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

The changes in format that have evolved through the 
previous editions to make the book easier to read have 
been retained. These include the use of bold italic text 
to highlight "take-home messages," presentation of 
experimental results in bulleted lists distinguishable 

from the main text, and the use of boxes (including 
several new ones) to present detailed information 
about experimental approaches, disease entities, and 
selected molecular or biological processes. We have also 
strived to further improve the clarity of illustrations by 
simplifying the iconography. The table format has been 
completely reworked to improve readability. 

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

Abul K. Abbas 
Andrew H. Lichtman 
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ie first two chapters of this book introduce the 
omenclature of immunology and the components 
f the immune system. In Chapter 1, we describe the 
pes of immune responses and their general prop- 

rties and introduce the fundamental principles that 
overn all immune responses. Chapter 2 is devoted to 
description of the cells and tissues of the immune 

em; with an emphasis on their anatomic organiza- 
and structure-function relationships. This sets the 



T h e  term immunity is derived from the Latin word 
immunitas, which referred to the protection from legal 
prosecution offered to Roman senators during their 
tenures in office. Historically, immunity meant pro- 
tection from disease and, more specifically, infectious 
disease. The cells and molecules responsible for im- 
munity constitute the immune system, and their collec- 
tive and coordinated response to the introduction of 
foreign substances is called the immune response. 

The physiologic function of the immune system is 
defense against infectious microbes. However, even 
noninfectious foreign substances can elicit immune 
responses. Furthermore, mechanisms that normally 
protect individuals from infection and eliminate 
foreign substances are themselves capable of causing 
tissue injury and disease in some situations. Therefore, 
a more inclusive definition of immunity is a reaction 
to foreign substances, including microbes, as well as to 
macromolecules such as proteins and polysaccha- 
rides, regardless of the physiologic or pathologic con- 
sequence of such a reaction. Immunology is the study 
of immunity in this broader sense and of the cellular 
and molecular events that occur after an organism en- 
counters microbes and other foreign macromolecules. 

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

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

lnnate and Adaptive Immunity 

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

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

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

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

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

The mechanisms of innate immunity provide the initial defense against infections. Adaptive 
immune responses develop later and consist of activation of lymphocytes. The kinetics of the innate 
and adaptive immune responses are approximations and may vary in different infections. 

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

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

Table 1-2. Features of lnnate and Adaptive Immunity 

I lnnate 1 Adaptive 

For structures shared by For antigens of microbes a1 
groups of related microbes for nonmicrobial antiger- 

Limited; germline-encoded Very large; receptors are produced 
by somatic recombination of I 

I gene segments I 
1 I 

. I . .  . .:' I;?,:,;&., , . t . ,.. . .I 

I , Yes . $ .  . I l,'. ,. 
., . . ,  . . U., 

I , . .  . .  . , . .  , . . .  . ,  . ,'I t 1  
. , I ,. , '. .: , ' . . . .  I . 

es 1 yes 

f Antibodies 

I This table lists the major characteristics and components of innate and adaptive immune responses. lnnate 1 
immunity is discussed in much more detail in Chapter 12. i 



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

Various cells in invertebrates respond to microbes by 
surrounding these infectious agents and destroying them. 
These responding cells resemble phagocytes and have been 
called phagocytic amebocytes in acelomates, hemocytes 
in molluscs and arthropods, coelomocytes in annelids, 
and blood leukocytes in tunicates. Invertebrates do not 
contain antigen-specific lymphocytes and do not produce 
immunoglobulin (Ig) molecules or complement proteins. 
However, they contain a number of soluble molecules that 
bind to and lyse microbes. These molecules include lectin- 
like proteins, which bind to carbohydrates on microbial cell 
walls and agglutinate the microbes, and numerous lytic and 
antimicrobial factors such as lysozyme, which is also pro- 
duced by neutrophils in higher organisms. Phagocytes in 
some invertebrates may be capable of secreting cytokines 
that resemble macrophage-derived cytokines in the verte- 
brates. Thus, host defense in invertebrates is mediated by 
the cells and molecules that resemble the effector mecha- 
nisms of innate immunity in higher organisms. 

Many studies have shown that invertebrates are capable 
of rejecting foreign tissue transplants, or allografts. (In 
vertebrates, this process of graft rejection is dependent on 
adaptive immune responses.) If sponges (Porifera) from 
two different colonies are parabiosed by being mechani- 
cally held together, they become necrotic in 1 to 2 weeks, 
whereas sponges from the same colony become fused and 
continue to grow. Earthworms (annelids) and starfish 
(echinoderms) also reject tissue grafts from other species 
of the phyla. These rejection reactions are mediated 
mainly by phagocyte-like cells. They differ from graft rejec- 
tion in vertebrates in that specific memory for the grafted 
tissue either is not generated or is difficult to demonstrate. 
Nevertheless, such results indicate that even invertebrates 
must express cell surface molecules that distinguish self 
from nonself, and such molecules may be the precursors 
of histocompatibility molecules in vertebrates. 

The various components of the mammalian immune 
system appear to have arisen together in phylogeny and 
have become increasingly specialized with evolution (see 
Table). Thus, of the cardinal features of adaptive immune 
responses, specificity, memory, self/nonself discrimina- 
tion, and a capacity for self-limitation are present in the 
lowest vertebrates, and diversity of antigen recognition 
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lymphocytes and their products. Foreign substances bodies, first appeared in jawed vertebrates and became 
that induce specific immune responses or are the , increasingly specialized with further evolution. 
targets of such responses are called antigens. By con- 
vention, the terms immune responses and immune system 
refer to adaptive immunity, unless stated otherwise. 

Innate and adaptive immune responses are compo- T 
nents of an integrated system of host defense in which / _ -, _ _ _ _ 
numerous cells and molecules function cooperatively. 
The mechanisms or innate immunity provide effective There are two types of adaptive immune responses, 
defense against infections. However, many pathogenic called humoral immunity and cell-mediated immu- 
microbes have evolved to resist innate immunity, and nity, that are mediated by different components of the 
their elimination requires the powerful mechanisms immune system and function to eliminate different 
of adaptive immunity. There are two important links types of microbes (Fig. 1-2). Humoral immunity is 
between innate immunity and adaptive immunity. First, mediated by molecules in the blood and mucosal secre- 
the inriate immune response to microbes stimulates tions, called antibodies, that are produced by cells 
adaptive immune responses and influences the nature called B lymphocytes (also called B cells). Antibodies 
of the adaptive responses. Second, adaptive immune recognize microbial antigens, neutralize the infectivity 
responses use many of the effector mechanisms of of the microbes, and target microbes for elimination 
innate immunity to eliminate microbes, and they often by various effector mechanisms. Humoral immunity is 
function by enhancing the antimicrobial activities of the principal defense mechanism against extracellular 
the defense mechanisms of innate immunity. We will microbes and their toxins because secreted antibodies 
return to a more detailed discussion of the mecha- can bind to these microbes and toxins and assist in their 
nisms and physiologic functions of innate immunity in elimination. Antibodies themselves are specialized, 
Chapter 12. and different types of antibodies may activate different 

Innate immunity is phylogenetically the oldest effector mechanisms. For example, some types of 
system of host defense, and the adaptive immune antibodies promote phagocytosis, and others trigger 
system evolved later (Box 1-1). In invertebrates, host the release of inflammatory mediators from leukocytes 
defense against foreign invaders is mediated largely such as mas1 cells. Cell-mediated immunity, also called 
by the mechanisms of innate immunity, including cellular immunity, is mediated by T lymphocytes (also 
phagocytes and circulating molecules that resemble the called T cells). Intracellular microbes, such as viruses 
plasma proteins of innate immunity in vertebrates. and some bacteria, survive and proliferate inside 
Adaptive immunity, consisting of lymphocytes and anti- phagocytes and other host cells, where they are inac- 

--  eases progressively .._ the higher ,. .,. ,,wed 
vertebrates contain antibody molecules pearance of 
antibodies coincides with the development or specialized 
genetic mechanisms for generating a diverse repertoire. 
Fishes have only one type of antibody, called IgM; 
number increases to two types in amphibians such as 
Xenopus and to seven or eight types in mammals. The 
diversity of antibodies is much lower in Xm+s tha 
mammals, even though the genes coding for antibo 
are structurally similar. ~ ~ m ~ h o c ~ t e s  that have some c 

eristics of both B and T cells are probably present in 

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

Protective immunity against a microbe may be 
induced by the host's response to the microbe or by the 
transfer of antibodies or lymphocytes specijic for 
the microbe (Fig. 1- 3).  The form of immunity that is 
induced by exposure to a foreign antigen is called active 
immunity because the immunized individual plays an 
active role in responding to the antigen. Individuals 
and lymphocytes that have not encountered a particu- 
lar antigen are said to be naive. Individuals who have 
responded to a microbial antigen and are protected 
from subsequent exposures to that microbe are said to 
be immune. 

Immunity can also be conferred on an individual by 
transferring serum or lymphocytes from a specifically 
immunized individual, a process known as adoptive 

higher 

transfer in experimental situations. The recipient of 
such a transfer becomes immune to the particular 
antigen without ever having been exposed to or having 
responded to that antigen. Therefore, this form of 
immunity is called passive immunity. Passive immu- 
nization is a useful method for conferring resistance 
rapidly, without having to wait for an active immune 
response to develop. An example of passive immunity 
is the transfer of maternal antibodies to the fetus, which 
enables newborns to combat infections before they 
acquire the ability to produce antibodies themselves. 
Passive immunization against bacterial toxins by the 
administration of antibodies from immunized animals 
is a lifesaving treatment of potentially lethal infections, 
such as tetanus. The technique of adoptive transfer has 
also made it possible to define the various cells and mol- 
ecules that are responsible for mediating specific immu- 
nity. In fact, humoral immunity was originally defined 
as the type of immunity that could be transferred 
to unimmunized, or naive, individuals by antibody- 
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Figure 1-2 Types of adaptive 
immunity. 

In humoral immunity, B lymphocytes 
, secrete antibodies that prevent infections Microbial antigen 

(vaccine or infection) 

Yes Yes 
immunity 

by and eliminate extr&ellular microbes. 
In cell-mediated immunity, T lympho- 
cytes either activate macrophages to 
kill phagocytosed microbes or cytolytic T 
lymphocytes directly destroy infected 

: lntracellular cells. 
microbes 
(e.g., viruses) 
re licating within 
in P ected cell 

Extracellular 
microbes 

~hagocytosed 
microbes in 
macrophage 

B lymphocyte 

or cells (T lymphocytes) 
from immune animal 

immunity Yes No 

I Secreted 
antibodv 

mechanism PEl Figure 1-3 Active and passive immunity. 
Active immunity is conferred by a host response to a microbe or microbial antigen, whereas passive 

immunity is conferred by adoptive transfer of antibodies or T lymphocytes specific for the microbe. 
Both forms of immunity provide resistance to infection (immunity) and are specific for microbial anti- 
gens, but only active immune responses generate immunologic memory. 

Serum ~~ransferredbyll (antibodies) 

Cells 
(T lymphocytes) 

Cells 
j (T lymphocytes) 

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

In the clinical setting, immunity to a previously 
encountered microbe is measured indirectly, either 
by assaying for the presence of products of immune 
responses (such as serum antibodies specific for micro- 
bial antigens) or by administering substances purified 
from the microbe and measuring reactions to these sub- 
stances. A reaction to a microbial antigen is detectable 
only in individuals who have previously encountered 
the antigen; these individuals are said to be "sensitized" 
to the antigen, and the reaction is an indication of "sen- 
sitivity." Although the reaction to the purified antigen 
has no protective function, it implies that the sensitized 
individual is capable of mounting a protective immune 
response to the microbe. 

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

infections and 
eliminate 

extracellular 
microbes 

Activate 
macrophages 

to kill 
phagocytosed 

microbes 

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

of anlibodies and antigens are described in Chapter 3.) 
In 1900, Paul Ehrlich provided a theoretical framework 
for the specificity of antigen-antibody reactions, the 
experimental proof for which came during the next 50 
years from the work of Landsteiner and others using 
simple chemicals as antigens. Ehrlich's theories of the 
physicochemical complementarity of antigens and anti- 
bodies are remarkable for their prescience. This early 
emphasis on antibodies led to the general acceptance 
of the humoral theory of immunity, according to which 
immunity is mediated by substances present in body 
fluids. 

The cellular theory of immunity, which stated that 
host cells were the principal mediators of immunity, 
was championed initially by Elie Metchnikoff. His 
demonstration of phagocytes surrounding a thorn 
stuck into a translucent starfish larva, published in 
1893, was perhaps the first experimental evidence that 
cells respond to foreign invaders. Sir Almroth Wright's 
observation in the early 1900s that factors in immune 
serum enhanced the phagocytosis of bacteria by coating 
the bacteria, a process known as opsonization, lent 
support to the belief that antibodies preparcd microbes 

Table 1-3. Cardinal Features of Adaptive Immune Responses 

containing cell-free portions of the blood (i.e., plasma 
or serum [once called humors]) obtained from previ- 
ously immunized individuals. Similarly, cell-mediated 
immunity was defined as the form of immunity that can 
be transferred to naive individuals with cells (T lyrnpho- 
cytes) from immunized individuals but not with plasma 
or serum. 

The first experimental demonstration of humoral 
immunity was provided by Emil von Behring and 
Shibasaburo Kitasato in 1890. They showed that if 
serum from animals who had recovered from diphthe- 
ria infection was transferred to naive animals, the re- 
cipients became specifically resistant to diphtheria 
infection. The active components of the serum were 
called antitoxins because they neutralized the patho- 
logic effects of the diphtheria toxin. In the early 1900s, 
Karl Landsteiner and other investigators showed that 
not only toxins but also nonmicrobial substances could 
induce humoral immune responses. From such studies 
arose the more general term antibodies for the serum 
proteins that mediate humoral immunity. Substances 
that bound antibodies and generated the production of 
antibodies were then called antigens. (The properties 

r ;  7 3- 

Feature&&i$$& Functional significance 
3 - 

$pedficky Ensures that distinct antigens 
. ~ L  

, * 
' .  . i - - &  

elicit specific responses 

I Enables immune system to 
respond to a large variety of antigens I 
Leads to enhanced responses to 

I of microbes I 

Self-lirnita.Ei0n Allows immune system to respond to 
.. f : 

-. newly encountered antigens 

Cardinal Features of Adaptive 
lmmune Responses I Nofireactivity Prevents injury to the host during 

to Self . : responses to foreign antigens I 
The features of adaptive immune responses are essential for 
the functions of the immune system. All humoral and cell-mediated immune responses to 

foreign antigens have a number of fundamental prop- 
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parts of such antigens that are specifically recognized 
by individual lymphocytes are called determinants or 
epitopes. This fine specificity exists because individ- 
ual lymphocytes express membrane receptors that 
are able to distinguish subtle differences in structure 
between distinct antigens. Clones of lymphocytes 
with different specificities are present in unimmu- 
nized individuals and are able to recognize and 
respond to foreign antigens. This concept is the basic 
tenet of the clonal selection hypothesis, which is dis- 
cussed in more detail later in this chapter. 

The total number of antigenic specificities of the 
lymphocytes in an individual, called the lymphocyte 
repertoire, is extremely large. It is estimated that the 
immune system of an individual can discriminate 10' 
to lo9 distinct antigenic determinants. This property 
of the lymphocyte repertoire is called diversity. It is 
the result of variability in the structures of the 
antigen-binding sites of lymphocyte receptors for 
antigens. In other words, there are many different 
clones of lymphocytes that differ in the structures of 
their antigen receptors and thcrefore in their speci- 
ficity for antigens, creating a total repertoire that is 
extremely diverse. The molecular mechanisms that 
generate such diverse antigen receptors are dis- 
cussed in Chapter 7. 

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

Figure 1-4 Specificity, mem- 
ory, and self-limitation of 
immune responses. 

Antigens X and Y induce the 
production of different antibodies 
(specificity). The secondary re- 
sponse to antigen X is more rapid 
and larger than the primary 
response (memory). Antibody 
levels decline with time after each 
immunization (self-limitation).The 
same features are seen in cell- 
mediated immune responses. 

