do not always lead to elimination of the
pathogen. In some instances, a chronic infection ensues in which the immune system
adopts a variety of strategies to limit damage caused by the organism or by the immune
response. One of the most notable infectious diseases in which the immune response
generally fails to eliminate the organism is AIDS, caused by the human
immunodeficiency virus (HIV). In this instance, the principal infected cells are those of
the immune system itself, leading to an eventual state in which the individual can no
longer mount protective immune responses against other microbial pathogens.

Major Principles of Immunity
The major principles of the immune response are:

e Elimination of many microbial agents through the nonspecific protective
mechanisms of the innate immune system
e Highly specific recognition of foreign antigens coupled with potent mechanisms for



elimination of microbes bearing such antigens

e A vast universe of distinct antigenic specificities and a comparably vast capacity
for the recognition of these antigens

e The capacity of the system to display immunologic memory

e Tolerance of self-antigens

The remainder of this introductory chapter will describe briefly the molecular and cellular
basis of the system and how these central characteristics of the immune response may
be explained.

CELLS OF THE IMMUNE SYSTEM AND THEIR SPECIFIC RECEPTORS
AND PRODUCTS

The immune system consists of a wide range of distinct cell types, each with important
roles. The lymphocytes occupy central stage because they are the cells that determine
the specificity of immunity. It is their response that orchestrates the effector limbs of the
immune system. Cells that interact with lymphocytes play critical parts both in the
presentation of antigen and in the mediation of immunologic functions. These cells
include dendritic cells, and the closely related Langerhans cells,
monocyte/macrophages, natural killer (NK) cells, neutrophils, mast cells, basophils, and
eosinophils. In addition, a series of specialized epithelial and stromal cells provide the
anatomic environment in which immunity occurs, often by secreting critical factors that
regulate migration, growth, and/or gene activation in cells of the immune system. Such
cells also play direct roles in the induction and effector phases of the response.

The cells of the immune system are found in peripheral organized tissues, such as the
spleen, lymph nodes, Peyer’'s patches of the intestine, and tonsils, where primary
immune responses generally occur (see Chapter 14). A substantial portion of the
lymphocytes and macrophages comprise a re-circulating pool of cells found in the blood
and lymph, as well as in the lymph nodes and spleen, providing the means to deliver
immunocompetent cells to sites where they are needed and to allow immunity that is
initiated locally to become generalized. Activated lymphocytes acquire the capacity to
enter nonlymphoid tissues where they can express effector functions and eradicate local
infections. Some memory lymphocytes are “on patrol” in the tissues, scanning for
reintroduction of their specific antigens. Lymphocytes are also found in the central
lymphoid organs, thymus, and bone marrow, where they undergo the developmental
steps that equip them to mediate the responses of the mature immune system.

Individual lymphocytes are specialized in that they are committed to respond to a limited
set of structurally related antigens. This commitment exists before the first contact of the
immune system with a given antigen. It is expressed by the presence on the
lymphocyte’s surface membrane of receptors specific for determinants (epitopes) of the
antigen. Each lymphocyte possesses a population of receptors, all of which have
identical combining sites. One set, or clone, of lymphocytes differs from another clone in
the structure of the combining region of its receptors and thus in the epitopes that it can
recognize. The ability of an organism to respond to virtually any non-self antigen is
achieved by the existence of a very large number of different lymphocytes, each bearing
receptors specific for a distinct epitope. As a consequence, lymphocytes are an



enormously heterogeneous group of cells. Based on reasonable assumptions as to the
range of diversity that can be created in the genes encoding antigen-specific receptors,
it seems virtually certain that the number of distinct combining sites on lymphocyte
receptors of an adult human can be measured in the millions.

Lymphocytes differ from each other not only in the specificity of their receptors but also
in their functions. There are two broad classes of lymphocytes: the B-lymphocytes,
which are precursors of antibody-secreting cells, and the T- (thymus-derived)
lymphocytes. T-lymphocytes express important helper functions, such as the ability to
aid in the development of specific types of immune responses, including the production
of antibody by B cells and the increase in the microbicidal activity of macrophages.
Other T-lymphocytes are involved in direct effector functions, such as the lysis of
virus-infected cells or certain neoplastic cells. Specialized T-lymphocytes (regulatory T
cells) have the capacity to suppress specific immune responses.

B-LYMPHOCYTES AND ANTIBODY
B-Lymphocyte Development ( Chapter 6)

B-lymphocytes derive from hematopoietic stem cells by a complex set of differentiation
events ( Fig. 1). A detailed picture has been obtained of the molecular mechanisms
through which committed early members of the B lineage develop into mature
B-lymphocytes. These events occur in the fetal liver and, in adult life, principally in the
bone marrow. Interaction with specialized stromal cells and their products, including
cytokines such as interleukin (IL)-7, are critical to the normal regulation of this process.
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FIG. 1. The patterns of gene expression, timing of gene rearrangement events, capacity
for self-replenishment and for rapid proliferation of developing B lymphocytes are
indicated. Adapted from Hardy RR, Hayakawa K, B cell development pathways, Annu
Rev Immunol 2001,19:595-621, with permission.

The key events in B-cell development occur in cells designated pro-B cells and pre-B
cells. They center about the assembly of the genetic elements encoding the



antigen-specific receptors of B cells, which are immunoglobulin (Ig) molecules
specialized for expression on the cell surface. Igs are heterodimeric molecules
consisting of heavy (H) and light (L) chains, both of which have regions (variable [V]
regions) that contribute to the binding of antigen and that differ in sequence from one Ig
molecule to another (see Chapter 3) ( Fig. 2). In addition, H and L chains contain
regions that are nonvariable or constant (C regions).

FIG. 2. A schematic representation of an Ig molecule indicating the means through
which the V regions and the CH1 and CL regions of H and L chains pair with one
another and how the CH2 and CH3 regions of the H chains pair.

The genetic elements encoding the variable portions of Ig H and L chains are not
contiguous in germline DNA or in the DNA of nonlymphoid cells (see Chapter 5) ( Fig.
3). In pro- and pre-B cells, these genetic elements are translocated to construct an
expressible V-region gene. This process involves a choice among a large set of
potentially usable variable (V), diversity (D), and joining (J) elements in a combinatorial
manner. Such combinatorial translocation, together with a related set of events that add
diversity in the course of the joining process, results in the generation of a very large
number of distinct H and L chains. The pairing of H and L chains in a quasi-random
manner further expands the number of distinct Ig molecules that can be formed.
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FIG. 3. Organization and translocation of mouse IgH genes. IgH chains are encoded by
four distinct genetic elements: Igh-V (V), Igh-D (D), Igh-J (J), and Igh-C. The V, D, and J
genetic elements together specify the variable region of the H chain. The Igh-C element
specifies the C region. The same V region can be expressed in association with each of
the C regions (4, d, ?3, ?1, ?2R, ?2a, e, and a). In the germline, the V, D, and J genes
are far apart and there are multiple forms of each of these genes. In the course of
lymphocyte development, a VDJ gene complex is formed by translocation of individual V
and D genes so that they lie next to one of the J genes, with excision of the intervening
genes. This VDJ complex is initially expressed with p and d C genes, but may be
subsequently translocated so that it lies near one of the other C genes (e.g. ?1) and in
that case leads to the expression of a VDJ ?1 chain.

The H-chain variable region is initially expressed in association with the product of the p
constant (C)-region gene. Together these elements encode the u IgH chain, which is
used in Igs of the IgM class.

The successful completion of the process of Ig gene rearrangement and the expression
of the resultant IgM on the cell surface marks the transition between the pre-B— and
B—cell states ( Fig. 1). The newly differentiated B cell initially expresses surface Ig solely
of the IgM class. The cell completes its maturation process by expressing on its surface
a second class of Ilg composed of the same L chain and the same H chain variable
(VDJ) region but of a different H-chain C region; this second Ig H chain is designated d,
and the Ig to which it contributes is designated IgD.