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

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

Self-limitation. All normal immune responses wane 
with time after antigen stimulation, thus returning 
the immune system to its resting basal state, a process 
called homeostasis (see Fig. 1-4). Homeostasis is 

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

Nonreactivity to self. One of the most remarkable 
properties of every normal individual's immune 
system is its ability to recognize, respond to, and 
eliminate many foreign (nonself) antigens while not 
reacting harmfully to that individual's own (self) 
antigenic substances. Im-munologic unresponsive- 
ness is also called tolerance. Tolerance to self anti- 
gens, or self-tolerance, is maintained by several 
mechanisms. These include eliminating lymphocytes 
that express receptors specific for some self antigens 
and allowing lymphocytes to encounter other self 
antigens in settings that either fail to stimulate or 
lead to functional inactivation of the self-reactive 
lymphocytes. The mechanisms of self-tolerance and 
discrimination between self and foreign antigens 
are discussed in Chapter 10. Abnormalities in the 
induction or maintenance of self-tolerance lead to 
immune responses against self antigens (autologous 
antigens), often resulting in disorders called auto- 
immune diseases. The development and pathologic 
consequences of autoimmunity are described in 
Chapter 18. 

These features of ada~tive immunity are necessary if 
the immune system is to perform its normal function 
of host defense (see Table 1-3). Specificity and mem- 
ory enable the immune system to mount heightened 
responscs to pcrsistent or recurring stimulation with 
the same antigen and thus to combat infections that are 
prolonged or occur repeatedly. Diversity is essential if 
the immune system is to defend individuals against the 
many potential pathogens in the environment. Special- 
ization enables the host to "custom design" responses 
to best combat many different types of microbes. Self- 
limitation allows the system to return to a state of rest 
after it eliminates each foreign antigen and to be pre- 
pared to respond to other antigens. Self-tolerance is 
vital for preventing reactions against one's own cells 
and tissues while maintaining a diverse repertoire of 
lymphocytes specific for foreign antigens. 

Cellular Components of the 
Adaptive Immune System 

The principal cells of the immune system are lympho- 
cytes, antigen-presenting cells, and efector cells. Lym- 
phocytes are the cells that specifically recognize and 
respond to foreign antigens and are therefore the medi- 
ators of humoral and cellular immunity. There are dis- 
tinct subpopulations of lymphocytes that differ in how 
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they recognize antigens and in their functions (Fig. 
1-5). B lymphocytes are the only cells capable of 
producing antibodies. They recognize extracellular 
(including cell surface) antigens and differentiate into 
antibody-secreting cells, thus functioning as the media- 
tors of humoral immunity. T lymphocytes, the cells of 
cell-mediated immunity, recognize the antigens of 
intracellular microbes and function to destroy these 
microbes or the infected cells. T cells do not produce 
antibody molecules. Their antigen receptors are mem- 
brane molecules distinct from but structurally related 
to antibodies (see Chapter 6). '1' lymphocytes have a 
restricted specificity for antigens; they recognize only 
peptide antigens attached to host proteins that are 
encoded by genes in the major histocompatibility 
complex (MHC) and that are expressed on the surfaces 
of other cells. As a result, these T cells recognize and 
respond to cell surface-associated but not soluble anti- 
gens (see Chapter 5). T lymphocytes consist of func- 
tionally distinct populations, the best defined of which 
are helper T cells and cytolytic, or cytotoxic, T lym- 
phocytes (CTLs) . In response to antigenic stimulation, 
helper T cells secrete proteins called cytokines, whose 
function is to stimulate the proliferation and differen- 
tiation of thc T cclls as well as other cells, including B 
cells, macrophages, and other leukocytes. CTLs kill 
cells that produce foreign antigens, such as cells 
infected by viruses and other intracellular microbes. 
Some T lymphocytes, which are called regulatory T 
cells, may function mainly to inhibit immune responses. 
The nature and physiologic roles of these regulatory T 
cells are incompletely understood (see Chapter 10). A 
third class of lymphocytes, natural killer (NK) cells, is 
involved in innate immunity against viruses and other 
intracellular microbes. We will return to a more de- 
tailed discussion of the properties of lymphocytes in 
Chapter 2. 

The initiation and development of adaptive immune 
responses require that antigens be captured and dis- 
played to specific lymphocytes. The cells that serve this 
role are called antigen-presenting ceUs (AF'Cs). The 
most highly specialized APCs are dendritic cells, which 
capture microbial antigens that enter from the external 
environment, transport these antigens to lymphoid 
organs, and present the antigens to naive T lym- 
phocytes to initiate immune responses. Other cell types 
function as APCs at different stages of cell-mediated 
and humoral immune responses. We will describe the 
functions of MCs in Chapter 5. 

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

Lymphocytes and accessory cells are concentrated in 
anatomically discrete lymphoid organs, where they 
interact with one another to initiate immune responses. 
Lymphocytes are also present in the blood; from the 
blood, they can recirculate to lymphoid tissues and to 
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Figure 1-6 Phases of adaptive immune responses. 
Adaptive immune responses consist of distinct phases, the first three being the recognition of 

antigen, the activation of lymphocytes, and the effector phase (elimination of antigen). The response 
declines as antigen-stimulated lymphocytes die by apoptosis, and the antigen-specific cells that survive 
are responsible for memory. The duration of each phase may vary in different immune responses. 
The y-axis represents an arbitrary measure of the magnitude of the response. These principles apply 
to humoral immunity (mediated by B lymphocytes) and cell-mediated immunity (mediated by T 
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Figure 1-5 Classes of lymphocytes. 
B lymphocytes recognize soluble antigens and develop into antibody-secreting cells. Helper T lym- 

phocytes recognize antigens on the surfaces of antigen-presenting cells and secrete cytokines, which 
stimulate different mechanisms of immunity and inflammation. Cytolytic T lymphocytes recognize 
antigens on infected cells and kill these cells. Natural killer cells use receptors that are not fully iden- 
tified to recognize and kill their targets, such as infected cells. 

lymphocytes). 

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

thesis to explain how the immune system could respond 
to a large number and variety of antigens. According to 
this hypothesis, antigen-specific clones of lymphocytes 
develop before and independent of exposure to 
antigen. The cells constituting each clone have identical 
antigen receptors, which are different from the recep- 
tors on the cells of all other clones. Although it is diffi- 
cult to place an upper limit on the number of antigenic 
determinants that can be recognized by the mammalian 
immune system, a frequently used estimate is on the 
order of 10' to 10'. This is a reasonable approximation 
of the number of different antigen receptor proteins 
that are produced and thcrcfore reflects the number of 
distinct clones of lymphocytes present in each individ- 
ual. Foreign antigens interact with preexisting clones of 
antigen-specific lymphocytes in the specialized lym- 
phoid tissues where immune responses are initiated. 

The key postulates of the clonal selection hypothesis 
have been convincingly proved by a variety of experi- 
ments and form the cornerstone of the current con- 
cepts of lymphocyte specificity and antigen recognition. 

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

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

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

Phases of Adaptive lmmune 
Responses 

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

Recognition of Antigens 

Every individual possesses numerous clonally derived 
lymphocytes, each clone hauing arisen from a single 
precursor and being capable of recognizing and re- 
sponding to a distinct antigenic determinant, and 
when an antigen enters, i t  selects a specijic preexisting 
clone and activates i t  (Fig. 1-7). This fundamental 
concept is called the clonal selection hypothesis. It was 
first suggested by Niels Jerne in 1955, and most clearly 
enunciated by Macfarlane Burnet in 1957, as a hypo- 

@ More recently, methods for assaying the expansion 
of antigen-specific lymphocyte populations i n  vivo have 
shown that administration of an antigen stimulates 
expansion of specific lymphocyte populations and no 
detectable response of other, "bystander," lymphocyte 
populations that are not specific for that antigen (see 
Chapters 8 and 9). 

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



I Section I - Introduction to Immunology 

1-1 clones mature 

in generative 
lymphoid organs, . / in the absence 

of-antigens, , 

lymphocytes 
specific for diverse 

Lymphocyte 
Mature 

activated 
("selected") 

immune 
i-X 
body 

Activation of Lymphocytes 

The activation of lymphocytes requires two distinct 
signals, the j r s t  being antigen and the second being 
either microbial products or components of innate 
immune responses to microbes (Fig. 1-8). This idea is 
called the two-signal hypothesis for lymphocyte activa- 
tion. The requirement for antigen (so-called signal 1) 
ensures that the ensuing immune response is specific. 
The requirement for additional stimuli triggered by 
microbes or innate immune reactions to microbes 
(signal 2) ensures that immune responses are induced 
when they are needed (i.e., against microbes and other 
noxious substances) and not against harmless sub- 

Figure 1-7 The clonal selection hypo- 
thesis. 

Each antigen (X or Y) selects a preexisting 
clone of specific lymphocytes and stimulates 
the proliferation and differentiation of that 
clone. The diagram shows only B lymphocytes 
giving rise to antibody-secreting effector 
cells, but the same principle applies to T 
lymphocytes. 

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

" 
stances, including self antigens. We will return to the 
nature of second signals for lymphocyte activation in Homeostasis: Decline of Immune Res~onses . 
Chapters 8 and 9. 

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

At the end of an immune response, the immune system 
rcturns to its basal resting state, in large part because 
most of the progeny of antigen-stimulated lymphocytes 
die by apoptosis. Apoptosis is a form of regulated, phys- 
iologic cell death in which the nucleus undergoes con- 
densation and fragmentation, the plasma membrane 
shows blebbing and vesiculation, the internal seaues- 
tration of some membrane lipids is lost, and the iead 

Effector Phase of lmmune Responses: cells are rapidly phagocytosed without their contents 

Elimination of Antigens being released. (This process contrasts with necrosis, a 
type of cell death in which the nuclear and plasma 

During the effector phase of immune responses, lym- membranes break down and cellular contents often 
phocytes that have been specijcally activated by spill out, inducing a local inflammatory reaction.) A 
antigens perform the effector functions that lead to the large fraction of antigen-stimulated lymphocytes under- 
elimination of the antigens. Antibodies and T lympho- goes apoptosis, probably because the survival of lym- 
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Figure 1-8 The two-signal requirement for lymphocyte 
activation. 

Antigen recognition by lymphocytes provides signal 1 for the acti- 
vation of the lymphocytes, and components of microbes or sub- 
stances produced during innate immune responses to microbes 
provide signal 2. In this illustration, the lymphocytes are B cells, but 
the same principles apply to T lymphocytes. The nature of second 
signals differs for B and T cells and is described in later chapters. 

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

In Sections 11, 111, and IV, we describe in detail the 
recognition, activation, effector phases, and regulation 
of adaptive immune responses. The principles intro- 
duced in this chapter recur throughout the book. 

Summary 

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

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

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

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

Lymphocytes are the only cells capable of specifically 
recognizing antigens and are thus the principal cells 
of adaptive immunity. The two major subpopulations 
of lymphocytes are B cells and T cells, and they differ 
in their antigen receptors and functions. Specialized 
antigen-presenting cclls capture microbial antigens 
and display these antigens for recognition by lym- 
phocytes. The elimination of antigens often requires 
the participation of various effector cells. 

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

The effector phase o l  adaptive imrrlunity requires the 
participation of various defense mechanisms, includ- 
ing the complement system and phagocytes, that also 
operate in innate immunity. The adaptive immune 
response enhances the defense mechanisms of 
innate immunity. 
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T h e  cells of the adaptive immune system are normally 
present as circulating cells in the blood and lymph, as 
anatomically defined collections in lymphoid organs, 
and as scattered cells in virtually all tissues. The 
anatomic organization of these cells and their ability 
to circulate and exchange among blood, lymph, and 
tissues are of critical importance for the generation 
of immune responses. The immune system faces 
numerous challenges to generate effective protective 
responses against infectious pathogens. First, the system 
must be able to respond to small numbers of many 
different microbes that may be introduced at any site 
in the body. Second, very few naive lymphocytes specif- 
ically recognize and respond to any one antigen. Third, 
the effector mechanisms of the immune system (anti- 
bodies and effector T cells) may have to locate and 
destroy microbes at sites that are distant from the site 
of initial infection. The ability of the immune system 
to meet these challenges and to perform its protective 
functions optimally is dependent on several properties 
of its cells and tissues. 

Specialized tissues, called peripheral lymphoid 
organs, function to concentrate antigens that are 
introduced through the common portals of entry 
(skin and gastrointestinal and respiratory tracts). 
The capture of antigen and its transport to lymphoid 
organs are the first steps in adaptive immune 
responses. 

Naive lymphocytes ( i .e . ,  lymphocytes that have not 
previously encountered antigens) migrate through 
these peripheral lymphoid organs, where they rec- 
ognize antigens and initiate immune responses. 
Effector and memory lymphocytes develop from the 
progeny of antigen-stimulated naive cells. 

Effector and memory lymphocytes circulate in 
the blood, home to peripheral sites of antigen 
entry, and are eficiently retained a t  these sites. 
This ensures that immunity is systemic (i.e., that 
protective mechanisms can act anywhere in the 
body). 

Adaptive immune responses develop through a 
series of steps, in each of which the special properties 
of immune cells and tissues play critical roles. The key 
phases of these responses and the roles of different cells 
and tissues are illustrated schematically in Figure 2-1. 
This chapter describes the cells and organs of the 
immune system and concludes with a discussion of the 
circulation of lymphocytes. 

Cells of the lmmune System 

The cells that are involved in adaptive immune 
responses are antigen-specijic lymphocytes, special- 
ized antigen-presenting cells (APCs) that display 
antigens and activate lymphocytes, and effector cells 
that function to eliminate antigens. These cell types 
were introduced in Chapter 1. Here we describe the 
morphology and functional characteristics of lympho- 
cytes and APCs and then explain how these cells are 
organized in lymphoid tissues. The numbers of some of 
these cell types in the blood are listed in Table 2-1, 
Although these cells are found in the blood, their 
responses to antigens are localized to lymphoid and 
other tissues and are generally not reflected in changes 
in the total numbers of circulating leukocytes. 

Lymphocytes 

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

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

Some congenital and acquired immunodeficiencies 
are associated with reduction of lymphocytes in the 
peripheral circulation and in lymphoid tissues. Fur- 
thermore, depletion of lymphocytes with drugs, irra- 
diation, or cell type-specific antibodies, and more 

Table 2-1. Normal Blood Cell Counts 
I I 

Mean number Normal 
per microliter range 

T I  ... 
- White 'blo6d .sei& 4,500-1 1,000 
Jleukocytes) . 

$.leutrophils - 4,400 1,800-7,700 

AEosinophils . A A 200 0-450 

@asophils - 40 0-200 

: Lymphocytes 2,500 1,000-4,800 

&~~u>c)@s . .  . 300 200-800 
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recently by targeted gene disruptions in mice, leads to 
impaired immune responses. 

Stimulation of lymphocytes by antigens in culture leads 
to responses in vitro that show many of the character- 
istics of immune responses induced under more phys- 
iologic conditions in vivo. 