The differentiation process is controlled at several steps by a system of checks that
determines whether prior steps have been successfully completed. These checks
depend on the expression on the surface of the cell of appropriately constructed Ig or
lg-like molecules. For, example, in the period after a g chain has been successfully
assembled but before an L chain has been assembled, the p chain is expressed on the
cell surface in association with a surrogate light chain, consisting of VpreB and ?5.
Pre-B cells that fail to express this p/VpreB ?5 complex do not move forward to future
differentiation states or do so very inefficiently.

B-Lymphocyte Activation ( Chapter 7)

A mature B cell can be activated by an encounter with an antigen expressing epitopes
that are recognized by its cell-surface Ig ( Fig. 4). The activation process may be a
direct one, dependent on cross-linkage of membrane Ig molecules by the antigen (
cross-linkage—dependent B-cell activation), or an indirect one, occurring most efficiently
in the context of an intimate interaction with a helper T cell, in a process often referred
to as cognate help.
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FIG. 4. Two forms of B-cell activation. A: Cognate T-cell/B-cell help. Resting B cells can
bind antigens that bear epitopes complementary to their cell-surface Ig. Even if the
antigen cannot cross-link the receptor, it will be endocytosed and enter late endosomes
and lysosomes where it will be degraded to peptides. Some of these peptides will be
loaded into class || MHC molecules and brought to the cell surface, where they can be
recognized by CD4+ T cells that bear receptors specific for that peptide/class Il
complex. This interaction allows an activation ligand on the T cells (CD40 ligand) to bind
to its receptor on B cells (CD40) and to signal B-cell activation. In addition, the T cells
secrete several cytokines that regulate the growth and differentiation of the stimulated B
cell. B: Cross-lineage—dependent B-cell activation. When B cells encounter antigens
that bear multiple copies of an epitope that can bind to their surface lg, the resultant
cross-linkage stimulates biochemical signals within the cell leading to B-cell activation,
growth, and differentiation. In many instances, B-cell activation events may result from
both pathways of stimulation.

Because each B cell bears membrane Ig molecules with identical variable regions,
cross-linkage of the cell-surface receptors requires that the antigen express more than
one copy of an epitope complementary to the binding site of the receptor. This
requirement is fulfilled by antigens with repetitive epitopes. Among these antigens are
the capsular polysaccharides of many medically important microorganisms such as
pneumococci, streptococci, and meningococci. Similar expression of multiple identical
epitopes on a single immunogenic particle is a property of many viruses because they
express multiple copies of envelope proteins on their surface. Cross-linkage—dependent
B-cell activation is a major protective immune response mounted against these
microbes. The binding of complement components (see Chapter 34) to antigen or
antigen—antibody complexes can increase the magnitude of the
cross-linkage—dependent B-cell activation due to the action of a receptor for
complement, which, together with other molecules, increases the magnitude of a B-cell



response to limiting amounts of antigen.

Cognate help allows B cells to mount responses against antigens that cannot cross-link
receptors and, at the same time, provides co-stimulatory signals that rescue B cells from
inactivation when they are stimulated by weak cross-linkage events. Cognate help is
dependent on the binding of antigen by the B cell’'s membrane Ig, the endocytosis of the
antigen, and its fragmentation into peptides within the endosomal/lysosomal
compartment of the cell. Some of the resultant peptides are loaded into a groove in a
specialized set of cell-surface proteins, the class Il major histocompatibility complex
(MHC) molecules ( Fig. 5). The resultant class ll/peptide complexes are expressed on
the cell surface. As will be discussed below, these complexes are the ligands for the
antigen-specific receptors of a set of T cells designated CD4+ T cells. CD4+ T cells that
have receptors specific for the class ll/peptide complex expressed on the B-cell surface
recognize and interact with that B cell. That interaction results in the activation of the B
cell through the agency of cell-surface molecules expressed by the T cells (e.g., the
CD40 ligand [CD154]) and cytokines produced by the T cell ( Fig. 4). The role of the
B-cell receptor for antigen is to create the T-cell ligand on the surface of antigen-specific
B cells; activation of the B cell derives largely from the action of the T cell. However, in
many physiologic situations, receptor cross-linkage stimuli and cognate help synergize
to yield more vigorous B-cell responses.

FIG. 5. lllustration of the structure of the peptide-binding domain (al and 31) of a class
Il MHC molecule (HLA-DR; protein data bank designation 1DLH) bound to an antigenic
peptide from influenza hemagglutinin. Adapted by D.H. Margulies from Stern LJ et al.,
Crystal structure of the human class Il MHC protein HLA-DR1 complexed with an
influenza virus peptide, Nature 1994;368:215-221, with permission.

B-Lymphocyte Differentiation ( Chapter 5, Chapter 7, and Chapter 28)

Activation of B cells prepares them to divide and to differentiate either into
antibody-secreting cells or into memory cells, so that there are more cells specific for
the antigen used for immunization and these cells have new properties. Those cells that
differentiate into antibody secreting cells account for primary antibody responses. Some



of these antibody secreting cells migrate to the bone marrow where they may continue
to produce antibody for an extended period of time and may have lifetimes in excess of
1 year.

Memory B cells give rise to antibody-secreting cells upon re-challenge of the individual.
The hallmark of the antibody response to re-challenge (a secondary response) is that it
is of greater magnitude, occurs more promptly, is composed of antibodies with higher
affinity for the antigen, and is dominated by Igs expressing ?, a, or e C regions (I1gG,
IgA, or IgE) rather than by IgM, which is the dominant Ig of the primary response.

Division and differentiation of cells into antibody-secreting cells is largely controlled by
the interaction of the activated B cells with T cells expressing CD154 and by their
stimulation by T-cell-derived cytokines.

The differentiation of activated B cells into memory cells occurs in a specialized
micro-environmental structure in the spleen and lymph nodes, the germinal center. The
process through which increases in antibody affinity occurs also takes place within the
germinal center. The latter process, designated affinity maturation, is dependent on
somatic hypermutation. The survival of cells within the germinal center depends on the
capacity to bind antigen so that as antigen availability diminishes, cells that have higher
affinity receptors, either naturally or as a result of the hypermutation process, have a
selective survival and growth advantage. Thus, such cells come to dominate the
population.

The process through which a single H-chain V region can become expressed with
genes encoding C regions other than p and d is referred to as Ig class switching. It is
dependent on a gene translocation event through which the C-region genes between
the genetic elements encoding the V region and the newly expressed C gene are
excised, resulting in the switched C gene being located in the position that the Cu gene
formerly occupied ( Fig. 3). This process also occurs in germinal centers.

B1 or CD5+ B-Lymphocytes ( Chapter 6)

A second population of B cells (B1 cells) has been described that differs from the
dominant B-cell population (sometimes designated B2 cells or conventional B cells) in
several important respects. These cells were initially recognized because some express
a cell-surface protein, CD5, not generally found on other B cells. In the adult mouse, B1
B cells are found in relatively high frequency in the peritoneal cavity but are present at
low frequency in the spleen and lymph nodes. B1 B cells are quite numerous in fetal
and perinatal life.

Whether B1 B cells derive from a separate set of stem cells found in the fetal liver but
absent from (or present only at low frequency in) the adult bone marrow is still a matter
of controversy. The alternative view is that B1 B cells are derived from conventional B
cells as a result of cross-linkage—dependent B-cell activation. B1 B cells appear to be
self-renewing, in contrast to conventional B cells, in which division and memory are



antigen driven.

B1 B cells appear to be responsible for the secretion of the serum IgM that exists in
nonimmunized mice, often referred to as natural IgM. Among the antibodies found in
such “natural” IgM are molecules that can combine with phosphatidyl choline (a
component of pneumococcal cell walls) and for lipopolysaccharide and influenza virus.
B1 B cells also produce autoantibodies, although they are generally of low affinity and in
most cases not pathogenic. It is believed that B1 B cells are important in resistance to
several pathogens and may have a significant role in mucosal immunity.

B-Lymphocyte Tolerance ( Chapter 29)

One of the central problems facing the immune system is that of being able to mount
highly effective immune responses to the antigens of foreign, potentially pathogenic,
agents while ignoring antigens associated with the host’s own tissues. The mechanisms
ensuring this failure to respond to self-antigens are complex and involve a series of
strategies. Chief among them is elimination of cells capable of self-reactivity or the
inactivation of such cells. The encounter of immature, naive B cells with antigens with
repetitive epitopes capable of cross-linking membrane Ig can lead to elimination of the B
cells, particularly if no T-cell help is provided at the time of the encounter. This
elimination of potentially self-reactive cells is often referred to as clonal elimination.
Some self-reactive cells, rather than dying upon encounter with self-antigens, may
re-express the proteins needed for immunoglobulin gene rearrangement and undergo a
further round of such rearrangement. This process, referred to as receptor editing,
allows a self-reactive cell to substitute a new receptor and therefore to avoid elimination.

There are many self-antigens that are not encountered by the developing B-cell
population or that do not have the capacity to cross-link B-cell receptors to a sufficient
degree to elicit the clonal elimination/receptor editing process. Such cells, even when
mature, may nonetheless be inactivated through a process that involves cross-linkage
of receptors without the receipt of critical co-stimulatory signals. These inactivated cells
may be retained in the body but are unresponsive to antigen and are referred to as
anergic. When removed from the presence of the anergy-inducing stimulus, such cells
may regain responsiveness.

Immunoglobulin Structure ( Chapter 3)

The antigen-specific membrane receptors and secreted products of B cells are Ig
molecules. Igs are members of a large family of proteins designated the immunoglobulin
supergene family. Members of the Ig supergene family have sequence homology, a
common gene organization, and similarities in three-dimensional structure. The latter is
characterized by a structural element referred to as the Ig fold, generally consisting of a
set of seven 3-pleated sheets organized into two apposing layers ( Fig. 6). Many of the
cell-surface proteins that participate in immunologic recognition processes, including the
T-cell receptor (TCR), the CD3 complex, and molecules associated with the B-cell
receptor (Iga and IgR), are members of the Ig supergene family.
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FIG. 6. Schematic drawing of the V and C domains of an Ig L chain illustrating the “Ig
fold.” The 3 strands participating in the antiparallel 3-pleated sheets of each domain are
represented as arrows. The 3 strands of the three-stranded sheets are shaded,
whereas those in the four-stranded sheets are white. The intradomain disulfide bonds
are represented as black bars. Selected amino acids are numbered with position 1 as
the N terminus. From Edmundson AB, Ely KR, Abola EE, et al., Rotational allomerism
and divergent evolution of domains in immunoglobulin light chains, Biochemistry
1975;14:3953-3961, with permission.

The Igs themselves are constructed of a unit that consists of two H chains and two L
chains ( Fig. 2). The H and L chains are composed of a series of domains, each
consisting of approximately 110 amino acids.

The L chains, of which there are two types (? and ?), consist of two domains. The
carboxy-terminal domain is essentially identical among L chains of a given type and is
referred to as the constant (C) region. As already discussed, the amino-terminal domain
varies from L chain to L chain and contributes to the binding site of antibody. Because of
its variability, it is referred to as the variable (V) region. The variability of this region is
largely concentrated in three segments, designated as the hypervariable or
complementarity-determining regions (CDRs). The CDRs contain the amino acids that
are the L chain’s contribution to the lining of the antibody’s combining site. The three
CDRs are interspersed among four regions of much lower degree of variability,
designated framework regions (FRS).

The H chains of Ig molecules are of several classes (4, d, ? [of which there are several
subclasses], a, and e), as noted above. An assembled Ig molecule, consisting of one or
more units of two identical H and L chains, derives its name from the H chain that it
possesses. Thus, there are IgM, IgD, IgG, IgA, and IgE antibodies. The H chains each
consist of a single amino-terminal V region and three or four C regions. In many H
chains, a hinge region separates the first and second C regions and conveys flexibility
to the molecule, allowing the two combining sites of a single unit to move in relation to
one another so as to promote the binding of a single antibody molecule to an antigen
that has more than one copy of the same epitope. Such divalent binding to a single
antigenic structure results in a great gain in energy of interaction (see Chapter 4). The
H-chain V region, like that of the L chain, contains three CDRs lining the combining site
of the antibody and four FRs.



The C region of each H-chain class conveys unique functional attributes to the
antibodies that possess it. Among the distinct biologic functions of each class of
antibody are the following:

e |[gM antibodies are potent activators of the complement system ( Chapter 34).

e |gA antibodies are secreted into a variety of bodily fluids and are principally
responsible for immmunity at mucosal surfaces ( Chapter 31).

e |gE antibodies are bound by specific receptors (FceRI) on basophils and mast
cells. When cross-linked by antigen, these IgE/FceRI complexes cause the cells to
release a set of mediators responsible for allergic inflammatory responses (
Chapter 46).

e |[gD antibodies act virtually exclusively as membrane receptors for antigen.

e |gG antibodies, made up of four subclasses in both humans and mice, mediate a
wide range of functions including transplacental passage and opsonization of
antigens through binding of antigen—antibody complexes to specialized Fc
receptors on macrophages and other cell types ( Chapter 22, Chapter 34, and
Chapter 36).

IgD, IgG, and IgE antibodies consist of a single unit of two H and L chains. IgM
antibodies are constructed of five or six such units, although they consist of a single unit
when they act as membrane receptors. IgA antibodies may consist of one or more units.
The antibodies that are made up of more than a single unit generally contain an
additional polypeptide chain, the J chain, which plays an important role in the ability of
these polymeric immunoglobulins to be secreted at mucosal surfaces.

Each of the distinct Igs can exist as secreted antibodies and as membrane molecules.
Antibodies and cell-surface receptors of the same class made by a specific cell have
identical structures except for differences in their carboxy-terminal regions. Membrane
lg possesses a hydrophobic region, spanning the membrane, and a short
intracytoplasmic tail, both of which are lacking in the secretory form.

Immunoglobulin Genetics ( Chapter 5)

The genetic makeup of the Ig H-chain gene has already been alluded to. The IgH-chain
gene of a mature lymphocyte is derived from a set of genetic elements that are
separated from one another in the germline. The V region is composed of three types of
genetic elements: V y, D, and J . More than 100 V y elements exist; there are more

than 10 D elements and a small number of J { elements (4 in the mouse). An H-chain V
HDJ H gene is created by the translocation of one of the D elements on a given
chromosome to one of the J j elements on that chromosome, generally with the

excision of the intervening DNA. This is followed by a second translocation event in
which one of the V y elements is brought into apposition with the assembled DJ 4

element to create the V yDJ  (V region) gene ( Fig. 3). Although it is likely that the
choice of the V , D, and J 4 elements that are assembled is not entirely random, the
combinatorial process allows the creation of a very large number of distinct H-chain



V-region genes. Additional diversity is created by the imprecision of the joining events
and by the deletion of nucleotides and addition of new, un-templated nucleotides
between D and J y and between V  and D, forming N regions in these areas. This

further increases the diversity of distinct IgH chains that can be generated from the
relatively modest amount of genetic information present in the germline.

The assembly of L-chain genes follows generally similar rules. However, L chains are
assembled from V | and J | elements only. Although there is junctional diversity, no N

regions exist for L chains. Additional diversity is provided by the existence of two
classes of L chains, ? and ?.

An Ig molecule is assembled by the pairing of IgH-chain polypeptide with an IgL-chain
polypeptide. Although this process is almost certainly not completely random, it allows
the formation of an exceedingly large number of distinct Ig molecules, the majority of
which will have individual specificities.