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

Morphology 

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

Classes of Lymphocytes 

Lymphocytes consist of distinct subsets that are dip  
ferent in  their functions and protein products but 
are morphologically indistinguishable (Table 2-2). 
This heterogeneity of lymphocytes was introduced in 
Chapter 1 (see Fig. 1-5). B lymphocytes, the cells that 
produce antibodies, were so called because in birds they 
were round to mature in an organ called the bursa of 
Fabricius. In mammals, no anatomic equivalent of the 
bursa exists, and the early stages of B cell maturation 
occur in the bone marrow. Thus, "B" lymphocytes refer 
to bursa-derived lymphocytes or bone marrow-derived 
lymphocytes. T lymphocytes, the mediators of cellular 
immunity, were named because their precursors arise 
in the bone marrow but then migrate to and mature in 
the thymus; "T" lymphocyte refers to thymus derived. 
T lymphocytes consist of two subsets, helper T lympho- 
cytes and cytolytic (or cytotoxic) T lymphocytes (CTLs) . 
Both B and T lymphocytes have clonally distributed 
antigen receptors, meaning that there are many clones 
of these cells with different antigen specificities, and all 
the members of each clone express antigen receptors 
of the same specificity that are different from the recep- 
tors of other clones. The genes encoding the antigen 
receptors of B and T lymphocytes are formed by 
recombinations of DNA segments during the develop- 
ment of these cells. The somatic recombinations gen- 
erate millions of different receptor genes that result in 
a highly diverse repertoire of lymphocytes (see Chapter 
7). NK (natural killer) cells are a third population of 
lymphocytes whose receptors are different from those 
of B and T cells and whose major function is in innate 
immunity. 
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Figure 2-1 Overview of immune responses in vivo. 
Antigens are captured from their site of entry by dendritic cells and concentrated in lymph nodes, 

where they activate naive lymphocytes that migrate to the nodes through blood vessels. Effector and 
memory T cells develop in the nodes and enter the circulation, from which they may migrate to periph- 
eral tissues. Antibodies are produced in lymphoid organs and enter the circulation, from which they 
may locate antigens at any site. Memory cells also enter the circulation and may reside in lymphoid 
organs and other tissues. This illustration depicts the key events in an immune response to a protein 
antigen in a lymph node; responses in other peripheral lymphoid organs are similar. I Free 7 -  
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Figure 2-2 Morphology of lymphocytes. 
A. Light micrograph of a lymphocyte in a peripheral blood smear. 
B. Electron micrograph of a small lymphocyte. (Courtesy of Dr. Noel Weidner, Department of 

Pathology, University of California, San Diego.) 
C. Electron micrograph of a large lymphocyte (lymphoblast). (From Fawcett DW. Bloom & Fawcett 

Textbook of Histology, 12th ed. WB Saunders, Philadelphia, 1994.) 
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differentiation into Table 2-2. Lymphocyte Classes 
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CI$gL" c,. Antigen Selected ' ; :z."- ' ' ~ 
4: * receptor phenotype 

Memory 
lymphocyte 

effector 
memory lym 

' and 
~phoc ytes Percent 
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Effector 
lymphocyte 

Effector T 
lymphocytes 

Effector B- 
lymphocytes 
(plasma cells) 

arimuli for B cell growth and 

Memory 
lymphocytes I Effector T cells 

and antibodies 
enter circulation b 1 
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*In most tissues, the ratio of CD4+ CD8- to CD8+ CD4- cells is about 2:l. 

The major classes of lymphocytes, their functions and selected surface molecules, and numbers in different tissues are shown. Some T 
lymphocytes, called regulatory cells (not included), function to inhibit immune responses and differ in phenotype and function from 
helper and cytolytic T cells. Smaller populations of lymphocytes, such as NK-T cells and yS T cells, are also not listed. 

Figure 2-1 See legend on opposite page. 
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Membrane proteins may be used as phenotypic 
markers to distinguish functionally distinct popula- 
tions of lymphocytes (see Table 2-2). For instance, 
most helper T cells express a surface protein called 
CD4, and most CTLs express a different surface pro- 
tein called CD8. Antibodies that are specific for such 
markers, labeled with probes that can be detected 
by various methods, are often used to identify and 
isolate various lymphocyte populations. (Techniques 
for detecting labeled antibodies are described in 
Appendix 111.) Many of the surface proteins that were 
initially recognized as phenotypic markers for various 
lymphocyte subpopulations have turned out, on further 
analysis, to play important roles in the activation and 
functions of these cells. The accepted nomenclature for 
lymphocyte markers uses the CD number designation. 
CD stands for "cluster of differentiation," a historical 
term referring to a cluster (or collection) of mono- 

clonal antibodies that are specific for various markers 
of lymphocyte differentiation. The CD system provides 
a uniform way to identify cell surface molecules on 
lymphocytes, AE'Cs, and many other cell types in the 
immune system (Box 2-1). Examples of some CD pro- 
teins are mentioned in Table 2-2, and the biochemistry 
and functions of the most important ones are described 
in later chapters. A current list of known CD markers 
for leukocytes is provided in Appendix 11. 

Development of Lymphocytes 

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

@ The origin of lymphocytes from bone marrow pro- 
genitors was first demonstrated by experiments with 
radiation-induced bone marrow chimeras. Lympho- 

Lymphocyte Markers and the CD Nomenclature System - 
From the time that functionally distinct classes of lympho- 
cytes were recognized, immunologists have attempted to 
develop methods for distinguishing them. The basic 
approach was to produce antibodies that would selectively 
recognize different subpopulations. This was initially done 
by raising alloantibodies (i.e., antibodies that might rec- 
ognize allelic forms of cell surface proteins) by immuniz- 
ing inbred strains of mice with lymphocytes from otl--- 
strains. Such techniques were successful and led to t 
development of antibodiesthat reacted with murine T cells 
(anti-Thy-1 antibodies) .and even against functionally dif- 
ferent subsets of T lymphocytes (anti-Lpl and anti-Lp-2 
antibodies). The limitations of this approach are obvious, 
however, because it is useful only for cell surface proteins 
that exist in allelic forms. The advent of hybridoma tech- 
nology gave suth analyses a tremendous boost, with the 
production of monoclonal antibodies that reacted specifi- 
cally and selectively with defined populations of lympho- 
cytes, first in humans and subsequently in many other 
species. (Alloantibodies and monoclonal antibodies are 
described in Chapter 3.) 

Functio~lally distinct classes of rympnocytes express 
distinct types of cell surface proteins. Immunologists 
often rely on monoclonal antibody probes to detect these 
surface molecules. The cell surface molecules recognized 
by monoclonal antibodies are called antigens, because 
antibodies can be raised against them, or markers, becau 
they identify and discriminate between ("mark") different 
cell populations. These markers can be grouped into 
several categories; some are specific for cells of a particu- 
lar lineage or maturational pathway, and the expression of 
others varies according to the state of activation or differ- 
entiation of the same cells. Biochemical analyses of cell 
surface proteins recognized by different monoclonal 
antibodies demonstrated that these antibodies, in many 
instances, recognized the equivalent protein in different 
species. Considerable confusion was created because these 
surface markers were initially named according to the anti- 
bodies that reacted with them. To resolve this, a uniform 

lenclature system was adopted, initially for human 
leultocytes. According to this &stem, a surface marker 
that identifies a particular lineage or differentiation stage, 
that has a defined structure, and that is recognized by 
a group ("cluster") of monoclonal antibodies is called a 
member of a cluster of differentiation. Thus, all leukocyte 
surface antigens whose structures are defined are given a 
CD designation (e.g., CD1, CD2). Although this nomen- 
clature was originally used for human leukocyte antigens, 
t is now common practice to refer to homologous markers 
n other species and on cells other than leukocytes by the 
iame CD designation. Newly developed monoclonal anti- 
bodies are periodically exchanged among laboratories, 
and the antigens recognized are assigned to existing CD 
structures or introduced as new "workshop" candidates 
(CDw) . 

The classification of lymphocytes by CD antigen ex- 
pression is now widely used in clinical medicine and 
experimental immunology. For instance, most helper T 
lymphocytes are CD3+CD4+CD8-, and most CTLs are 
D3+CD4-CD8+. This has allowed immunologists to iden- 
tify the cells participating in various immune responses, 
isolate them, and individually analyze their specificities, 
response patterns, and effector functions. Such antibodies 
have also been used to define specific alterations in par- 
ticular subsets of lymphocytes that might be occurring in 
various diseases. For example, the declining number of 
blood CD4+ T cells is often used to follow the progression 
of disease and response to treatment in human immu- 
nodeficiency virus (HIV)-infected patients. Further inves 
tigations of the effects of monoclonal antibodies on - 
lymphocyte function have shown that these surface pro- 
teins are not merely phenotypic markers but are thhm- 
selves involved in a variety of lymphocyte responses. The 
two most frequent functions attributed to various CD 
molecules are (1) promotion of cell-cell interactions and 
adhesion, and (2) transduction of signals that lead to lym- 
phocyte activation. Examples of both types of functions are 

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

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

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

The need for antigen receptor expression to maintain 
the pool of naive lymphocytes in peripheral lymphoid 
organs has been demonstrated by studies in which the 
immunoglobulin (Ig) gcnc that encodes the antigen 
receptors of B cells was knocked out after the B cells 
had matured, or the antigen receptors of T cells were 
knocked out in mature T cells. (The method used is 
called the cre-lox technique and is described in Appen- 
dix 111.) Mature naive lymphocytes that lost their 
antigen receptors died within 2 or 3 weeks. 

J Among T cells, there is evidence that survival of par- 
ticular clones of naive cells in peripheral lymphoid 
organs depends on recognition of the same ligands 
that the clones saw during their maturation in the 
thymus. In Chapter 7, we will discuss the process of T 
cell maturation and the selection of T cells by recog- 
nition of self antigens in the thymus. This selection 
process ensures that the cells that mature are capable 
of surviving in peripheral tissues by recognizing the 
selecting self antigens. 

I If naive lymphocytes are transferred into a mouse that 
does not have any lymphocytes of its own, the trans- 
ferred lymphocytes begin to proliferate and increase 
in number until they reach roughly the numbers of 
lymphocytes in normal mice. This process is called 
homeostatic proliferation because it serves to maintain 
homeostasis (a steady state of cell numbers) in the 
immune system. The proliferation of naive lympho- 
cytes in the absence of overt exposure to antigen is trig- 
gered by the recognition of self antigens. In addition, 
a cytokine called interleukin (1L)-7 is also essential for 
proliferation of the naive cells. These results imply that 
IL-7 may be a survival factor for naive cells in normal 
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Figure 2-3 Maturation of lymphocytes. 
Mature lymphocytes develop from bone marrow stem cells in the generative lymphoid organs, 

and immune responses to foreign antigens occur in the peripheral lymphoid tissues. 
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mice (i.e., notjust in the experimental system of trans- 
fer into lymphocyte-deficient recipients). As we shall 
see in Chapter '7, the same cytokine, IL7, is also essen- 
tial for the survival and proliferation of immature lym- 
phocytes in the generative lymphoid organs. 

Activation of Lymphocytes 

In adaptive immune responses, naive lymphocytes are 
activated by antigens and other stimuli to differenti- 
ate into effector and memory cells (Fig. 2-4). The acti- 
vation of lymphocytes follows a series of sequential stcps. 

SYNTHESIS OF NEW PROTEINS 

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

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

CELLULAR PROLIFERATION 

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

Antiaen + 

Naive B 
lymphocyte 

#- 
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lymphocyte 
(lymphoblast) 
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Figure 2 4  Phases of lymphocyte activation. 
Naive B lymphocytes (top panel) and T lymphocytes (bottom panel) respond to antigens and second 

signals by protein synthesis, cellular proliferation, and differentiation into effector and memory cells. 
Homeostasis is restored as many of the antigen-activated lymphocytes die by apoptosis. Note that 
these phases of lymphocyte responses correspond to the phases of adaptive immunity illustrated in 
Figure 1-6, Chapter 1. 

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

DIFFERENTIATION INTO EFFECTOR CELLS 

Some of the progeny of the antigen-stimulated lym- 
phocytes differentiate into effector cells, whose func- 
tion is to eliminate the antigen. Effector lymphocytes 
include helper T cells, CTLs, and antibody-secreting B 
cells. Differentiated helper T cells express surface pro- 
teins that interact with ligands on other cells, such 
as macrophages and B lymphocytes, and they secrete 
cytokines that activate other cells. Differentiated CTLs 
develop granules containing proteins that kill virus- 
infected and tumor cells. B lymphocytes differentiate 
into cells that actively synthesize and secrete antibodies. 
Some of these antibody-producing cells are identifiable 
as plasma cells. They have characteristic nuclei, abun- 
dant cytoplasm containing dense, rough endoplasmic 
reticulum that is the site where antibodies (and other 
secreted and membrane proteins) are synthesized, and 
distinct perinuclear Golgi complexes where antibody 
molecules are converted to their final forms and pack- 
aged for secretion (Fig. 2-5). It is estimated that half or 
more of the messenger RNA in plasma cells codes for 
antibody proteins. Plasma cells develop in lymphoid 
organs and at sites of immune responses and often 
migrate to the bone marrow, where some of them may 
survive for long periods after the immune response is 
induced and even after the antigen is eliminated. The 
majority of differentiated effector lymphocytes are 
short-lived and not self-renewing. 

DIFFERENTIATION INTO MEMORY CELLS 

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

Figure 2-5 Morphology of plasma 
cells. 

A. Light micrograph of a plasma cell in 
tissue. 

B. Electron micrograph of a plasma cell. 
(Courtesy of Dr. Noel Weidner, Department 
of Pathology, University of California, San 
Diego.) 
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after the antigen is eliminated. Several lines of evidence 
indicate that memory cells do not require antigen 
recognition for their prolonged survival in vivo. 

If memory CD8+ or CD4' T cells are transferred into 
mice that lack major histocompatibility complex 
(MHC) molecules, the memory cells survive almost as 
well as they do in normal mice. Since MHC-deficient 
mice cannot display antigens that are recognizable by 
T cells, the survival of the memory cells must be 
antigen independent. 

If the antigen receptors of T cells are knocked out 
after cells have matured (as in the experimcnt 
described in our discussion of naive cells), memory 
cells that were generated by previous antigen exposure 
continue to survive even without antigen receptors. 

Memory cells express surface proteins that distin- 
guish them from naive and recently activated effector 
lymphocytes, although it is still not clear which of these 
surface proteins are definitive markers of memory 
populations (Table 2-3). Memory B lymphocytes 
express certain classes (isotypes) of membrane Ig, such 
as IgG, IgE, or IgA, as a result of isotype switching, 
whereas naive B cells express only IgM and IgD (see 
Chapters 3 and 9). Compared with naive T cells, 
memory T lymphocytes express higher levels of adhe- 
sion molecules, such as integrins and CD44 (see 
Chapter 6), which promote the migration of the 
memory cells to sites of infection anywhere in the body. 
In humans, most naive T cells express a 200-kD isoform 
of a surface molecule called CD45 that contains a 
segment encoded by an exon designated A. This CD45 
isoform can bc rccognized by antibodies specific for the 
A-encoded segment and is therefore called CD45RA 
(for "restricted A))). In contrast, most activated and 
memory T cells express a 180-kD isoform of CD45 in 
which the A exon RNA has been spliced out; this 
isoform is called CD45RO. However, this way of distin- 
guishing between naive and memory T cells is not 
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Table 2-3. Characteristics of Naive, Effector, and Memory Lymphocytes 
,+= ,- *-'>.# -s i- -2 :*- 3 .- f ' Naive lymphocytes Activated or effector ~6m"oG -y-3i;i:. 

lymphocytes lymphocytes"- 
Activated 
macrophages 

ctivatil-'- 

I 

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

, ' L 

integrins, CD44 ..................... .............................. ___________........................ L* t. _ _ ) >  _..... 
Chemokine receptor: CCRi High " ' , , ....................................................... .......... . . . . . . .  
Major CD45 isoform CD45RA ' 1  CD'45RO I cD45RO: variable I 

Microglia (CNS) 
Differentia Kupffer cells (liver) 

Alveolar macrophages (lung) 
Osteoclasts (bone) 

Figure 2-6 Maturation of mononuclear phagocytes. 
Mononuclear phagocytes develop in the bone marrow, circulate in the blood as monocytes, and 

are resident in all tissues of the body as macrophages. They may differentiate into specialized forms 
in particular tissues. CNS, central nervous system. 

tiation of the lymphocytes. By convention, APC usually 
refers to a cell that displays antigens to T lymphocytes. 
The major type of APC that is involved in initiating T 
cell responses is the dendritic cell. Macrophages pre- 
sent antigens to T cells during cell-mediated immune 
responses, and 13 lymphocytes function as APCs for 
helper T cells during humoral immune responses. A 
specialized cell type called the follicular dendritic cell 
displays antigens to B lymphocytes during particular 
phases of humoral immune responses. 

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

Mononuclear Phagocytes 

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

(&mans only) 
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Morphology Small; nt  cvtnnIasm I I arm.  more cvtnnlasm I Small I 
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Chemokine reoeptdr: CXCR5 

Dendritic Cells 

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

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

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

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

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

Antigen-Presenting Cells Figure 2-7 Morphology of mononuclear phagocytes. 
A. Light micrograph of a monocyte in a peripheral blood smear. 
B. Electron micrograph of a peripheral blood monocyte. (Courtesy of Dr. Noel Weidner, Depart- 

ment of Pathology, University of California, San Diego.) 
C. Electron micrograph of an activated tissue macrophage showing numerous phagocytic vacuoles 

and cytoplasmic organelles. (From Fawcett DW. Bloom & Fawcett Textbook of Histology, 12th ed. WB 
Saunders, Philadelphia, 1994.) 

Antigen-presenting cells (APCs) are cell populations 
that are specialized to capture microbial and other 
antigens, display them to lymphocytes, and provide 
signals that stimulate the proliferation and differen- 
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may assume different morphologic forms after ac- 
tivation by external stimuli, such as microbes. Some 
develop abundant cytoplasm and are called epithelioid 
cells because of their resemblance to epithelial cells 
of the skin. Activated macrophages can fuse to form 
multinucleate giant cells. Macrophages are found in 
all organs and connective tissuesind have been given " L, 

special names to designate specific locations. For 
instance, in the central nervous system, they are called 
microglial cells; when lining the vascular sinusoids of 
the liver, they are called Kupffer cells; in pulmonary 
airways, they are called alveolar macrophages; 
and multinucleate phagocytes jn bone are called 
osteoclasts. 

Mononuclear phagocytes function as APCs in T 
cell-mediated adaptive immune responses. Macro- 
phages containing ingested microbes display microbial 
antigens to differentiated effector T cells. The effector 
T cells then activate the macrophages to kill the 
microbes. This process is a major mechanism of cell- 
mediated immunity against intracellular microbes (see 
Chapter 13). ~ a c r o ~ h a g e s  that have ingested microbes 
may also play a role in activating naive T cells to induce 
primary responses to microbial antigens, although it is 
likely that dendritic cells are more effective inducers of 
primary responses. 

Mononuclear phagocytes are also important effector 
cells in both innate and adaptive immunity. Their effec- 
tor functions in innate immunity are to phagocytose 
microbes and to produce cytokines that recruit and 
activate other inflammatory cells (see Chapter 12). 
Macrophages serve numerous roles in the effector 
phases of adaptive immune responses. As mentioned 
above, in cell-mediated immunity, antigen-stimulated T 
cells activate macrophages to destroy phagocytosed 
microbes. In humoral immunity, antibodies coat, or 
opsonize, microbes and promote the phagocytosis of 
the microbes through macrophage surface receptors 
for antibodies (see Chapter 14). 

Follicular Dendritic Cells 

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

Anatomy and Functions of 
Lymphoid Tissues 

To optimize the cellular interactions necessary for the 
recognition and activation phases of specific immune 
responses, lymphocytes and accessory cells are localized 

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

Lymphoid tissues are classijied as generative 
organs, also called primary lymphoid organs, where 
lymphocytes jirst express antigen receptors and attain 
phenotypic and functional maturity, and as periph- 
eral organs, also called secondary lymphoid organs, 
where lymphocyte responses to foreign antigens are 
initiated and develop (see Fig. 2-3). Included in the 
generative lymphoid organs of mammals are the bone 
marrow, where all the lymphocytes arise, and the 
thymus, where T cells mature and reach a stage of func- 
tional competence. The peripheral lymphoid organs 
and tissues include the lymph nodes, spleen, cutaneous 
immune system, and mucosal immune system. In addi- 
tion, poorly defined aggregates of lymphocytes are 
found in connective tissue and in virtually all organs 
except those in the central nervous system. 

Bone Marrow 

The bone marrow is the site of generation of all circu- 
lating blood cells in  the adult, including immature 
lymphocytes, and is the site of B cell maturation. 
During fetal development, the generation of all blood 
cells, called hematopoiesis, occurs initially in blood 
islands of the yolk sac and the para-aortic mesenchyme 
and later in the liver and spleen. This function is taken 
over gradually by the bone marrow and incrcasingly 
by the marrow of the flat bones so that by puberty, 
hematopoiesis occurs mostly in the sternum, vertebrae, 
iliac bones, and ribs. The red marrow that is found in 
these bones consists of a spongelike reticular frame- 
work located between long trabeculae. The spaces in 
this hamework are filled with fat cells, stromal fi- 
broblasts, and precursors of blood cells. These precur- 
sors mature and exit through the dense network of 
vascular sinuses to enter the vascular circulation. When 
the bone marrow is injured or when an exceptional 
demand for production of new blood cells occurs, the 
liver and spleen can be recruited as sites of 
extramedullary hematopoiesis. 

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

The roles of cytokines in hematopoiesis are illustrated in Chapter 11, Figure 11-15. CFU, colony- 
forming unit. 

or erythroid colonies from marrow cells. These mole- 

{ cules are discussed in Chapter 11 (see Fig. 11-15). 
Hematopoietic cytokines are produced by stromal n r 
cells and macrophages in the bone marrow, thus 
providing the local environment for hematopoiesis. 
They are also produced by antigen-stimulated T lym- 
phocytes and cytokine-activated or microbe-activated 

, macrophages, providing a mechanism for replenishing 
leukocytes that may be consumed during immune and 
inflammatory reactions. 

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

Thymus 

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

I 

lighter staining medulla is more sparsely populated 
with lymphocytes. Scattered throughout the thymus 
are nonlymphoid epithelial cells, which have abun- 
dant cytoplasm, as well as bone marrow-derived 
macrophages and dendritic cells. Some of these thymic 
dendritic cells express markers, such as CD8a, that 
are typically found on T lymphocytes and are called 
lymphoid dendritic cells to distinguish them from 
the myeloid dendritic cells described earlier. In the 
medulla are structures called Hassall's corpuscles, 
which are composed of tightly packed whorls of epithe- 
lial cells that may be remnants of degenerating cells. 
The thymus has a rich vascular supply and efferent 
lymphatic vessels that drain into mediastinal lymph 
nodes. The thymus is derived from invaginations of 
the ectoderm in the developing neck and chest of the 
embryo, forming structures called branchial clefts. 
In the "nude" mouse strain, a mutation in the gene 
encoding a transcription factor causes a failure of 
differentiation of certain types of epithelial cells 
that are required for normal development of the 
thymus and hair follicles. Consequently, these mice lack 
T cells and hair (see Chapter 20). Humans with 
DiGeorge syndrome also suffer from T cell deficiency 
because of mutations in genes required for thymus 
development. 
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around the follicles is organized into cords, which are 
spaces containing lymphocytes as well as dendritic cells 
and mononuclear phagocytes, arranged around lym- 
phatic and vascular sinusoids. Lymphocytes and APCs 
in these cords are often found near one another, but 
they do not form intercellular junctions, which is 
important for maintaining the ability of the lympho- 
cytes to migrate and recirculate among lymph, blood, 
and tissues. Beneath the cortex is the medulla, consist- 
ing of medullary cords that lead to the medullary 
sinus. These cords are populated by macrophages 
and plasma cells. Blood is delivered to a lymph node 
by an artery that enters through the hilum and 
branches into capillaries in the outer cortex, and it 
leaves the node by a single vein that exits through the 
hilum. 

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

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

The anatomic segregation of different classes of 
lymphocytes in distinct areas of the node is depend- 
ent on cytokines (see Fig. 2-11). Naive T and B lym- 
phocytes enter the node through an artery. These cells 
leave the circulation and enter the stroma of the node 
through specialized vessels called high endothelial 
venules in the cortex (described in more detail later). 
The naive T cells express a receptor for a chemo- 
attractant cytokine, or chemokine; this receptor is 
called CCR7. (Chemokines and other cytokines will 
be described in Chapter 11.) CCR'7 recognizes 
chemokines that are produced only in the T cell zone 
of the node, and these chemokines attract the naive T 
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Figure 2-9 Morphology of the thymus. 
A. Light micrograph of a lobe of the thymus showing the cortex 

and medulla. The blue-stained cells are developing T cells called thy- 
mocytes. (Courtesy of Dr. James Gulizia, Department of Pathology, 
Brigham and Women's Hospital, Boston.) 

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

The lymphocytes in the thymus, also called thymo- 
cytes, are T lymphocytes at various stages of maturation. 
In general, the most immature cells of the T cell lineage 
enter the thymic cortex through the blood vessels. Mat- 
uration begins in the cortex, and as thymocytes mature, 
they migrate toward the medulla, so that the medulla 
contains mostly mature T cells. Only mature T cells exit 
the thymus and enter the blood and peripheral lym- 
phoid tissues. The details of thymocyte maturation are 
described in Chapter 7. 
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Figure 2-10 Morphology of a lymph node. 
A. Schematic diagram of a lymph node illustrating the T cell-rich 

and B cell-rich zones and the routes of entry of lymphocytes and 
antigen (shown captured by a dendritic cell). 

B. Light micrograph of a lymph node illustrating the T cell 
and B cell zones. (Courtesy of Dr. James Gulizia, Department of 
Pathology, Brigham and Women's Hospital, Boston.) 

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

A. The schematic diagram illustrates the path by which naive 
T and B lymphocytes migrate to different areas of a lymph node. 
The lymphocytes enter through a high endothelial venule, 
shown in cross-section, and are drawn to different areas of the 
node by chemokines that are produced in these areas and bind 
selectively to either cell type. Also shown is the migration of 
dendritic cells, which pick up antigens from the sites of antigen 
entry, enter through afferent lymphatic vessels, and migrate to 
the T cell-rich areas of the node. 

B. In this section of a lymph node, the B lymphocytes, located 
in the follicles, are stained green; the T cells, in the parafollicu- 
lar cortex, are red. The method used to stain these cells is called 
immunofluorescence (see Appendix Ill for details). (Courtesy of 
Drs. Kathryn Pape and Jennifer Walter, University of Minnesota 
School of Medicine, Minneapolis.) 

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

Lymph Nodes and the Lymphatic System 

lymph percolates through the cortex into the 
medullary sinus and leaves the node through the effer- 
ent lymphatic vessel in the hilum. Beneath the subcap- 
sular sinus, the outer cortex contains aggregates of cells 
called follicles. Some follicles contain central areas 
called germinal centers, which stain lightly with com- 
monly used histologic stains. Follicles without germinal 
centers are called primary follicles, and those with 
germinal centers are secondary follicles. The cortex 

Lymph nodes are the organs i n  which adaptive 
immune responses to lymph-borne antigens are initi- 
ated. Lymph nodes are small nodular aggregates of 
lymphocyte-rich tissue situated along lymphatic chan- 
nels throughout the body. A lymph node consists of an 
outer cortex and an inner medulla. Each lymph node 
is surrounded by a fibrous capsule that is pierced by 
nllmerous afferent lymphatics, which empty the lymph 
into a subcapsular or marginal sinus (Fig. 2-10). The 
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cells into the T cell zone. Dendritic cells also express 
CCR7, and this is why they migrate to the same area of 
the node as do naive T cells (see Chapter 5). Naive B 
cells express another chemokine receptor, CXCR5, that 
recognizes a chemokine produced only in follicles. 
Thus, B cells are attracted into the follicles, which are 
the B cell zones of lymph nodes. Another cytokine, 
called lymphotoxin, may play a role in stimulating 
chemokine production in different regions of the 
lymph node, especially in the follicles. The functions 
of various cytokines in directing the movement of 
lymphocytes in lymphoid organs and in the formation 
of these organs have been established by numerous 
studies in mice. 

@ Knockout mice lacking the membrane form o f  the 
cytokine lymphotoxin (LTP) or the LTP receptor show 
absence o f  peripheral lymph nodes and a marked dis- 
organization o f  the architecture o f  the spleen, with loss 
o f  the segregation o f  B and T cells. 

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

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

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

The anatomic segregation of T and B cells ensures 
that each lymphocyte population is in close contact with 
the appropriate APCs (i.e., T cells with dendritic cells 
and B cells with FDCs). Furthermore, because of this 
precise segregation, B and T lymphocyte populations 
are kept apart until it is time for them to interact in a 
functional way. As we will see in Chapter 9, after stimu- 
lation by antigens, T and B cells lose their anatomic 
constraints and begin to migrate toward one another. 
Activated T cells may ultimately exit the node and enter 
the circulation, whereas activated B cells migrate into 
germinal centers or the medulla, from which they 
secrete antibodies. 
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Figure 2-12 The lymphatic system. 
The major lymphatic vessels and collections of lymph nodes are illustrated on the right. The left 

panels show where antigens are captured from a site of infection, and the draining lymph node to 
which these antigens are transported, and where the immune response is initiated. 

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

Microbes enter the body most often through the skin 
and the gastrointestinal and respiratory tracts. All these 
tissues are lined by epithelia that contain dendritic cells. 
The dendritic cells capture microbial antigens and 
enter lymphatic vessels. Lymph nodes are interposed 
along lymphatic vessels and act as filters that sample the 
lymph at numerous points before it reaches the blood. 
In this way, antigens capturcd from thc portals of entry 
are transported to lymph nodes. Cell-free antigens may 
also be transported in the lymph. Lymphatic vessels that 
carry lymph into a lymph node are referred to as affer- 
ent, and vessels that drain the lymph from the node are 
called efferent. Because lymph nodes are connected 
in series along the lymphatics, an efferent lymphatic 
exiting one node may serve as the afferent vessel for 
another. 

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

Spleen 

The spleen is the major site of immune responses to 
blood-borne antigens. The spleen, an organ weighing 
about 150 g in adults, is located in the left upper quad- 
rant of the abdomen. It is supplied by a single splenic 
artery, which pierces the capsule at the hilum and 
divides into progressively smaller branches that remain 
surrounded by protective and supporting fibrous tra- 
beculae (Fig. 2-13). Small arterioles are surrounded by 
cuffs of lymphocytes, which are the T cell zone of the 
spleen. Because of their anatomic location, morpholo- 
gists call these areas periarteriolar lymphoid sheaths. 
Lymphoid follicles, some of which contain germinal 
centers, are attached to the T cell zones; as in the lymph 
nodes, the follicles are the B cell zones. The follicles are 
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Figure 2-13 Morphology of the spleen. 
A. Schematic diagram of the spleen illustrating T cell and B cell 

zones, which make up the white pulp. 
B. Photomicrograph of a section of human spleen showing a tra- 

becular artery with adjacent periarteriolar lymphoid sheath and a 
lymphoid follicle with a germinal center. Surrounding these areas is 
the red pulp, rich in vascular sinusoids. 

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

called the marginal zone. These dense lymphoid 
tissues constitute the white pulp of the spleen. The arte- 
rioles ultimatcly cnd in vascular sinusoids, scattered 
among which are large numbers of erythrocytes, 
macrophages, dendritic cells, sparse lymphocytes, and 
plasma cells; these constitute the red pulp. The sinus- 



oids end in venules that drain into the splenic vein, 
which carries blood out of the spleen and into the 
portal circulation. 

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

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

Cutaneous lmmune System 

The skin contains a specialized cutaneous immune 
system consisting of lyhphocytes and APCs. The skin 
is the largest organ in the body and is an important 
physical barrier between an organism and its external 
environment. In addition, the skin is an active partici- 
pant in host defense, with the ability to generate and 
support local immune and inflammatory reactions. 
Many foreign antigens gain entry into the body through 
the skin, so that many immune responses are initiated 
in this tissue. 

The principal cell populations within the epidermis 
are keratinocytes, melanocytes, epidermal Langerhans 
cells, and intraepithelial T cells (Fig. 2-14). The ker- 
atinocytes and kelanocytes do notVappear to be im- 
portant mediators of adaptive immunity, although 
keratinocytes do produce several cytokines that may 
contribute to innate immune reactions and cutaneous 
inflammation. Langerhans cells, located in the 

suprabasal portion of the epidermis, are the immature 
dendritic cells of the cutaneous immune svstem. 
Langerhans cells form an almost continuous meshwork 
that enables them to capture antigens that enter 
through the skin. On stimulation by proinflammatory 
cytokines, Langerhans cells retract their processes, lose 
their adhesiveness for epidermal cells, and migrate into 
the dermis. They subsequently home to lymph nodes 
through lymphatic vessels, and this process may be 
stimulated by chemokines that act specifically on 
Langerhans cells. 