The rearrangement events that result in the assembly of expressible IgH and IgL chains
occur in the course of B-cell development in pro-B cells and pre-B cells, respectively (
Fig. 1). This process is regulated by the Ig products of the rearrangement events. The
formation of a pu chain signals the termination of rearrangement of H-chain gene
elements and the onset of rearrangement of L-chain gene elements, with ?
rearrangements generally preceding ? rearrangements. One important consequence of
this is that only a single expressible pu chain will be produced in a given cell, since the
first expressible p chain shuts off the possibility of producing an expressible p chain on
the alternative chromosome. Comparable mechanisms exist to ensure that only one
L-chain gene is produced, leading to the phenomenon known as allelic exclusion. Thus,
the product of only one of the two alternative allelic regions at both the H- and L-chain
loci are expressed. The closely related phenomenon of L-chain isotype exclusion
ensures the production of either ? or ? chains in an individual cell, but not both. An
obvious but critical consequence of allelic exclusion is that an individual B cell makes
antibodies, all of which have identical H- and L-chain V regions, a central prediction of
the clonal selection theory of the immune response.

Class Switching ( Chapter 5)

An individual B cell can continue to express the same IgH-chain V region but, as it
matures, can switch the IgH-chain C region that it uses ( Fig. 3). Thus, a cell that
expresses receptors of the IgM and IgD classes may differentiate into a cell that
expresses IgG, IgA, or IgE receptors and then into a cell-secreting antibody of the same
class as it expressed on the cell surface. This process allows the production of
antibodies capable of mediating distinct biologic functions but that retain the same
antigen-combining specificity. When linked with the process of affinity maturation of
antibodies, Ig class switching provides antibodies of extremely high efficacy in
preventing re-infection with microbial pathogens or in rapidly eliminating such
pathogens. These two associated phenomena account for the high degree of
effectiveness of antibodies produced in secondary immune responses.



The process of switching is known to involve a recombination event between
specialized switch (S) regions, containing repetitive sequences, that are located
upstream of each C region (with the exception of the d C region). Thus, the S region
upstream of the p C  region gene (Sp) recombines with an S region upstream of a

more 3’ isotype, such as S?1, to create a chimeric Su/S?1 region resulting in the
deletion of the intervening DNA ( Fig. 7). The genes encoding the C regions of the
various ? chains (in the human ?1, ?2, ?3, and ?4; in the mouse ?1, ?2a, ?2b, and ?3),
of the a chain, and of the e chain are located 3’ of the Cu and Cd genes.

FIG. 7. Ig class switching. lllustrated here is the process through which a given VDJ
gene in a stimulated B cell may switch the C-region gene with which it is associated
from p to another, such as ?1. A recombination event occurs in which DNA between a
cleavage point in Sy and one in S?1 forms a circular episome. This results in C?1 being
located immediately downstream of the chimeric Su/?1 region, in a position such that
transcription initiating upstream of VDJ results in the formation of VDJC?1 mRNA and
?1 H-chain protein.

The induction of the switching process is dependent on the action of a specialized set of
B-cell stimulants. Of these, the most widely studied are CD154, expressed on the
surface of activated T cells, and bacterial lipopolysaccharide. The targeting of the C
region that will be expressed as a result of switching is largely determined by cytokines.
Thus, IL-4 determines that switch events in the human and mouse will be to the e C
region and to the ?4 (human) or ?1 (mouse) C regions. In the mouse, interferon-gamma
(IFN-?) determines switching to ?2a and transforming growth factor-beta (TGF-3)
determines switching to a. A major goal is to understand the physiologic determination
of the specificity of the switching process. Because cytokines are often the key
controllers of which Ig classes will represent the switched isotype, this logically
translates into asking what regulates the relative amounts of particular cytokines that
are produced by different modes of immunization.

The switching process depends on the RNA-editing, enzyme activation—induced cytidine
deaminase (AID). Mice that lack AID fail to undergo immunoglobulin class switching.



AID is also critical in the process of somatic hypermutation.
Affinity Maturation and Somatic Hypermutation ( Chapter 5)

The process of generation of diversity embodied in the construction of the H- and
L-chain V-region genes and of the pairing of H and L chains creates a large number of
distinct antibody molecules, each expressed in an individual B cell. This primary
repertoire is sufficiently large so that most epitopes on foreign antigens will encounter B
cells with complementary receptors. Thus, if adequate T-cell help can be generated,
antibody responses can be made to a wide array of foreign substances. Nonetheless,
the antibody that is initially produced usually has a relatively low affinity for the antigen.
This is partially compensated for by the fact that IgM, the antibody initially made, is a
pentamer. Through multivalent binding, high avidities can be achieved even if individual
combining sites have only modest affinity (see Chapter 4). In the course of
T-cell-dependent B-cell stimulation, particularly within the germinal center, a process of
somatic hypermutation is initiated that leads to a large number of mutational events,
largely confined to the H-chain and L-chain V-region genes and their immediately
surrounding introns.

During the process of somatic hypermutation, mutational rates of 1 per 1,000 base pairs
per generation may be achieved. This implies that, with each cell division, close to one
mutation will occur in either the H- or L-chain V region of an individual cell. This creates
an enormous increase in antibody diversity. Although most of these mutations will either
not affect the affinity with which the antibody binds its ligand or will lower that affinity,
some will increase it. Thus, some B cells emerge that can bind antigen more avidly than
the initial population of responding cells. Because there is an active process of
apoptosis in the germinal center from which B cells can be rescued by the binding of
antigen to their membrane receptors, cells with the most avid receptors should have an
advantage over other antigen-specific B cells and should come to dominate the
population of responding cells. Thus, upon re-challenge, the affinity of antibody
produced will be greater than that in the initial response. As time after immunization
elapses, the affinity of antibody produced will increase. This process leads to the
presence in immunized individuals of high-affinity antibodies that are much more
effective, on a weight basis, in protecting against microbial agents and other
antigen-bearing pathogens than was the antibody initially produced. Together with
antibody class switching, affinity maturation results in the increased effectiveness of
antibody in preventing re-infection with agents with which the individual has had a prior
encounter.

T-LYMPHOCYTES

T-lymphocytes constitute the second major class of lymphocytes. They derive from
precursors in hematopoietic tissue, undergo differentiation in the thymus (hence the
name thymus-derived [T] lymphocytes), and are then seeded to the peripheral lymphoid
tissue and to the recirculating pool of lymphocytes (see Chapter 14). T cells may be
subdivided into two distinct classes based on the cell-surface receptors they express.
The majority of T cells express antigen-binding receptors (TCRS) consisting of a and
chains. A second group of T cells express receptors made up of ? and d chains. Among



the a/l3 T cells are two important sublineages: those that express the co-receptor
molecule CD4 (CD4+ T cells) and those that express CD8 (CD8+ T cells). These cells
differ in how they recognize antigen and mediate different types of requlatory and
effector functions.

CD4+ T cells are the major helper cells of the immune system. Their helper function
depends both on cell-surface molecules such as CD154, induced upon these cells when
they are activated, and on the wide array of cytokines they secrete when activated.
CD4+ T cells tend to differentiate, as a consequence of priming, into cells that principally
secrete the cytokines IL-4, IL-13, IL-5, IL-6, and IL-10 (T y» cells) or into cells that

mainly produce IL-2, IFN-?, and lymphotoxin (T g4 cells). T y, cells are very effective in
helping B cells develop into antibody-producing cells, whereas T y; cells are effective

inducers of cellular immune responses, involving enhancement in the microbicidal
activity of macrophages and consequent increased efficiency in lysing microorganisms
in intracellular vesicular compartments.

T cells also mediate important effector functions. Some of these are determined by the
patterns of cytokines they secrete. These powerful molecules can be directly toxic to
target cells and can mobilize potent inflammatory mechanisms. In addition, T cells,
particularly CD8+ T cells, can develop into cytotoxic T-lymphocytes (CTLs) capable of
efficiently lysing target cells that express antigens recognized by the CTLs.

T-Lymphocyte Antigen Recognition ( Chapter 8, Chapter 19, and Chapter 20)

T cells differ from B cells in their mechanism of antigen recognition. Immunoglobulin, the
B-cell's receptor, binds to individual antigenic epitopes on soluble molecules or on
particulate surfaces. B-cell receptors recognize epitopes expressed on the surface of
native molecules. Antibody and B-cell receptors evolved to bind to and to protect
against microorganisms in extracellular fluids.