Intraepidermal lymphocytes constitute only about 
2% of skin-associated lymphocytes (the rest reside in 
the dermis), and the majority are CD8' T cells. Intraepi- 
dermal T cells may express a more restricted set of 
antigen receptors than do T lymphocytes in most extra- 
cutaneous tissues. In mice (and some other species), 
many intraepidermal lymphocytes are T ceils that 
express an uncommon type of antigen receptor formed 
by y and 6 chains instead of the usual a and P chains of 
the antigen receptors of CD4' and CD8' T cells (see 
chapterG). As we shall discuss shortly, this is also true 
of intraepithelial lymphocytes in the intestine, raising 
the possibility that y6 T cells, at least in some species, 
may be uniquely committed to recognizing microbes 
that are commonlv encountered at elsithelial surfaces. 
However, neither the specificity nor the function of this 
T cell subpopulation is clearly defined. 

The dermis contains T lymphocytes (both CD4' and 
CD8' cells), predominantly in a perivascular location, 
and scattered macrophages. This is essentially similar to 
connective tissues in other organs. The T cells usually 
express phenotypic markers typical of activated or 
memorv cells. It is not clear whether these cells reside 
permanently within the dermis or are merely in transit 
between blood and lymphatic capillaries as part of 
memory T cell recirculation (described later). Many 
dermal T cells also express a carbohydrate epitope, 
called the cutaneous lymphocyte antigen-1, that may 
play a role in specific homing of the cells to the skin. 
This is discussed further at the end of the chapter. 
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Figure 2-14 Cellular components of the 
cutaneous immune system. 

The major components of the cutaneous 
immune system shown in this schematic diagram 
include keratinocytes, Langerhans cells, and 
intraepidermal lymphocytes, all located in the epi- 
dermis, and T lymphocytes and macrophages, 
located in the dermis. 

Mucosal lmmune System 

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

In the mucosa of the gastrointestinal tract, lympho- 
cytes are found in large numbers in three main 
regions-within the epithelial layer, scattered through- 
out the lamina propria, and in organized collections in 
the lamina propria such as Peyer's patches (Fig. 2-15). 
Cells at each site have distinct phenotypic and func- 
tional characteristics. The majority of intraepithelial 
lymphocytes are T cells. In humans, most of these are 
CD8' cells. In mice, about 50% of intraepithelial lym- 
phocytes express the y6 form of the T cell receptor 

Figure 2-15 The mucosal immune 
System. 

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

B. Photomicrograph of mucosal lym- 
phoid tissue in the human appendix. Similar 
aggregates of lymphoid tissue are found 
throughout the gastrointestinal tract and 
the respiratory tract. 

Chapter 2 - Cells and Tissues of the lmmune System - 
(TCR), similar to intraepidermal lymphocytes in the 
skin. In humans, only about 10% of intraepithelial lym- 
phocytes are y6 cells, but this proportion is still higher 
than the proportions of y6 cells found among T cells in 
other tissues. Both the ap and the y6 TCR-expressing 
intraepithelial lymphocytes show limited diversity of 
antigen receptors. All these findings support the idea 
that intraepithelial lymphocytes have a limited range 
of specificity, distinct from that of most T cells, which 
may have evolved to recognize commonly cncountcrcd 
intraluminal antigens. 

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

In addition to scattered lymphocytes, the mucosal 
immune system contains organized lymphoid tissues, 
the most prominent of which are the Peyer's patches of 
the small intestine. Like lymphoid follicles in the spleen 
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Lymphocyte recirculation and migration to par- 
ticular tissues are mediated by adhesion molecules 
on lymphocytes, endothelial cells and extracellular 
matrix, and chemokines produced in the endothelium 
and in tissues. Adhesion of lymphocytes to the 
endothelial cells lining postcapillary venules in partic- 
ular tissues determines which tissues the lymphocytes 
will enter. Adhesion to and detachment from extracel- 
lular matrix components within tissues determine how 
long lymphocytes are retained at a particular extravas- 
cular site before they return through the lymphatics to 
the blood. The adhesion molecules expressed by the 
lymphocytes are called homing receptors, and their 
ligands expressed on vascular endothelium are called 
addressins. The homing receptors on lymphocytes 
include members of three families of molecules, the 
selectins, the integrins, and the Ig superfamily. These 
homing receptors are distinct from antigen receptors, 
and the normal patterns of recirculation are inde- 
pendent of antigen. The only role of antigen recogni- 
tion in lymphocyte recirculation may be to increase the 
affinity of lymphocyte integrins for their ligands, 
leading to retention of those cells that encounter their 
antigen at the anatomic site where the antigen is 
present. 

and lymph nodes, the central regions of these mucosal 
follicles are B cell-rich areas that often contain 
germinal centers. Peyer's patches also contain small 
numbers of CD4+ T cells, mainly in the interfollicular 
regions. In adult mice, 50% to 70% of Peyer's patch 
lymphocytes are B cells, and 10% to 30% are T cells. 
Some of the epithelial cells overlying Peyer's patches 
are specialized M (membranous) cells. M cells lack 
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micr&illi, are actively pinocytic, and transport macro- 
molecules from the intestinal lumen into subepithelial 
tissues. They are thought to play an important role in 
delivering antigens to Peyer's patches. (Note, however, 
that M cells do not function as APCs.) Follicles similar 

Afferent 
lymphatic 

Efferent 
to Peyer's patches are abundant in the appendix and 
are found in smaller numbers in much of the gastroin- 
testinal and respiratory tracts. Pharyngeal tonsils are 

lymphatic vessel -4 

also mucosal lyLphoid follicles analogous to Peyer's 
patches. 

Immune responses to oral antigens differ in some 
fundamental respects from responses to antigens 
encountered at other sites. The G o  most strikinddif- " 
ferences are the high levels of IgA antibody production 
associated with mucosal tissues (see Chapter 14) and 
the tendencv of oral immunization with ~ r o t e i n  anti- 
gens to induce T cell tolerance rather than activation 
(see Chapter 10). 

Recirculation of Naive T Lymphocytes 
Through Lymphoid Organs 

Pathways and Mechanisms of 
Lymphocyte Recirculation 
and Homing 

Naive T cells preferentially home to and recirculate 
through peripheral lymphoid organs, where they rec- 
ognize and respond to foreign antigens. The net flux of 
lymphocytes through lymph nodes is very high, and it 
has been estimated that approximately 25 x lo9 cells 
pass through lymph nodes each day (i.e., each lym- 
phocyte goes through a node once a day on the 
average). Antigens are concentrated in the lymph 
nodes and spleen, where they are presented by mature 
dendritic cells, the APCs that are best able to initiate 
responses of naive T cells. Thus, movement of naive T 
cells through the lymph nodes and spleen maximizes 
the chances of specific encounter with antigen and ini- 
tiation of an adaptive immune response. 

Naive lymphocytes that enter lymph nodes in the 
blood leave the circulation and migrate into the stroma 
of lymph nodes selectively through modified postcapil- 
lary venules that are lined by plump endothelial cells, 
which are therefore called high endothelial venules 
(HEVs) (Fig. 2-17). HEVs are also present in mucosal 
lymphoid tissues, such as Peyer's patches in the gut, but 
not in the spleen. Naive T cell migration from the 
circulation into the stroma of a lymph node involves a 
multistep sequence of interactions between lympho- 
cytes and endothelial cells in HEVs. This sequence, 
which is similar for migration of leukocytes into periph- 
eral tissues, includes initial low-affinity interactions 
mediated by selectins, followed by chemokine-mediated 
up-regulation of T cell integrin affinity, and then 
integrin-mediated firm adhesion of the T cell to the 
HEV. Naive lymphocytes express on their surface a 
homing receptor that belongs to the selectin family and 
is called Lselectin (CD62L) (Fig. 2-18). HEVs express 
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Lymphocytes continuously move through the blood 
stream and lymphatics, from one peripheral (second- 
ary) lymphoid tissue to another, and then to periph- 
eral inflammatory sites (Fig. 2-16). The movement of 
lymphocytes between these various locations is called 
lymphocyte recirculation, and the process by which 
particular subsets of lymphocytes selectively enter some 
tissues but not others is called lymphocyte homing. 
Recirculation of lymphocytes serves critical functions in 
adaptive immune responses. First, it enables the limited 
number of lymphocytes in an individual that are spe- 
cific for a particular foreign antigen to search for that 
antigen throughout the body. Second, it ensures that 
particular subsets of lymphocytes are delivered to the 
particular tissue microenvironments where they are 
required for adaptive immune responses and not, 
wastefully, to places where they would serve no purpose. 
For instance, the recirculation pathways of naive lym- 
phocytes differ from those of effector and memory 
lymphocytes, and these differences are fundamental 
to the way immune responses develop (see Fig. 2-16). 
Specifically, naive lymphocytes recirculate through 
peripheral lymphoid organs and effector lymphocytes 
migrate to peripheral tissues at sites of infection and 
inflammation. In the following section, we describe the 
mechanisms and pathways of lymphocyte recirculation. 
Our discussion emphasizes T cells because much more 
is known about their movement through tissues than is 
known about B cell recirculation. 

Figure 2-16 Pathways of T lymphocyte recirculation. 
Naive T cells preferentially leave the blood and enter lymph nodes across the high endothelial 

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

sulfated glycosaminoglycans, collectively called periph- 
eral node addressin (PNAd), that are ligands for L 
selectin. The carbohydrate groups that bind L-selectin 
may be attached to different sialomucins on the 
endothelium in different tissues. For example, on 
l p p h  node HEVs, the PNAd is displayed by two sialo- 
mucins, called GlyCAM-I (glycan-bearing cell adhesion 
molecule-1) and CD34. In Peyer's patches in the intes- 
tinal wall, the Lselectin ligand is a molecule called 
MadCAM1 (mucosal addressin cell adhesion molecule- 
1). Thus, different molecules bearing carbohydrate 
ligands for L-selectin may be important for recruitment 

of naive T cells to endothelium in different tissues. The 
binding of Lselectin to its ligand is a low-affinity inter- 
action that is readily broken by the shear force of the 
flowing blood. As a result, naive T cells that attach to 
HEVs remain loosely attached only for a few seconds, 
detach, bind again, and thus begin to roll on the 
endothelial surface. Meanwhile, chemokines that are 
produced in the lymph node may be displayed on 
the surface of the endothelial cells bound to gly- 
cosaminoglycans. Rolling T cells that encounter these 
chemokines are able to increase their strength of 
attachment further, to spread out into motile forms, 
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and to crawl between the endothelial cells into the 
stroma of the lymph node. Once the lymphocytes exit 
the HEVs, the cells migrate toward the chemokine gra- 
dient. As mentioned previously, naive T cells express 
the chemokine receptor CCR7 and migrate into the T 
cell zones, where the chemokines that bind to CCR7 are 
produced, and naive B cells express CXCR5 and 
migrate into lymphoid follicles under the influence of 
chemokines that bind to CXCR5. The important role 
for L-selectin and chemokines in lymphocyte homing 
to secondary lymphoid tissues is supported by many dif- 
ferent experimental observations. 

BHEV in lymph node H EVs 

r ,  fier rent 
lymphati 
. .^^^^I Lymphocytes from L-selectin knockout mice do not 

bind to peripheral lymph node HEVs, and the mice 
have a marked reduction in the number of lympho- 
cytes in peripheral lymph nodes. 

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

0 L-selectin ligand on 0 T cells binding to HEV: 
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Less is known about the nature of homing receptors 
or addressins involved in lymphocyte recirculation 
through the spleen, even though the rate of lympho- 
cyte passage through the spleen is about half the total 
lymphocyte population every 24 hours. MadCAM-1 is 
expressed on the endothelial cells of the marginal sinus 
in the T cell zones of the spleen and is likely to play a 
role in naive T cell homing. The spleen does not 
contain morphologically identifiable HEVs, and it is 
possible that homing of lymphocytes to the spleen does 
not show the same degree of selectivity for naive cells 
as do lymph nodes. 

Naive T cells that enter a lymph node may be acti- 
vated by antigens that are transported to that node (see 
Fig. 2-1). Within a few hours after antigen exposure at 
a peripheral site, blood flow through a draining lymph 
node may increase by more than 20-fold, allowing an 
increased number of naive lymphocytes access to the 
site where antigens are concentrated. Efflux of cells 
from the node may decrease at the same time. These 
changes are probably due to an inflammatory reaction 
to microbes or adjuvants associated with the antigen. 
Naive T cells that enter the T cell zones of a lymph node 
scan dendritic cells in these areas for the presence of 
antigens that the T cells may recognize. If naive T cells 
do recognize antigen, they undergo clonal expansion, 
differentiate into effector or memory T cells, and enter 
a distinct recirculation pattern, as described next. If 
the naive T cells do not encounter antigen, they exit 
through an efferent lymphatic vessel, re-enter the cir- 
culation, and home to other lymph nodes. 
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Figure 2-17 High endothelial venules (HEVs). 
A. Light micrograph of an HEV in a lymph node illustrating the 

tall endothelial cells. (Courtesy of Dr. Steve Rosen, Department of 
Anatomy, University of California San Francisco.) 

B. Expression of L-selectin ligand on HEVs, stained with a specific 
antibody by the immunoperoxidase technique. (The location of the 
antibody is revealed by a brown reaction product of peroxidase, 
which is coupled to the antibody; see Appendix Ill for details.) The 
HEVs are abundant in the T cell zone of the lymph node. (Courtesy 
of Drs. Steve Rosen and Akio Kikuta, Department of Anatomy, Uni- 
versity of California San Francisco.) 

C. A binding assay in which lymphocytes are incubated with 
frozen sections of a lymph node. The lymphocytes (stained dark 
blue) bind selectively to HEVs. (Courtesy of Dr. Steve Rosen, Depart- 
ment of Anatomy, University of California San Francisco.) 

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

Figure 2-18 Migration of naive and effector T lymphocytes. 
A. Naive T lymphocytes home to lymph nodes as a result of L-selectin binding to its ligand on high 

endothelial venules, which are present only in lymph nodes. Activated T lymphocytes, including effec- 
tor cells, home to sites of infection in peripheral tissues, and this migration is mediated by E- and P- 
selectins and integrins. In addition, different chemokines that are produced in lymph nodes and sites 
of infection also participate in the recruitment of T cells to these sites (not shown). 

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

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

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

Migration of Effector and Memory T 
Lymphocytes to Sites of Inflammation 

Effector and memory T cells exit lymph nodes and 
preferentially home to peripheral tissues at  sites of 
infection, where they are needed to eliminate microbes 
in the effector phase of adaptiue immune responses. 
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of chemokines that act on T cells. In response to these 
chemokines, the T cells increase the binding avidity of 
their integrins for the ligands. As a result, the T cells 
bind firmly to the endothelium and migrate out of the 
vessel into the area of infection. Because integrins and 
CD44 also bind to extracellular matrix proteins, effec- 
tor T cells are retained at these sites. Thus, the effector 
cells are able to perform their function of eradicating 
the infection. We will describe this process in more 
detail in Chapter 13, when we consider cell-mediated 
immunitv. 

I 

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

Recirculation of B Lymphocytes 

In principle, the migration of B lymphocytes to different 
tissues is similar to that of T lymphocytes and is regulated 
by the same molecular mechanisms. Naive B cells 
migrate to lymph nodes, and specifically to follicles, 
using L-selectin and the CXCR5 chemokine recemor " 
to do so. On activation, the B cells lose expression of 
CXCR5 and exit the follicles into the T cell zones of 
the lymphoid organ. Activated B cells express integrins 
and use these to migrate to peripheral tissues. Some 
antibody-producing plasma cells migrate to the bone 
marrow; the molecules involved in this process are not 
identified. Other antibody-secreting cells remain in the 
lymphoid organs, and theantibodies they produce enter 
the circulation and find antigens throughout the body. 