By contrast, T cells invariably recognize cell-associated molecules and mediate their
functions by interacting with and altering the behavior of these antigen-presenting cells
(APCs). Indeed, the TCR does not recognize antigenic determinants on intact,
undenatured molecules. Rather, it recognizes a complex consisting of a peptide, derived
by proteolysis of the antigen, bound into a specialized groove of a class Il or class |
MHC protein. Indeed, what differentiates a CD4+ T cell from a CD8+ T cell is that the
CD4+ T cells only recognize peptide/class Il complexes, whereas the CD8+ T cells
recognize peptide/class | complexes.

The TCR’s ligand (i.e., the peptide/MHC protein complex) is created within the APC. In
general, class Il MHC molecules bind peptides derived from proteins that have been
taken up by the APC through an endocytic process ( Fig. 8). These endocytosed
proteins are fragmented by proteolytic enzymes within the endosomal/lysosomal
compartment, and the resulting peptides are loaded into class || MHC molecules that
traffic through this compartment. These peptide-loaded, class Il molecules are then
expressed on the surface of the cell where they are available to be bound by CD4+ T
cells with TCRs capable of recognizing the expressed cell-surface complex. Thus, CD4+



T cells are specialized to largely react with antigens derived from extracellular sources.
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FIG. 8. Pathways of antigen processing. Exogenous antigen (Ea) enters the cell via
endocytosis and is transported from early endosomes into late endosome or
prelysosomes, where it is fragmented and where resulting peptides (Ea-derived
peptides) may be loaded into class || MHC molecules. The latter have been transported
from the rough endoplasmic reticulum (RER) through the Golgi apparatus to the
peptide-containing vesicles. Class Il MHC molecules/Ea-derived peptide complexes are
then transported to the cell surface, where they may be recognized by TCR expressed
on CD4+ T cells. Cytoplasmic antigens (Ca) are degraded in the cytoplasm and then
enter the RER through a peptide transporter. In the RER, Ca-derived peptides are
loaded into class | MHC molecules that move through the Golgi apparatus into secretory
vesicles and are then expressed on the cell surface where they may be recognized by
CD8+ T cells. From Paul WE, Development and function of lymphocytes, in Gallin JI,
Goldstein I, Snyderman R, eds. Inflammation, New York: Raven, 1992, 776, with
permission.

In contrast, class | MHC molecules are mainly loaded with peptides derived from
internally synthesized proteins, such as viral gene products. These peptides are
produced from cytosolic proteins by proteolysis within the proteasome and are
translocated into the rough endoplasmic reticulum. Such peptides, generally nine amino
acids in length, are bound by class | MHC molecules. The complex is brought to the cell
surface, where it can be recognized by CD8+ T cells expressing appropriate receptors.
This property gives the T-cell system, particularly CD8+ T cells, the ability to detect cells
expressing proteins that are different from, or produced in much larger amounts than,
those of cells of the remainder of the organism (e.qg., viral antigens [whether internal,
envelope, or cell surface] or mutant antigens [such as active oncogene products]), even
if these proteins, in their intact form, are neither expressed on the cell surface nor
secreted.

T-Lymphocyte Receptors ( Chapter 8)



The TCR is a disulfide-linked heterodimer ( Fig. 9). The constituent chains (a and 3, or ?
and d) are members of the Ig supergene family. The TCR is associated with a set of
transmembrane proteins, collectively designated the CD3 complex, that play a critical
role in signal transduction. The CD3 complex consists of ?, d (note that the CD3 ? and d
chains and the TCR ? and d chains are distinct polypeptides that, unfortunately, have
similar designations), and e chains, and is associated with a homodimer of two ? chains
or a heterodimer of ? and ? chains. CD3 ?, d, and e consist of extracellular domains that
are family members of the Ig supergene. The cytosolic domains of CD3 ?, d, and e, and
of ? and ?, contain one or more copies of a signaling motif-the immunoreceptor
tyrosine-based activation motif (ITAM) (D/EXXYXXLxxxxxxxYxxL/l)—-that is found in a
variety of chains associated with immune recognition receptors. This motif appears to
be very important in the signal transduction process and provides a site through which
protein tyrosine kinases can interact with these chains to propagate signaling events.

I
FIG. 9. The T-cell antigen receptor. Illustrated schematically is the antigen-binding
subunit comprised of an al3 heterodimer, and the associated invariant CD3 and ?
chains. Acidic (-) and basic (+) residues located within the plasma membrane are
indicated. The open rectangular boxes indicate motifs within the cytoplasmic domains
that interact with protein tyrosine kinases. (This figure also appears as in Chapter 11 as
Fig. 2.)

The TCR chains are organized much like Ig chains. Their N-terminal portions are
variable and their C-terminal portions are constant. Furthermore, similar recombinational
mechanisms are used to assemble the V-region genes of the TCR chains. Thus, the V
region of the TCR 3 chain is encoded by a gene made of three distinct genetic elements
(VR, D, and JR) that are separated in the germline. Although the relative numbers of VI3,
D, and JB genes differ from that for the comparable IgH variable-region elements, the
strategies for creation of a very large number of distinct genes by combinatorial
assembly are the same. Both junctional diversity and N-region addition further diversify
the genes, and their encoded products. TCR 3 has fewer V genes than IgH but much
more diversity centered on the D/J region, which encodes the equivalent of the third



CDR of Igs. The a chain follows similar principles, except that it does not use a D gene.

The genes for TCR ? and d chains are assembled in a similar manner except that they
have many fewer V genes from which to choose. Indeed, ?/d T cells in certain
environments, such as the skin and specific mucosal surfaces, are exceptionally
homogeneous. It has been suggested that the TCRs encoded by these essentially
invariant ? and d chains may be specific for some antigen that signals microbial invasion
and that activation of ?/d T cells through this mechanism constitutes an initial response
that aids the development of the more sophisticated response of a/l3 T cells.

T-Lymphocyte Activation ( Chapter 11)

T-cell activation is dependent on the interaction of the TCR/CD3 complex with its
cognate ligand, a peptide bound in the groove of a class | or class || MHC molecule, on
the surface of a competent antigen-presenting cell. Through the use of chimeric
cell-surface molecules that possess cytosolic domains largely limited to the ITAM
signaling motif alluded to above, it is clear that cross-linkage of molecules containing
such domains can generate some of the signals that result from TCR engagement.
Nonetheless, the molecular events set in motion by receptor engagement are complex
ones. Among the earliest steps are the activation of tyrosine kinases leading to the
tyrosine phosphorylation of a set of substrates that control several signaling pathways.
Current evidence indicates that early events in this process involve the Src-family

tyrosine kinases p56 'Ck, and p59 fy”, and ZAP-70, a Syk family tyrosine kinase, that
binds to the phosphorylated ITAMs of the ? chain, as well as the action of the protein
tyrosine phosphatase CD45, found on the surface of all T cells.

A series of important substrates are tyrosine phosphorylated as a result of the action of
the kinases associated with the TCR complex. These include (a) a set of adapter
proteins that link the TCR to the Ras pathway; (b) phospholipase C?1, the tyrosine
phosphorylation of which increases its catalytic activity and engages the inositol
phospholipid metabolic pathway, leading to elevation of intracellular free-calcium
concentration to the activation of protein, kinase C; and (c) a series of other important
enzymes that control cellular growth and differentiation. Particularly important is the
phosphorylation of LAT, a molecule that acts as an organizing scaffold to which a series
of signaling intermediates bind and upon which they become activated and control
downstream signaling.

The recognition and early activation events result in the reorganization of cell surface
and cytosolic molecules on the T cell, and correspondingly, on the APC to produce a
structure, the immunological synapse. The apposition of key interacting molecules
involving a small segment of the membranes of the two cells concentrates these
molecules in a manner that both strengthens the interaction between the cells and
intensifies the signaling events. It also creates a limited space into which cytokines may
be secreted to influence the behavior of cells. Indeed, the formation of the
immunological synapse is one mechanism through which the recognition of relatively
small numbers of ligands by TCRs on a specific T cell can be converted into a vigorous
stimulatory process.