Summary 

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

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

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

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

Both B and T lymphocytes arise from a common pre- 
cursor in the bone marrow. B cell development pro- 
ceeds in the bone marrow, whereas T cell precursors 
migrate to and mature in the thymus. After matur- 
ing, B and T cells leave the bone marrow and thymus, 
enter the circulation, and populate peripheral lym- 
phoid organs. 

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

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

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

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

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

opment of secondary lymphoid tissue architecture 
depends on cytokines. 

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

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

Naive T cells normally recirculate among the various 
peripheral 'lymphoid organs, increasing the likeli- 
hood of tncounler with antigen displayed by 
APCs such as mature dendritic cells. Effector T cells 
more typically are recruited to peripheral sites of 
inflammation where microbial antigens are located. 
Memory T cells may enter either lymphoid organs or 
peripheral tissues. 

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

Different populations of lymphocytes exhibit dis- 
tinct patterns of homing. Naive T cells migrate pre- 
ferentially to lymph nodes; this process is largely 
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mediated by binding of Lselectin on the T cells to 
peripheral lymph node addressin on high endo- 
thelial venules in lymph nodes. The effector and 
memory T cells that are generated by antigen stimu- 
lation of naive T cells exit the lymph node. They have 
decreased L-selectin expression but increased expres- 
sion of integrins and E-selectin and P-selectin ligands, 
and these molecules mediate binding to endothe- 
lium at peripheral inflammatory sites. 
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O n e  of the earliest experimental demonstrations of 
adaptive immunity was the induction of humoral 
immunity against microbial toxins. In the early 1900s, 
patients with life-threatening diphtheria infection were 
successfully treated by the administration of serum 
from horses immunized with diphtheria toxin. This 
form of immunity, called humoral immunity, is medi- 
ated by a family of glycoproteins called antibodies. 
Anlibodies, major l-listocorripalibility corrlplex (MHC) 
molecules (see Chapter 4), and T cell antigen receptors 
(see Chapter 6) are the three classes of molecules used 
in adaptive immunity to recognize antigens (Table 
3-1). Of these three, antibodies bind the widest range 
of antigenic structures, show the greatest ability to dis- 
criminate among different antigens, and bind antigens 
with the greatest strength. Antibodies are also the best 
studied of the three types of antigen-binding molecules. 
Therefore, we begin our discussion of how the immune 
system specifically recognizes antigens by describing 
the structure and the antigen-binding properties of 
antibodies. 

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

Antigen- 
binding site 

Nature of antigen I that may be bound 
-- 

Nature of antigenic 
determinants , recognized 

-- 

Affinity of 
antigen binding 

Linear and conformational 
determinants of various 

On - rate 
and off - rate 

- 

~~~llnunoglobul in (lg) T cell receptor (TCR) I MHC molecules* 

Made up of three Peptide-binding cleft 
CDRs in V, and made of a1 and a2 (class I 
three CDRs in Vp or a1 and p l  (class 11) 

Peptide-MHC Peptides 
complexes 

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

Kd 10-5- 10-7 M Kd 10-6 M 

Slow on -rate, Slow on - rate, 
slow off - rate very slow ~ f f  - rate 
. ....... i""-.."' ---- " ." ... " ' ...... -. """ "" _ ...-..__.... ._, """ 

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

i V,, variable domain of heavy chain Ig; V,, variable domain of light chain Ig. 
-. . 

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

Natural Distribution and Production 
of Antibodies 

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

,... ................................... ..J ..................................... 

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

A healthy '70-kg adult human produces about 3g of 
antibodies every day. Almost two thirds of this is an anti- 
body called IgA, which is produced by B cells in the 
walls of the gastrointestinal and respiratory tracts and 
actively transported into the lumens. The large amount 
of IgA produced reflects the large surface areas of 
these organs. After exposure to an antigen, much of 
the initial antibody response occurs in lymphoid tissues, 
mainly the spleen, lymph nodes, and mucosal lymphoid 
tissues, but long-lived antibody-producing cells may 
persist in other tissues, especially in the bone marrow 
(see Chapter 9) .  Antibodies that enter the circulation 
have limited half-lives. The most common type of anti- 
body found in the serum, called IgG, has a half-life of 
about 3 weeks. 

Molecular Structure of Antibodies 

Early studies of antibody structure relied on antibodies 
purified from the blood of individuals immunized 
with various antigens. It was not possible, by use of 
this approach, to define antibody structure precisely 
because serum contains mixtures of different anti- 
bodies produced by many clones of B lymphocytes that 
may respond to different portions (epitopes) of an 
antigen (so-called polyclonal antibodies). Two break- 
throughs were critical for providing antibodies whose 
structures could be elucidated. The first was the dis- 
covcry that patients with multiple myeloma, a mono- 
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clonal tumor of antibody-producing plasma cells, often 
have large amounts of biochemically identical antibody 
molecules (produced by the neoplastic clone) in their 
blood and urine. Immunologists found that these anti- 
bodies can be purified to homogeneity and analyzed. 
The second, and more important, breakthrough was 
the technique for producing monoclonal antibodies, 
described by Georges Kohler and Cesar Milstein in 
1975. They developed a method for immortalizing indi- 
vidual antibody-secreting cells from an immunized 
animal by producing "hybridomas," enabling them to 
isolate individual monoclonal antibodies of predeter- 
mined specificity (Box 3-1). The availability of homo- 

' BOX 3-1 - 
The ability to produce virtually unlimited quantities o f  and thymidine (called HAT medium). Myeloma cell lines 
identical antibody molecules specific for a particular anti- can be made defective in HGPRT or TK by mutagenesis 
genic determinant has revolutionized immunology and followed by selection in media containing substrates for 
has had a far-reaching impact on research in diverse fields these enzymes that yield lethal products. Only HGPRT- or 
as well as in clinical medicine. The first and now generally TK-deficient cells will survive under these selection condi- 
used method for producing homogeneous or monoclonal tions. Such HGPRT- or TK-negative myeloma cells cannot 
antibodies of known specificity was described by Georges use the salvage pathway and will therefore die in HAT 
K6hler and Cesar Milstein in 1975. This technique is based medium. If normal B cells are fused to HGPRT- or TK- 
on the fact that each B lymphocyte produces antibody of, --_gega$;e cells, the B cells provide the necessary enzymes +".* --+- so 
a single specificity. Because normal B lymphocytes cannot :-, - t$ak:@e hybrids synthesize ~ ~ i @ ~ d ~ ~ r o ~ ~ d @ F i H A ~  

< --% s *  w -  &+& 
grow indefinitely, it is necessary to immortalize B cells that '' g$di%m. I : $ -. 
produce a specific antibody. This is achieved by cell fusion, - . , To produce a monoclonal antib~qrf specifi$f&3 
or somatic cell hybridization, between a normal antibody- defined antigen, a mouse or rat is immunized with that 
producing B cell and a myeloma cell, followed by selection antigen, and B cells are isolated from the spleen or lymph 
of fused cells that secrete antibody of the desired specificity : <nodes of the animal. These B cells are then fused with an 
derived from the normal B cell. Such fusionderived *:appropriate immortalized cell line. Myeloma lines are the 
immortalized antibody-producing cell lines are called: &best fusion partners for B cells because like cells tend to 
hybridomas, and the antibodies they produce are mono-x''iffuse and give rise to stable hybrids more efficiently than , - 

, ,*,.,: ,.A,. . 
,.ional antib&es. ::' :.:.;.,.yj:;, ;; . ; .', . :. . . . . . . . . .  

;. ':. . . - - ,  . unlike cells. In current practice, the myeloma lines that are 
'Ishe techniaue of.or~dhcinP'.hvbh'doh~s .feaiiires &I- . t  ;used do not produce their own immunoglobulin, and cell 

medium but not in a defined "selection" medium because 

xpected initially to 
culture supernatant 
are detected is then 

reactive with the 

precursors of D 
tetrahydrofolate. Aritifbla 
block activation of tetrah 

thesis by the de novo pathway. Arninopterin-tre 
can use a salvage pathway in which purine 
sized from exogenously supplied hypoxanthi 
enzyme hypoxanthine-guanine phosphoribosyl 
(HGPRT), and thymidylate is synthesized from 
by the enzyme thymidine kinase (TK). Ther 

Continued on following page 
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I 
Monoclonal Antibodies ( (hlinurd) 

Isolate spleen 
t cells from mouse 
.immunized 

I 

w w  I 
ant myeloma line; 

Mixture of spleen cells, including unable to grow in HAT 
some producing anti-X antibody selection medium; does 

not ~roduce antibodv 

fused and 
unfused cells 

Only fused cells 
(hybridomas) 

In vitro selection 
in HAT medium 

contains the progeny of one cell) 

I 
I Screen supernatants for presence of anti-X antibodv I 

and expand positive clones 

Hybridomas producing 
monoclonal anti-X antibody 

Continued on following page 

as ascitic tumors in syngeneic mice to produce large quan- 
tities of monoclonal antibodies. 

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

8 Identification of phenotypic markers unique to par- 
ticular cell types. The basis for the modern classifi- 
-?tion of lymphocytes and other leukocytes is the 

inding of population-specific monoclonal anti- 
bodies. These have been used to define clusters of 
differentiation (CD markers) fo- ..-rious cell types 
(see Chapter 2). 

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

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

- "unctional analysis of cell surface and secreted 
lolecules. In immunologic research, monoclonal 
ntibodies that bind to cell surface molecules and 

either stimulate or inhibit particular cellular func- 
tions are invaluable tools for defining the functions 
of surface molecules, including receptors for anti- 
-ms. Antibodies that bind and neutralize cytokines 

.e routinely used for detecting the presence and 
functional roles of these protein hormones in vitro 
and in vivo. 

.it present, hybridomas are m c , ~ ~  aften produced by 
fusing HAT-sensitive mouse myelomas with B cells from 
immunized mice, rats, or hamsters. The same principle is 
used to generate mouse T cell hybridomas, by fusing 
T cells with a HAT-sensitive, T cell-derived tumor line. 
Attempts are being made to generate human monoclonal 
antibodies, primarily for administration to patients, by 
developing human myeloma lines as fusion partners. (It is 
a general rule that the stability of hybrids is low if cells from 
species that are far apart in evolution are fused, and this 
is presumably why human B cells do not form hybridomas 
with mouse myeloma lines at high efficiency.) 

Genetic engineering techniques are used to expand the 
usefulness of monoclonal antibodies. The complementary 

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

Genetic engineering is also being used to create mono- 
clonal antibody-like molecules of defined specifi- 
city without the need for producing hybridomas. One 
approach uses random collections of cDNAs encoding 
just the antigen-binding regions of antibodies. These 
cDNAs are generated from RNA, isolated from the spleens 
of immunized mice, by polymerase chain reaction (PCR) 
technology. The cDNAs are then put into bacteriophages 
to form phage display libraries. Although the antigen- 
binding regions of antibodies are formed from two dif- 
ferent polypeptide chains, synthetic antigen-binding sites 
can be created by expressing fusion proteins in which 
sequences from the two chains are covalently joined in a 
tandem array. Such fusion proteins can be expressed on 
the surfaces of the bacteriophages, and pools of phage 
can be tested for their ability to bind to a particular 
antigen. The virus that binds to the antigen presumably 
contains cDNA encoding the desired synthetic antigen- 
binding site. The cDNA is isolated from that virus and 
linked with DNA encoding the non-antigen-binding 
parts of a generic antibody molecule. The final con- 
struct can then be transfected into a suitable cell type, 
expressed in soluble form, purified, and used. The advan- 
tage of phage display technology lies in the fact that the 
number of binding sites that can be screened for the 
desired specificity is tl to foul 

- 
i of gnitude 

greater than the nractic imit of 1 nas ran he 
screene 

geneous populations of antibodies and antibody- 
producing cells permitted complete amino acid 
sequence determination and molecular cloning of indi- 
vidual antibody molecules. These s t~~dies  culminated in 
the x-ray crystallographic determinations of the three- 
dimensional structure of several antibody molecules 
and of antibodies with bound antigens. 

General Features of  Antibody Structure 

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

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

All antibody molecules share the same basic struc- 
tural characteristics but display remarkable variabil- 
ity in  the regions that bind antigens. This variability of 
the antigen-binding regions accounts for the capacity 
of different antibodies to bind a tremendous number 
of structurally diverse antigens. There are more than 
lo7, and perhaps as many as lo9, different antibody mol- 
ecules in every individual, each with unique amino acid 
sequences in their antigen-combining sites. The effec- 
tor functions and common physicochemical properties 
of antibodies are associated with the non-antigen- 
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Figure 3-1 Structure of an antibody molecule. 
A. Schematic diagram of a secreted IgG molecule. The 

antigen-binding sites are formed by the juxtaposition of vari- 
able light chain (VL) and variable heavy chain (VH) domains. 
The heavy chain C regions end in tail pieces. The locations of 
complement- and Fc receptor-binding sites within the heavy 
chain constant regions are approximations. 

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

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

binding portions, which exhibit relatively few variations 
among different antibodies. 

An antibody molecule has a symmetric core struc- 
ture composed of two identical light chains and two 
identical heavy chains (Fig. 3-1). Each light chain is 
about 24kD, and each heavy chain is 55 to 70 kD. One 
light chain is covalently attached to one heavy chain by 
a disulfide bond, and the two heavy chains are attached 
to each other by disulfide bonds. Both the light chains 
and the heavy chains contain a series of repeating, 

homologous units, each about 110 amino acid residues 
in length, that fold independently in a globular motif 
that is called an Ig domain. An Ig domain contains two 
layers of P-pleated sheet, each layer composed of 
three to five strands of antiparallel polypeptide chain 
(Fig. 3-2). Many other proteins of importance in the 
immune system contain domains that use the same 
folding motif and have amino acid sequences that are 
similar to Ig amino acid sequences. All molecules that 
contain this motif are said to belong to the Ig super- 
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Figure 3-2 Structure of an antibody light chain. 
The secondary and tertiary structures of a human Ig light chain are shown schematically. The vari- 

able (V) and constant (C) regions each independently fold into Ig domains. Each domain is composed 
of two antiparallel arrays of P-strands represented by the flat arrows, colored yellow and red, respec- 
tively, to form two P-pleated sheets. In the C domain, there are three and four P-strands in the two 
sheets. In the V domain, which is about 16 amino acid residues longer than the C domain, the two 
sheets are composed of five and four strands. The dark blue bars are intrachain disulfide bonds, and 
the numbers indicate the positions of amino acid residues counting from the amino (N) terminus. 
These Ig C and V domain structures are found in the extracellular portions of many other membrane 
proteins in the immune system, as discussed in Box 3-2. (Adapted from Edmundson AB, KR Ely, EE 
Abola, M Schiffer, and N Panagiotopoulos. Rotational allostery and divergent evolution of domains in 
immunoglobulin light chains. Biochemistry 14:3953-3961, 1975. Copyright 1975 American Chemi- 
cal Society.) 

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

Both heavy chains and light chains consist of 
amino terminal variable (V) regions that participate 
in antigen recognition and carboxyl terminal constant 
(C) regions; the C regions of the heauy chains mediate 
effector functions. In the heavy chains, the V region is 
composed of one Ig domain and the C region is com- 
posed of three or four Ig domains. Each light chain is 
made up of one V region Ig domain and one C region 
Ig domain. Variable regions are so named because they 
contain regions of variability in amino acid sequence 
that distinguish the antibodies made by one clone of B 
cells from the antibodies made by other clones. The V 
region of one heavy chain (VH) is juxtaposed with the 
V region of one light chain (VI.) to form an antigen- 
binding site (see Fig. 3-1). Because the core structural 
unit of each antibody molecule contains two hcavy 
chains and two light chains, it has two antigen-binding 
sites. The C region domains are separate from the 
antigen-binding site and do not participate in antigen 
recognition. The heavy chain C regions interact with 
other effector molecules and cells of the immune 
System and therefore mediate most of the biologic func- 
tions of antibodies. In addition, the carboxyl terminal 
ends of the heavy chains anchor membrane-bound anti- 
bodies in the plasma membranes of B 1ymphocyLes. The 

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

Structural Features of Variable Regions and 
Their Relationship to Antigen Binding 

Most of the sequence differences among diferent anti- 
bodies are conJined to three short stretches in  the V 
regions of heavy and light chains called the hyper- 
variable segments. These hypervariable regions are 
each about 10 amino acid residues long, and they are 
held in place by more conserved framework sequences 
that make up the Ig domain of the V rcgion (Fig. 3-3; 
see also Fig. 3-2). The genetic mechanisms leading to 
the amino acid variability are discussed in Chapter 7. In 
an antibody molcculc, the three hypervariable regions 
of a VL domain and the three hypervariable regions of 
a V, domain are brought together in three-dimensional 
space to form an antigen-binding surface. Because 
these sequences form a surface that is complementary 
to the three-dimensional structure of the bound 
antigen, the hypervariable regions are also called 
complementarity-determining regions (CDRs) (see Fig. 
3-3). Proceeding from either the V, or the VH amino 
terminus, these regions are called CDR1, CDR2, and 
CDR3, respectively. The CDR3s of both the VH segment 
and the V, segment are the most variable of the CDRs. 
As we will discuss in Chapter 7 ,  there are special genetic 
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the entire sequence of a domain characteristic of a partic- 
ular superfamily is encoded by a single exon. Members of 
a superfamily are likely to be derived from a common pre- 
cursor gene by divergent evolution, and multidomain pro- 
teins may belong to more than one superfamily. The 
criterion for inclusion of a protein in the Ig superfamily 
is the presence of one or more Ig domains (also called 
Ig homology units), which are regions of 70 to 110 amino 
acid residues homologous to either Ig variable (V) or Ig 
constant (C) domains. The Ig domain contains conserved 
residues that permit the polypeptide to assume a globular 
tertiary structure called an antibody (or Ig) fold, com- 
posed of a sandwich arrangement of two Psheets, each 
made up of three to five antiparallel Pstrands of five to ten 
amino acid residues. This sandwich-like structure is stabi- 
lized by hydrophobic amino acid residues on the Pstrands 
pointing inward, which alternate with hydrophilic residues 
pointing out. Because the inward-pointing residues are 
essential for the stability of the tertiary structure, they are 
the major contributors to the regions that are conserved 
between Ig superfamily members. In addition, there are 
usually conserved cysteine residues that contribute to the 
formation of an intrachain disulfide-bonded loop of 55 to 
75 amino acids (approximately 90 kD). Ig domains are 
classified as V-like or Glike on the basis of closest homol- 
ogy to either Ig V or Ig C domains. V domains are formed 
from a longer polypeptide than are C domains and contain 
two extra Pstrands within the P-sheet sandwich. A third 
type of Ig domain, called C2 or H, has a length similar to 
C domains but has sequences typical of both V and C 
domains. 

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

reflected by the lack of significant sequence homolog 
Ig and TCR V and C units, although they share similar 
tertiary structures. A second early event in the evolution 
of this family was the acquisition of the ability to undergo 
DNA recombination, which has remained a unique fea~ 
of the antigen receptor gene members of the family. 

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

One recurrent characteristic of the Ig superfan---, 
members is that interactions between Ig domains on dif- 
ferent polypeptide chains are essential for the functions of 
the molecules. These interactions can be homophilic. 
occurring between identical domains on opposing p 
peptide chains of a multimeric protein, as in the case ot 
CHCH pairing to form functional Fc regions of Ig mol- 
ecules. Alternatively, they can be heterophilic, as occurs in 
the case of VH:VL or Vp:V, pairing to form the antigen- 
binding sites of Ig or TCR molecules, respectively. Het- 
erophilic interactions can also occur between Ig domains 
on entirely distinct molecules expressed on the surface- -' 

different cells. Such interactions provide adhesive f o ~  
that stabilize immunologically significant cell-cell interac- 
tions. For example, the presentation of an antigen to a 
helper T cell by an antigen-presenting cell probably 
involves heterophilic intercellular Ig domain interactions 
between at least three pairs of Ig superfamily molecu1-- 
including CD4:class I1 MHC, CD2:LFA-3, and CD28 
(see Chapter 6). Several Ig superfamily members have 
been identified on cells of the developing and mature 
nervous system, consistent with the Eunctional importa 
of highly regulated cell-cell interactions in these sites. 

The Ig Superfamily 

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

tions. These diverse proteins are members of the Ig super- 
family (sometimes called the Ig supergene family). A 
superfamily is broadly defined as a group of proteins that 
share a certain degree of sequence homology, usually at 
least 15%. The conserved sequences shared by superfam- 
ily members often contribute to the formation of compact 
tertiary structures referred to as domains, and most often-,% 

Class I MHC Class II MHC 
N N 

mechanisms for generating more sequence diversity in 
CDR3 than in CDRl and CDR2. Crystallographic analy- 
ses of antibodies reveal that the CDRs form extended 
loops that are exposed on the surface of the antibody 
and are thus available to interact with antigen (see 
Fig. 3-3). Sequence differences among the CDRs of dif- 
ferent antibody molecules result in unique chemical 
structures being displayed at the surfaces of the pro- 
jecting loops and therefore in different specificities 
for antigens. The ability of a V region to fold into an 
Ig domain is mostly determined by the conserved 
sequences of the framework regions adjacent to the 
CDRs. Confining the sequence variability to three short 
stretches allows the basic structure of all antibodies to 
be maintained despite the variability among different 
antibodies. 

Antigen binding by antibody molecules is  primarily 
a function of the hypervariable regions of VH and VL. 
Crystallographic analyses of antigen-antibody com- 
plexes show that the amino acid residues of the hyper- 
variable regions form multiple contacts with bound 

antigen (Fig. 3-4). The most extensive contact is 
with the third hypervariable region (CDRS), which is 
also the most variable of the three. However, antigen 
binding is not solely a function of the CDRs, and some 
framework residues may also contact the antigen. More- 
over, in the binding of some antigens, one or more of 
the CDRs may be outside the region of contact with 
antigen, thus not participating in antigen binding. 

P-lnR NCAM 

ICAM- 

Structural Features of Constant Regions 
and Their Relationship to 
Effector Functions 

Antibody molecules can be divided into distinct 
classes and subclasses on the basis of differences in the 
structure of their heavy chain C regions. The classes 
of antibody molecules are also called isotypes and are 
named IgA, IgD, IgE, IgG, and IgM (Table 3-2). In 
humans, IgA and IgG isotypes can be further subdi- 
vided into closely related subclasses, or subtypes, called 
IgAl and IgA2, and IgC1, IgG2, IgG3, and IgG4. (Mice, Continued on following page 
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Table 3-2. Human Antibody lsotypes 

Serum Serum Secrelc 
concentr. half-life 
(mg/mL) (days) 

CDR 

CDRl FDR2 
IgA Monomer, dimer, Mucosal immunity 
(dimer) trimer 

T* h I 

None Naive B cell 
antiaen receDtor 

Trace 
- 

l g ~ ~ w ~ ~ o n o m e r  hypersensitivity t-fmediate 

Figure 3-3 Hypervariable regions in lg molecules. 
A. Kabat-Wu plot of amino acid variability in Ig molecules. The histograms depict the extent of 

variability defined as the number of differences in each amino acid residue among various independ- 
ently sequenced Ig light chains, plotted against amino acid residue number, measured from the amino 
terminus. This method of analysis, developed by Elvin Kabat and Tai Te Wu, indicates that the most 
variable residues are clustered in three "hypervariable" regions, colored in blue, yellow, and red cor- 
responding to CDR1, CDR2, and CDR3, respectively. Three hypervariable regions are also present in 
heavy chains. (Courtesy of Dr. E. A. Kabat, Department of Microbiology, Columbia University College 
of Physicians and Surgeons, New York.) 

B. Three-dimensional view of the hypervariable CDR loops in a light chain variable (V) domain. 
The V region of a light chain is shown with CDR1, CDR2, and CDR3 loops, colored in blue, yellow, 
and red, respectively. These loops correspond to the hypervariable regions in the variability plot in A. 
Heavy chain hypervariable regions (not shown) are also located in three loops, and all six loops are 
juxtaposed in the antibody molecule to form the antigen-binding surface (see Fig. 3-4). 

Opsonization, 
complement 
activation, antibody- 
dependent cell- 
mediated cytotoxicity, 
neonatal immunity, 
feedback inhibition 
of B cells 

Naive B cell antigen 
receptor, complement 
activation which are often used in the study of immune responses, types or subtypes. Heavy chains are designated by the 

differ in that the IgG isotype is divided into the IgG1, letter of the Greek alphabet corresponding to the 
IgGPa, IgG2b, and IgG3 subclasses.) The heavy chain C isotype of the antibody: IgAl contains a 1  heavy chains; 
regions of all antibody molecules of one isotype or IgA2, a2; IgD, 6; IgE, &; IgG1, yl; IgG2, y2; IgG3, y3; 
subtype have essentially the same amino acid sequence. IgG4, y4; and IgM, p. In human IgM and IgE antibod- 
This sequence is different in antibodies of other iso- ies, the C regions contain four tandem Ig domains. The 

- - - - - - - - - - - - - 
I G H e c c t o r  functions of antibod~es are dscissed m detail in Chapter 14. 

- 

- - - -- -1 

I I 

Gtregions of IgG, IgA, and IgD contain only three Ig 