In general, normal T cells and cloned T-cell lines that are stimulated only by TCR
cross-linkage fail to give complete responses. TCR engagement by itself may often lead
to a response in which the key T-cell-derived growth factor, IL-2, is not produced and in
which the cells enter a state of anergy such that they are unresponsive or poorly
responsive to a subsequent competent stimulus (see Chapter 29). Full responsiveness
of a T cell requires, in addition to receptor engagement, an accessory-cell-delivered
co-stimulatory activity. The engagement of CD28 on the T cell by CD80 and/or CD86 on
the APC (or the engagement of comparable ligand receptor pairs on the two cells)
provides a potent co-stimulatory activity. Inhibitors of this interaction markedly diminish
antigen-specific T-cell activation in vivo and in vitro, indicating that the CD80/86—CD28
interaction is physiologically very important in T-cell activation (see Chapter 13).

The interaction of CD80/86 with CD28 increases cytokine production by the responding
T cells. For the production of IL-2, this increase appears to be mediated both by
enhancing the transcription of the IL-2 gene and by stabilizing IL-2 mMRNA. These dual
consequences of the CD80/86—CD28 interaction cause a striking increase in the
production of IL-2 by antigen-stimulated T cells.

CD80/86 has a second receptor on the T cell, CTLA-4, that is expressed later in the
course of T-cell activation. The bulk of evidence indicates that the engagement of
CTLA-4 by CD80/86 leads to a set of biochemical signals that terminate the T-cell
response. Mice that are deficient in CTLA-4 expression develop fulminant autoimmune
responses.

T-Lymphocyte Development ( Chapter 9)

Upon entry into the thymus, T-cell precursors do not express TCR chains, the CD3
complex, or the CD4 or CD8 molecules ( Fig. 10). Because these cells lack both CD4
and CDS8, they are often referred to as double-negative (DN) cells. Thymocytes develop
from this DN3 pool into cells that are both CD4+ and CD8+ (double-positive cells) and
express low levels of TCR and CD3 on their surface. In turn, double-positive cells
further differentiate into relatively mature thymocytes that express either CD4 or CD8
(single-positive cells) and high levels of the TCR/CD3 complex.
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FIG. 10. Development of a/l3 T cells in the thymus. Double-negative T cells (4 "8 )

acquire CD4 and CD8 (4 *8 ™) and then express a/R TCRs, initially at low levels.
Thereafter, the degree of expression of TCRS increases and the cells differentiate into
CD4 or CD8 cells and are then exported to the periphery. Once the T cells have
expressed receptors, their survival depends on the recognition of peptide/MHC class |
or class Il molecules with an affinity above some given threshold. Cells that fail to do so
undergo apoptosis. These cells have failed to be positively selected. Positive selection

is associated with the differentiation of 4 *8 * cells into CD4 or CD8 cells. Positive
selection involving peptide/class | MHC molecules leads to the development of CD8
cells, whereas positive selection involving peptide/class Il MHC molecules leads to the
development of CD4 cells. If a T cell recognizes a peptide/MHC complex with high
affinity, it is also eliminated via apoptosis (it is negatively selected).

The expression of the TCR depends on complex rearrangement processes that
generate TCR a and 3 (or ? and d) chains. Once expressed, these cells undergo two
important selection processes within the thymus. One, termed negative selection, is the
deletion of cells that express receptors that bind with high affinity to complexes of
self-peptides with self-MHC molecules. This is a major mechanism through which the
T-cell compartment develops immunologic unresponsiveness to self-antigens (see
Chapter 9 and Chapter 29). In addition, a second major selection process is positive
selection, in which T cells with receptors with “intermediate affinity” for self-peptides
bound to self-MHC molecules are selected, thus forming the basis of the T-cell
repertoire for foreign peptides associated with self-MHC molecules. It appears that T
cells that are not positively selected are eliminated in the thymic cortex by apoptosis.
Similarly, T cells that are negatively selected as a result of high-affinity binding to
self-peptide/self-MHC complexes are also deleted through apoptotic death. These two
selection processes result in the development of a population of T cells that are biased
toward the recognition of peptides in association with self-MHC molecules from which
those cells that are potentially auto-reactive (capable of high-affinity binding of
self-peptide/self-MHC complexes) have been purged.

One important event in the development of T cells is their differentiation from



double-positive cells into CD4+ or CD8+ single-positive cells. This process involves the
interaction of double-positive thymocytes with peptide bound to class Il or class | MHC
molecules on accessory cells. Indeed, CD4 binds to monomorphic sites on class Il
molecules, whereas CD8 binds to comparable sites on class | molecules. The capacity
of the TCR and CD4 (or of the TCR and CD8) to bind to a class Il MHC (or a class |
MHC) molecule on an accessory cell leads either to the differentiation of double-positive
thymocytes into CD4+ (or CD8+) single-positive T cells or to the selection of cells that
have “stochastically” differentiated down the CD4 (or CD8) pathway.

Less is understood about the differentiation of thymocytes that express TCRs composed
of ?/d chains. These cells fail to express either CD4 or CD8. However, ?/d cells are
relatively numerous early in fetal life; this, together with their limited degree of
heterogeneity, suggests that they may comprise a relatively primitive T-cell
compartment.

T-Lymphocyte Functions ( Chapter 10)

T cells mediate a wide range of immunologic functions. These include the capacity to
help B cells develop into antibody-producing cells, the capacity to increase the
microbicidal action of monocyte/macrophages, the inhibition of certain types of immune
responses, direct killing of target cells, and mobilization of the inflammatory response. In
general, these effects depend on their expression of specific cell-surface molecules and
the secretion of cytokines.

T Cells That Help Antibody Responses ( Chapter 10)

Helper T cells can stimulate B cells to make antibody responses to proteins and other
T-cell-dependent antigens. T-cell-dependent antigens are immunogens in which
individual epitopes appear only once or only a limited number of times so that they are
unable to cross-link the membrane Ig of B cells or do so inefficiently. B cells bind
antigen through their membrane Ig, and the complex undergoes endocytosis. Within the
endosomal and lysosomal compartments, antigen is fragmented into peptides by
proteolytic enzymes and one or more of the generated peptides are loaded into class |l
MHC molecules, which traffic through this vesicular compartment. The resulting
complex of class Il MHC molecule and bound peptide is exported to the B-cell surface
membrane. T cells with receptors specific for the peptide/class Il molecular complex
recognize that complex on the B cell.

B-cell activation depends not only on the binding of peptide/class || MHC complexes on
the B cell surface by the TCR but also on the interaction of T-cell CD154 with CD40 on
the B cell. T cells do not constitutively express CD154; rather, it is induced as a result of
an interaction with an activated APC that expresses a cognate antigen recognized by
the TCR of the T cell. Furthermore, CD80/86 are generally expressed by activated but
not resting B cells so that interactions involving resting B cells and naive T cells
generally do not lead to efficient antibody production. By contrast, a T cell already
activated and expressing CD154 can interact with a resting B cell, leading to its
up-regulation of CD80/86 and to a more productive T-cell/B-cell interaction with the
delivery of cognate help and the development of the B cell into an antibody-producing



cell. Similarly, activated B cells expressing large amounts of class Il molecules and
CD80/86 can act as effective APC and can participate with T cells in efficient cognate
help interactions. Cross-linkage of membrane Ig on the B cell, even if inefficient, may
synergize with the CD154/CD40 interaction to yield vigorous B-cell activation.

The subsequent events in the B-cell response program, including proliferation, Ig
secretion, and class switching either depend on or are enhanced by the actions of
T-cell-derived cytokines. Thus, B-cell proliferation and Ig secretion are enhanced by the
actions of several type | cytokines including IL-2 and IL-4. Ig class switching is
dependent both on the initiation of competence for switching, which can be induced by
the CD154/CD40 interaction, and on the targeting of particular C regions for switching,
which is determined, in many instances, by cytokines. The best-studied example of this
is the role of IL-4 in determining switching to IgG1 and IgE in the mouse and to 1gG4
and IgE in the human. Indeed, the central role of IL-4 in the production of IgE is
demonstrated by the fact that mice that lack the IL-4 gene or the gene for the IL-4
receptor a chain, as a result of homologous recombination-mediated gene knockouts,
have a marked defect in IgE production.

Although CD4+ T cells with the phenotype of T y» cells (i.e., IL-4, IL-13, IL-5, IL-6, and
IL-10 producers) are efficient helper cells, T y; cells also have the capacity to act as
helpers. Because T y; cells produce IFN-?, which acts as a switch factor for IgG2a in
the mouse, T y1-mediated help often is dominated by the production of IgG2a
antibodies.

Induction of Cellular Immunity ( Chapter 10)

T cells also may act to enhance the capacity of monocytes and macrophages to destroy
intracellular microorganisms. In particular, IFN-? enhances several mechanisms through
which mononuclear phagocytes destroy intracellular bacteria and parasites, including
the generation of nitric oxide and induction of tumor necrosis factor (TNF) production. T

H1-type cells are particularly effective in enhancing microbicidal action because they
produce IFN-?. By contrast, two of the major cytokines produced by T 4, cells, IL-4 and
IL-10, block these activities. Thus, T o cells often oppose the action of T 4 cells in

inducing cellular immunity and in certain infections with microorganisms that are
intracellular pathogens of macrophages, a T ,-dominated response may be associated

with failure to control the infection.
Regulatory T Cells ( Chapter 30)

There has been a longstanding interest in the capacity of T cells to diminish as well as
to help immune responses. Cells that mediate such effects are referred to as regulatory
or suppressor T cells. Reqgulatory T cells may be identified by their constitutive
expression of CD25, the IL-2 receptor alpha chain. These cells inhibit the capacity of
both CD4 and CD8 T cells to respond to their cognate antigens. The mechanisms
through which their suppressor function is mediated are still somewhat controversial. In
some instances, it appears that cell-cell contact is essential for suppression, whereas in



other circumstances production of cytokines by the regulatory cells has been implicated
in their ability to inhibit responses. Evidence has been presented for both IL-10 and
TGF as mediators of inhibition.

Regulatory T cells have been particularly studied in the context of various autoimmune
conditions. In the absence of requlatory cells, conventional T cells cause several types
of autoimmune responses, including autoimmune gastritis and inflammatory bowel
disease. Regulatory T cells express cell-surface receptors allowing them to recognize
autoantigens and their responses to such recognition results in the suppression of
responses by conventional T cells. Whether the T-cell receptor repertoire of the
regulatory cells and the conventional T cells are the same has not been fully
determined, nor it is completely clear whether regulatory (CD25+) T cells and
conventional T cells derive from distinct T-cell lineages or whether regulatory T cells
derive from conventional CD4+ T cells that may have been stimulated under certain
conditions.

Cytotoxic T Cells ( Chapter 36)

One of the most striking actions of T cells is the lysis of cells expressing specific
antigens. Most cells with such cytotoxic activity are CD8+ T cells that recognize
peptides derived from proteins produced within the target cell, bound to class | MHC
molecules expressed on the surface of the target cell. However, CD4+ T cells can
express CTL activity, although in such cases the antigen recognized is a peptide
associated with a class [l MHC molecule; often such peptides derive from exogenous
antigens.

There are two major mechanisms of cytotoxicity. One involves the production by the
CTL of perforin, a molecule that can insert into the membrane of target cells and
promote the lysis of that cell. Perforin-mediated lysis is enhanced by a series of
enzymes produced by activated CTLs, referred to as granzymes. Many active CTLs
also express large amounts of Fas ligand on their surface. The interaction of Fas ligand
on the surface of the CTL with Fas on the surface of the target cell initiates apoptosis in
the target cell.

CTL-mediated lysis is a major mechanism for the destruction of virally infected cells. If
activated during the period in which the virus is in its eclipse phase, CTLs may be
capable of eliminating the virus and curing the host with relatively limited cell
destruction. On the other hand, vigorous CTL activity after a virus has been widely
disseminated may lead to substantial tissue injury because of the large number of cells
that are killed by the action of the CTLs. Thus, in many infections, the disease is caused
by the destruction of tissue by CTLs rather than by the virus itself. One example is
hepatitis B, in which much of the liver damage represents the attack of HBV-specific
CTLs on infected liver cells.

It is usually observed that CTLs that have been induced as a result of a viral infection or
intentional immunization must be reactivated in vitro through the recognition of antigen
on the target cell. This is particularly true if some interval has elapsed between the time
of infection or immunization and the time of test. This has led to some question being



raised as to the importance of CTL immunity in protection against re-infection and how
important CTL generation is in the long-term immunity induced by protective vaccines.
On the other hand, in active infections, such as seen in HIV+ individuals, CTL that can
kill their targets cells immediately are often seen. There is much evidence to suggest
that these cells play an active role in controlling the number of HIV+ T cells.

CYTOKINES ( Chapter 23, Chapter 24, Chapter 25, and Chapter 26)

Many of the functions of cells of the immune system are mediated through the
production of a set of small proteins referred to as cytokines. These proteins can now be
divided into several families. They include the type | cytokines or hematopoietins that
encompass many of the interleukins (i.e., IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-11,
IL-12, IL-13, IL-15, IL-21 and IL-23), as well as several hematopoietic growth factors;
the type Il cytokines, including the interferons and IL-10; the TNF-related molecules,
including TNF, lymphotoxin, and Fas ligand; Ig superfamily members, including IL-1 and
IL-18; and the chemokines, a growing family of molecules playing critical roles in a wide
variety of immune and inflammatory functions.

Many of the cytokines are T-cell products; their production represents one of the means
through which the wide variety of functions of T cells are mediated. Most cytokines are
not constitutive products of the T cell. Rather, they are produced in response to T-cell
activation, usually resulting from presentation of antigen to T cells by APCs in concert
with the action of a co-stimulatory molecule, such as the interaction of CD80/86 with
CD28. Although cytokines are produced in small quantities, they are very potent,

binding to their receptors with equilibrium constants of approximately 10 10 M 1. In
some instances, cytokines are directionally secreted into the immunological synapse
formed between a T cell and an APC. In such cases, the cytokine acts in a paracrine
manner. Indeed, many cytokines have limited action at a distance from the cell that
produced them. This appears to be particularly true of many of the type | cytokines.
However, other cytokines act by diffusion through extracellular fluids and blood to target
cells that are distant from the producers. Among these are cytokines that have
pro-inflammatory effects, such as IL-1, IL-6, and TNF, and the chemokines, which play
important roles in regulating the migration of lymphocytes and other cell types.

Chemokines ( Chapter 26)

A large family of small proteins that are chemotactic cytokines (chemokines) have been
described. While members of this family have a variety of functions, perhaps the most
dramatic is their capacity to regulate leukocyte migration and thus to act as critical
dynamic organizers of cell distribution in the immune and inflammatory responses. The
receptors for chemokines are seven transmembrane-spanning, G-protein coupled
receptors.

The chemokines are subdivided based on the number and positioning of their highly
conserved cysteines. Among chemokines with four conserved cysteines, the cysteines
are adjacent in one large group (the CC chemokines) while in a second large group they
are separated by one amino acid (CXC chemokines). There are also rare chemokines in



which the cysteins are separated by three amino acids (CX3C) or in which there are
only two conserved cysteins (C chemokines).

Individual chemokines may signal through more than one chemokine recptor and
individual receptors may interact with more than one chemokine, producing a very
complex set of chemokine/chemokine receptor pairs and providing opportunities for
exceedingly fine regulation of cellular functions.

THE MAJOR HISTOCOMPATIBILITY COMPLEX AND ANTIGEN
PRESENTATION ( Chapter 19 and Chapter 20)

The MHC has already been introduced in this chapter in the discussion of T-cell
recognition of antigen-derived peptides bound to specialized grooves in class | and
class Il MHC proteins. Indeed, the class | and class || MHC molecules are essential to
the process of T-cell recognition and response. Nonetheless, they were first recognized
not for this reason but because of the dominant role that MHC class | and class Il
proteins play in transplantation immunity (see Chapter 47).

When the genetic basis of transplantation rejection between mice of distinct inbred
strains was sought, it was recognized that although multiple genetic regions contributed
to the rejection process, one region played a dominant role. Differences at this region
alone would cause prompt graft rejection, whereas any other individual difference
usually resulted in a slow rejection of foreign tissue. For this reason, the genetic region
responsible for prompt graft rejection was termed the major histocompatibility complex.

In all higher vertebrates that have been thoroughly studied, a comparable MHC exists.
The defining features of the MHC are the transplantation antigens that it encodes.
These are the class | and class || MHC molecules. The genes encoding these
molecules show an unprecedented degree of polymorphism. This together with their
critical role in antigen presentation explains their central role as the target of the immune
responses leading to the rejection of organ and tissue allografts.

The MHC also includes other genes, particularly genes for certain complement
components. In addition, genes for the cytokines TNF-a and lymphotoxin (also
designated TNF-3) are found in the MHC.

Class | MHC Molecules ( Chapter 19)

Class | MHC molecules are membrane glycoproteins expressed on most cells. They
consist of an a chain of approximately 45,000 daltons noncovalently associated with
32-microglobulin, a 12,000-dalton molecule ( Fig. 11). The gene for the a chain is
encoded in the MHC, whereas that for 32-microglobulin is not. Both the a chain and
32-microglobulin are Ig supergene family members. The a chain is highly polymorphic,
with the polymorphisms found mainly in the regions that constitute the binding sites for
antigen-derived peptides and the contact sites for the TCR.
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FIG. 11. Model of the class | HLA-A2 molecule. A schematic representation of the
structure of the HLA-A2, class | MHC molecule. The polymorphic al and a2 domains
are at the top. They form a groove into which antigen-derived peptides fit to form the
peptide/MHC class | complex that is recognized by TCRs of CD8+ T cells. From
Bjorkman PJ, Saper MA, Sauraomi B, et al., Structure of human class-I
histocompatibility HLA-A. Nature 1987;329:506-512, with permission.

The class | a chain consists of three extracellular regions or domains, each of similar
length, designated al, a2, and a3. In addition, a chains have a membrane-spanning
domain and a short carboxy-terminal cytoplasmic tail. The crystal structure of class |
molecules indicates that the al and a2 domains form a site for the binding of peptides
derived from antigens. This site is defined by a floor consisting of 3 sheets and bounded
by a-helical walls. The polymorphisms of the class | molecule are mainly in these areas.

In the human, three loci encoding classical class | molecules have been defined; these
are designated HLA-A, HLA-B, and HLA-C. All display high degrees of polymorphism. A
similar situation exists in the mouse. In addition, there are a series of genes, defined
principally in the mouse, that encode class I-like molecules (class Ib molecules).
Recently, some of these also have been shown to have antigen-presenting activity for
formylated peptides, suggesting that they may be specialized to present certain
prokaryotic antigens. In addition, the class Ib molecule CD1 has been shown to have
antigen-presenting function for mycobacterial lipids, providing a mechanism through
which T cells specific for such molecules can be generated. In the mouse,
a-galactosylceramide bound to CD1 is recognized by a novel class of T cells (NK T
cells) that produce large amounts of cytokines upon stimulation.

Class Il MHC Molecules ( Chapter 19)



Class Il MHC molecules are heterodimeric membrane glycoproteins. Their constituent
chains are designated a and 3; both chains are immunoglobulin supergene family
members, and both are encoded within the MHC. Each chain consists of two
extracellular domains (al and a2; 31 and 32, respectively), a hydrophobic domain, and
a short cytoplasmic segment. The overall conformation of class Il MHC molecules
appears to be quite similar to that of class | molecules. The peptide-binding site of the
class Il molecules is contributed to by the al and R1 domains ( Fig. 5); it is within these
domains that the majority of the polymorphic residues of class Il molecules are found.

A comparison of the three-dimensional structures of class | and class Il molecules
indicates certain distinctive features that explain differences in the length of peptides
that the two types of MHC molecules can bind. Class | molecules generally bind
peptides with a mean length of nine amino acids, whereas class Il molecules can bind
substantially larger peptides.

In the mouse, class || MHC molecules are encoded by genes within the | region of the
MHC. These molecules are often referred to as | region—associated (la) antigens. Two
sets of class Il molecules exist, designated I-A and I-E, respectively. The a and 3 chains
of the I-A molecules (Aa and ARR) pair with one another, as do the a and 3 chains of I-E
(Ea and ER). In general, cross-pairing between I-A and I-E chains does not occur,
although exceptions have been described. In heterozygous mice, a and 3 chains

encoded on alternative chromosomes (i.e., Aa b and AR k) may cross-pair so that
heterozygous mice can express both parental and hybrid class || molecules. However,
the degree of cross-pairing is allele specific; not all hybrid pairs are formed with equal
efficiency.

In the human, there are three major sets of class Il molecules, encoded in the DR, DQ,
and DP regions of the HLA complex.

Class Il molecules have a more restricted tissue distribution than do class | molecules.
Class Il molecules are found on B cells, dendritic cells, epidermal Langerhans cells,
macrophages, thymic epithelial cells, and, in the human, activated T cells. Levels of
class Il molecule expression are regulated in many cell types by interferons and in B
cells by IL-4. Indeed, interferons can cause expression of class Il molecules on many
cell types that normally lack these cell-surface molecules. Interferons also can cause
striking up-regulation in the expression of class | MHC molecules. Thus,
immunologically mediated inflammation may result in aberrant expression of class Il
MHC molecules and heightened expression of class | molecules. Such altered
expression of MHC molecules can allow cells that do not normally function as APCs for
CD4+ T cells to do so and enhances the sensitivity of such cells to CD8+ T cells. This
has important consequences for immunopathologic responses and for autoimmunity.

Antigen Presentation ( Chapter 20)

As already discussed, the function of class | and class Il MHC molecules is to bind and
present antigen-derived peptides to T cells whose receptors can recognize the



peptide/MHC complex that is generated. There are two major types of
antigen-processing pathways, specialized to deal with distinct classes of pathogens that
the T cell system must confront ( Fig. 8).

Extracellular bacteria and extracellular proteins enter APCs by endocytosis or
phagocytosis. Their antigens and the antigens of bacteria that live within endosomes or
lysosomes are fragmented in these organelles and peptides derived from the antigen
are loaded into class Il MHC molecules as these proteins traverse the vesicular
compartments in which the peptides are found. The loading of peptide is important in
stabilizing the structure of the class || MHC molecule. The acidic pH of the
compartments in which loading occurs facilitates the loading process. However, once
the peptide-loaded class Il molecules reaches neutral pH, such as at the cell surface,
the peptide/MHC complex is stable. Peptide dissociation from such class Il molecules is
very slow, with a half-time measured in hours. The peptide/class Il complex is
recognized by T cells of the CD4 class with complementary receptors. As already
pointed out, the specialization of CD4+ T cells to recognize peptide/class || complexes is
due to the affinity of the CD4 molecule for monomorphic determinants on class Il
molecules. Obviously, this form of antigen processing can only apply to cells that
express class Il MHC molecules. Indeed, APCs for CD4+ T cells principally include cells
that normally express class II| MHC molecules, including dendritic cells, B cells, and
macrophages.

T cells also can recognize proteins that are produced within the cell that presents the
antigen. The major pathogens recognized by this means are viruses and other obligate
intracellular (honendosomal/lysosomal) microbes that have infected cells. In addition,
proteins that are unigue to tumors, such as mutant oncogenes, or are overexpressed in
tumors also can be recognized by T cells. Endogenously produced proteins are
fragmented in the cytosol by the proteases in the proteasome. The resultant peptides
are transported into the rough endoplasmic reticulum, through the action of a
specialized transport system. These peptides are then available for loading into class |
molecules. In contrast to the loading of class Il molecules, which is facilita