domains. These domains are designated CH and num- 
bered sequentially from amino terminus to carboxyl 
terminus (e.g,, CHI, CH2, and so on). In each isotype, 
these regions may be designated more specifically (e.g., 
C,1, C,2 in IgG). Antibodies can act as antigens when 
introduced into foreign hosts, eliciting the production 
of anti-antibodies (Rox 3-3). By immunizing an animal 
of one species with Ig of another species, it is possible 
to produce anti-antibodies specific for one lg class or 
subclass, and such antibodies are routinely used in the 

clinical and experimental analyses of humoral immune 
responses. 

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

I 
Antigen 

Figure 3 4  Binding of an antigen by an 
antibody. 

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

Antibody molecules are proteins and can therefore be 
immunogenic. Immunologists have exploited this fact to 
produce antibodies specific for Ig molecules that caI , 

used as reagents to analyze the structure and functio~l & 
the Ig molecules. To obtain an anti-antibody response, it 
is necessary that the Ig molecules used to immunize an 
animal be recognized in whole or in part as foreign. The 
simplest approach is to immunize an animal of one species 
(e.g., rabbit) with Ig molecules of a second species (e.g., 
mouse). Populations of antibodies generated by such 
cross-species immunizations are largely specific for epi- 
topes present in the constant (C) regions of lil 
chains. Antisera generated in this way can 
define the isotype of an antibody. 

When an animal is immunized with Ig olecules 
derived from another animal of the same species, the 
immune response is confined to epitopes of the immuniz- 
ing Ig that are absent or uncommon on the Ig molecules 
of the responder animal. Two types of determinants have 
been defined by this approach. First, determinants ma 
formed by minor structural differences (polymorphisms) 
in amino acid sequences located in the conserved portions 

Ig molecules, called allotopes. All antibody molecules 
tnat share a particular allotope are said to belong to the 
same allotype. Most allotopes are located in the C regions 

light or heavy chains, but some are found in the frame. 
work portions of variable (V) regions. Allotypic differer --- 
have been important in the study of Ig genetics. 
example, allotypes detected by anti-Ig antibodies were ini. 
tially used to locate the position of Ig genes by linkage 
analysis. In addition, the remarkable observation that, in 
homozygous animals, all the heavy chains of a particula~ 
isotype <e.g., IgM) share the same allotype even though 
the V regions of these antibodies have different amino acid 
sequences provided the first evidence that the C regions 
of all Ig molecules of a particular isotype are encoded by 
a single gene segment that is separate from the gene seg 
ments encoding V regions. As is discussed in Chapter 'i 
now know that this surprising conclusion is correct. 

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

Antibody molecules are flexible, permitting them to 
bind to different arrays of antigens. Every antibody 
contains at least two antigen-binding sites, each formed 
by a pair of VH and VL domains. Many Ig molecules can 
orient these binding sites so that two antigen molecules 
on a planar (e.g., cell) surface may be engaged at once 
(Fig. 3-5). This flexibility is conferred, in large part, by 
a hinge region located between CHI and CH2 in certain 
isotypes. The hinge region varies from 10 to more than 
60 amino acid residues in different isotypes. Portions of 
this sequence assume a random and flexible confor- 
mation, permitting molecular motion between CHI and 
CH2. Some of the greatest differences between the con- 
stant regions of the IgG subclasses are concentrated in 
the hinge. This leads to different overall shapes of the 

The second type of determinant on antibody molecules 
t can be recognized as foreign by other animals of 

the same species is that formed by the hypervariable 
regions of the Ig variable domains. When a homogeneous 
population of antibody molecules (e.g., a myeloma 
protein, or a monoclonal antibody) is used as an immuno- 
gen, antibodies are produced that react with the unique 
hypervariable loops of that antibody. These determinants 
are recognized as foreign because they are usually present 
in very small quantities in any given animal (i.e., at too low 
a level to induce self-tolerance). The unique determinants 
of individual antibody molecules are called idiotopes, and 
all antibody molecules that share an idiotope are said to 
belong to the same idiotype. As is discussed in Chapter 7, 
hypervariable sequences that form idiotopes arise both 
from inherited germline diversity and from somatic events. 

liotopes may be involved in regulation of B cell functions. 
I he theory of lymphocyte regulation through idiotopes of 
antigen receptors called the network hv~othesis. is men- 

ned in Chapter 10. 
In addition to expenmenrauy elmtea anu-lg anubod- 

ies, immunologists have been interested in naturally occur- 
g antibodies reactive with self Ig molecules. Anti-Ig 

antibodies are particularly prevalent in an autoimmune 
disease called rheumatoid arthritis (see Chapter 18), in 
which setting they are known as rheumatoid factor. 
Rheumatoid factor is usually an IgM antibody that reacts 
with the constant regions of self IgG. The significance of 
rheumatoid factor in the pathogenesis of rheumatoid 
--+hritis is unknown. 

Patients treated with mouse monoclonal antibodies may 
make antibodies against the mouse Ig, called a human anti- 
--?use antibody (HAMA) response. These anti-Ig anti- 

lies eliminate the injected monoclonal. Humanized 
antibodies have been developed to circumvent this 
problem, but even humanized antibodies contain hvper 
variable regions derived from the original mon ma1 

1 these can elicit a response in treated patients. 

IgG subtypes. In addition, some flexibility of antibody 
molecules is due to the ability of each VH domain to 
rotate with respect to the adjacent CH1 domain. 

There are two classes or isotypes of light chains, 
called K and a, which are distinguished by their car- 
boxyl terminal constant ( C )  regions. An antibody mole- 
cule has either two K light chains or two h light chains, 
but never one of each. The amino acid sequences of the 
K light chain C regions (C,) differ from the sequences 
of the h chain C regions (Ch), but all C, sequences of 
different antibody molecules are identical, as are all 
Ch sequences. Despite the sequence differences, C, and 
Ch are structurally homologous to each other, and 
each folds into one Ig domain. In humans, about 60% of 
antibody molecules have K light chains, and about 40% 
have h light chains. Marked changes in this ratio can 
occur in patients with monoclonal B cell tumors because 
the neoplastic clone produces antibody molecules with 

A Widely spaced cell B Closely spaced cell QsurfaceQ= 
Hinge 

Figure 3-5 Flexibility of antibody molecules. 
The two antigen-binding sites of an Ig monomer can simultane- 

ously bind to two determinants separated by varying distances. In 
A, an Ig molecule is depicted binding to two widely spaced deter- 
minants on a cell surface, and in B, the same antibody is binding to 
two determinants that are close together. This flexibility is mainly 
due to the hinge regions located between the first constant heavy 
chain (CHI) and the second constant heavy chain (CH2) domains, 
which permit independent movement of antigen-binding sites rela- 
tive to the rest of the molecule. 

the same light chain. In fact, the ratio of K-bearing cells 
to h-bearing cells is often used clinically in the diagnosis 
of B cell lymphomas. In mice, K-containing antibodies 
are about 10 times more abundant than h-containing 
antibodies. Unlike in heavy chain isotypes, there are no 
known differences in function between K-containing 
antibodies and h-containing antibodies. 

Antibodies may be expressed in secreted or mem- 
brane-associated forms, which differ in the amino 
acid sequence of the carboxyl terminal end of the 
heavy chain C region. In the secreted form, found 
in blood and other extracellular fluids, the sequerlce 
of the last CH region terminates with charged and 
hydrophilic amino acid residues. In the membrane 
form of antibody, found only on the plasma membrane 
of the B lymphocytes that synthesize the antibody, the 
last CH region is followed by 26 amino acids with 
hydrophobic side chains and variable numbers of basic 
amino acid residues (Fig. 3-6). This structural motif is 
characteristic of integral membrane proteins. The 
hydrophobic residues form an a-helix that extends 
across the lipid bilayer of the plasma membrane, and 
the basic terminal (cytoplasmic) amino acids are 
located in the cytoplasm, where their side chains inter- 
act with the phospholipid head groups on the cyto- 
plasmic surface of the membrane and anchor the 
protein to the membrane. In membrane IgM and IgD 
molecules, the cytoplasmic portion of the heavy chain 
is short, only 3 amino acid residues in length; in mem- 
brane 1gC; and IgE molecules, it is somewhat longer, up 
to 30 amino acid residues in length. 

Secreted IgG and IgE, and all membrane Ig mole- 
cules, regardless of isotype, are monomeric with respect 
to the basic antibody structural unit (i.e., they contain 
two heavy chains and two light chains). In contrast, 
the secreted forms of IgM and IgA form multimeric 
complexes in which two or more of the four-chain 
core antibody structural units are covalently joined. 
These complexes are formed by interactions between 
regions, called tail pieces, that are located at the car- 

boxyl terminal ends of p and a heavy chains (see Table 
3-2). Multimeric IgM and IgA molecules also contain 
an additional 15-kD polypeptide called the joining (J)  
chain, which is disulfide bonded to the tail pieces and 
serves to stabilize the multimeric complexes. 

Associations Between Heavy and 
Light Chains 

Heavy chains and light chains are covalently linked 
in such a way that the VH and VL domains are juxta- 
posed to form the antigen-binding sites and the C, 
domains form the sites that interact with cell surface 
receptors or effector molecules (see Fig. 3-1). The cova- 
lent interactions that link the heavy and light chains are 
disulfide bonds formed between cysteine residues in 
the carboxyl terminus of the light chain and the CH1 
domain of the heavy chain. Noncovalent interactions 
between the VL and VH domains and between the CL 
and CHI domains may also contribute to the association 
of heavy and light chains. 

The two heaxy chains of each antibody molecule 
are also covalently linked by disulfide bonds. In IgG 
antibodies, these bonds are formed between cysteine 
residues in the CH2 regions, close to the hinge. In other 
isotypes, the disulfide bonds may be in different loca- 
tions. Noncovalent interactions (e.g., betwccn thc third 
CH domains [Cy3] ) may also contribute to heavy chain 
pairing. 

@ The associations between the chains of antibody mol- 
ecules and the functions of different regions of anti- 
bodies were first deduced from experiments done by 
Rodney Porter in which rabbit IgG was cleaved by pro- 
teolytic enzymes into fragments with distinct structural 
and functional properties. In TgG molecules, the hinge 
between Cyl and Cy2 of the heavy chain is the region 
most susceptible to proteolytic cleavage. If rabbit IgG 
is treated with the enzyme papain under conditions of 
limited proteolysis, the enzyme acts on the hinge 
region and cleaves the IgG into three separate pieces 
(Fig. 3-7). Two of the pieces are identical to each other 
and consist of the complete light chain (VL and CL) 
associated with a VH-Cyl fragment of the heavy chain. 
These fragments retain the ability to bind antigen 
because each contains paired VL and VH domains, and 
they are called Fab (fragment, antigen binding). The 
third piece is composed of two identical, disulfide- 
linked peptides containing the heavy chain Cy2 and 
CY3 domains. This piece of IgG has a propensity to self- 
associate and to crystallize into a lattice and is thcrc- 
fore called Fc (fragment, crystallizable). 

@ When pepsin (instead of papain) is used to cleave 
rabbit IgG under limiting conditions, proteolysis is 
restricted to the carboxyl terminus of the hinge region, 
generating an antigen-binding fragment of IgG with 
the hinge and the interchain disulfide bonds intact 
(see Fig. 3-7). Fab fragments retaining the heavy chain 
hinge are called Fab'; when the interchain disulfide 
bonds are preserved, the two Fab' fragments remain 
associated in a form called F(ab')2. Fab and F(ab')* are 
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Figure 3-6 Membrane and secreted forms of lg heavy chains. 
The membrane forms of the Ig heavy chains, but not the secreted forms, contain transmembrane 

regions made up of hydrophobic amino acid residues and cytoplasmic domains that differ significantly 
among the different isotypes. The cytoplasmic portion of the membrane form of the p chain contains 
only 3 residues, whereas the y3 cytoplasmic region contains 28 residues. The secreted forms of the 
antibodies end in C-terminal tail pieces, which also differ among isotypes: p has a long tail piece (21 
residues) that is involved in pentamer formation, whereas y3 has only a short tail piece (3 residues). 
In this figure, the p and y3 chains are compared, but other y isotype heavy chains have structures 
similar to y3. Amino acids are shown in the letter code, and the last amino acid of the terminal C 
region domain (i.e., CK4 or Cy3) is indicated. 

useful experimental tools because they can bind to with rabbit IgG. However, the basic organization of the 
antigens without activating Fc-dependent effector Ig molecule that Porter deduced from his experiments 
mechanisms. is common to all Ig molecules of all isotypes and of all 

species. In fact, these proteolysis experiments provided 
The results of limited papain or pepsin proteolysis of the first evidence that the antigen recognition hnctions 

other isotypes besides IgG, or of IgGs of species other and the effector functions of Ig molecules are spatially 
than the rabbit, do not always recapitulate the studies segregated. 
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Figure 3-7 Proteolytic fragments 
of an IgG molecule. 

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

Pepsin 
products 

Peptide 
\ fragments 

Synthesis, Assembly, and Expression 
of lg  Molecules 

Ig heavy and light chains, like most secreted and mem- 
brane proteins, are synthesized on membrane-bound 
ribosomes in the rough endoplasmic reticulum. The 
proper folding of Ig heavy chains and their assembly 
with light chains are regulated by proteins resident in 
the endoplasmic reticulum called chaperones. These 
proteins, which include calnexin and a molecule called 
BiP (binding protein), bind to newly synthesized Ig 
polypeptides and ensure that they are retained or tar- 
geted for degradation unless they become properly 
folded and assembled into Ig molecules. The covalent 
association of heavy and light chains, created by the for- 
mation of disulfide bonds, and N-linked glycosylation 
also occur in the endoplasmic reticulum. After assem- 
bly, the Ig molecules are released from the chaperones 
and directed into the cisternae of the Golgi complex, 
where carbohydrates are modified, and the antibodies 
are then transported to the plasma membrane in vesi- 
cles, where they become anchored into the cell mem- 
brane or are secreted by a process of cxocytosis. Othcr 

proteins that bind to Ig are coordinately regulated. For 
instance, secreted IgA and IgM antibodies are main- 
tained as multimers by the attached J chains. In cells 
producing such antibodies, transcription of Ig heavy 
and light chain genes is accompanied by coordinate J 
chain gene transcription and biosynthesis. 

The maturation of B cells from bone marrow pro- 
genitors is accompanied by specijic changes in Zg gene 
expression, resulting in the production of Zg molecules 
in different forms (Fig. 3-8). The earliest cell in the B 
lymphocyte lineage that produces Ig polypeptides, 
called the pre-B cell, synthesizes the membrane form of 
the p heavy chain, but most of the protein remains in 
the cytoplasm. This is because chaperone proteins asso- 
ciated with newly synthesized p heavy chains restrict 
their movement out of the cell. Most of the cytoplasmic 
p heavy chains in pre-B cells are degraded intracellu- 
larly. A small amount of these p chains is expressed on 
the cell surface in association with proteins called sur- 
rogate light chains to form the pre-B cell receptor. 
Immature and mature B cells produce K or h light 
chains (see Fig. 3-8), which associate with p proteins to 
form IgM molecules. This assembly protects the heavy 
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Stem Pre-B Immature Mature Activated Antibody- 
cell cell B cell B cell B cell secreting ceH 

Low-rate 
Ig secretion; High-rate 

C ~ t ~ ~ l a s m i c  Membrane Membrane heavy chain isotype 1g secretion; 
None p heavy IgM IgM, IgD switching; reduced chain affinity maturation membrane Ig 

Figure 3-8 immunoglobulin expression during B lymphocyte maturation. 
Stages in B lymphocyte maturation are shown with associated changes in the production of Ig 

heavy and light chains. The molecular events accompanying these changes are discussed in Chapters 
7 and 9. 

chains from intracellular degradation and allows the 
IgM to be expressed on the cell surface. Mature B cells 
express membrane forms of IgM and IgD (the p and 6 
heavy chains associated with K or A light chains). These 
membrane Ig receptors serve as cell surface receptors 
that recognize antigens and initiate the process of B cell 
activation. B ccll antigen reccptors arc noncovalently 
associated with two other membrane proteins, Iga and 
IgP, which serve signaling functions and are essential 
for surface expression of IgM and IgD. The molecular 
and cellular events in B cell maturation underlying 
these changes in antibody expression are discussed in 
detail in Chapters 7 and 9. 

When mature B lymphocytes are activated by anti- 
gens and other stimuli, the cells differentiate into anti- 
body-secreting cells. This process is also accorripanied 
by changes in the pattern of Ig production. One such 
change is the conversion of membrane Ig to secreted 
Ig; the structural basis of this conversion has been dis- 
cussed previously (see Fig. 3-6). The second change is 
the expression of Ig heavy chain isotypes other than 
IgM and IgD. This process, called heavy chain isotype 
(or class) switching, is described later in this chapter 
and in more detail in Chapter 9, when we discuss B cell 
activation. 

Antibody Binding of Antigens 

Features of Biologic Antigens 

An antigen is any substance that may be specifically 
bound by an antibody molecule or T cell receptor. Anti- 
bodies can recognize as antigens almost every kind of 
biologic molecule, including simple intermediary 
metabolites, sugars, lipids, autacoids, and hormones, as 
well as macromolecules such as complex carbohydrates, 
phospholipids, nucleic acids, and proteins. This is 
in contrast to T cells, which recognize only peptides 
(see Chapter 5 ) .  Only macromolecules are capable of 
stimulating B lymphocytes to initiate humoral immune 

responses. Molecules that stimulate immune responses 
are called immunogens. Small chemicals, such as dini- 
trophenol, may bind to antibodies but cannot activate 
B cells on their own (i.e., they are not immunogenic). 
To generate antibodies specific for such small chemi- 
cals, immunologists commonly attach them to macro- 
molecules beforc immunization. In thcsc cases, the 
small chemical is called a hapten, and the macromole- 
cule is called a carrier. The hapten-carrier complex, 
unlike free hapten, can act as an immunogen. 

Macromolecules are usually much bigger than the 
antigen-binding region of an antibody molecule (see 
Fig. 3-4). Therefore, any antibody binds to only a 
portion of the macromolecule, which is called a deter- 
minant or an epitope. These two words are synonymous 
and are used interchangeably throughout the book. 
Macromolecules typically contain multiple determi- 
nants, some of which may be repeated, and each of 
which, by definition, can be bound by an antibody. The 
presence of multiple identical determinants in an 
antigen is referred to as polyvalency or multivalency. 
Most globular proteins do not contain multiple identi- 
cal epitopes and are not polyvalent, unless they are in 
aggregates. In the case of polysaccharides and nucleic 
acids, many identical epitopes may be regularly spaced, 
and the molecules are said to be polyvalent. Cell 
surfaces, including microbes, often display poly- 
valent arrays of protein or carbohydrate antigenic 
determinants. 

The spatial arrangement of different epitopes on a 
single protein molecule may injluence the binding of 
antibodies in several ways. When determinants are 
well separated, two or more antibody molecules can be 
bound to the same protein antigen without influencing 
each other; such determinants are said to be nonover- 
lapping. When two determinants are close to one 
another, the binding of antibody to the first determi- 
nant may cause steric interference with the binding of 
antibody to the second; such determinants are said to 
be overlapping. In rarer cases, binding of the first anti- 
body may cause a conformational change in the struc- 
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Figure 3-9 The nature of antigenic determinants. 
Antigenic determinants (shown in orange, red, and blue) may depend on protein folding (con- 

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

ture of the antigen, influencing the binding of the 
second antibody by means other than steric hindrance. 
Such interactions are called allosteric effects. 

Antigenic determinants may be formed by the cova- 
lent structure of a molecule or, in  the case of proteins 
and nucleic acids, by the noncovalent folding of the 
molecule (Fig. 3-9). The antigenic determinants of 
complex carbohydrates and phospholipids are usually 
formed by the covalent structure. In the case of 
proteins, the formation of some determinants de- 
pends only on covalent structure, and formation of 
other determinants reflects tertiary structure. Epitopes 
formed by several adjacent amino acid residues are 
called linear determinants. The antigen-binding site of 
an antibody can usually accommodate a linear deter- 
minant made up of about six amino acids. If linear 
determinants appear on  he exlernal surface or in a 
region of extended conformation in the native folded 
protein, they may be accessible to antibodies. More 
often, linear determinants may be inaccessible in the 
native conformation and appear only when the protein 
is denatured. In contrast, conformational determinants 
are formed by amino acid residues that are not in a 
sequence but become spatially juxtaposed in the folded 
protein. Antibodies specific for certain linear determi- 
nants and antibodies specific for conformational deter- 
minants can be used to ascertain whether a protein is 

denatured or in its native conformation, respectively. 
Proteins may be subjected to modifications such as 
phosphorylation or proteolysis. These modifications, by 
altering the covalent structure, can produce new epi- 
topes. Such epitopes are called neoantigenic determi- 
nants, and they too may be recognized by specific 
antibodies. 

Structural and Chemical Basis of 
Antigen Binding 

The antigen-binding sites of most antibodies are 
planar surfaces that can accommodate conforma- 
tional epitopes of macromolecules, allowing the anti- 
bodies to bind large macromolecules. As is discussed in 
Chapter 4, this is a key difference between the antigen- 
binding siles of an~ibody molecules and those of 
certain other antigen-binding molecules of the immune 
system, namely, MHC molecules, which contain antigen- 
binding clefts that bind small peptides but not native 
globular proteins (see Table 3-1). In some instances, 
such as antibodies specific for small carbohydrates, 
the antigen is bound in a cleft between VL and VH 
domains. 

The recognition of antigen by antibody involves 
noncovalent, reversible binding. Various types of 
noncovalent interactions may contribute to antibody 
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Figure 3-10 Valency and avidity of 
antibody-antigen interactions. 

Monovalent antigens, or epitopes spaced 
far apart on cell surfaces, will interact with a 
single binding site of one antibody molecule. 
Although the affinity of this interaction may 
be high, the overall avidity is relatively low. 
When repeated determinants on a cell surface 
are close enough, both the antigen-binding 
sites of a single IgG molecule can bind, 
leading to a higher avidity bivalent interac- 
tion. The hinge region of the IgG molecule 
accommodates the shape change needed for 
simultaneous engagement of both binding 
sites. IgM molecules have 10 identical 
antigen-binding sites that can theoretically 
bind simultaneously with 10 repeating deter- 
minants on a cell surface, resulting in a poly- 
valent, very high avidity interaction. 

binding of antigen, including electrostatic forces, 
hydrogen bonds, van der Waals forces, and hydropho- 
bic interactions. The relative importance of each of 
these depends on the structures of the binding site of 
the individual antibody and of the antigenic determi- 
nant. Thc strength of the binding between a single com- 
bining site of an antibody and an epitope of an antigen, 
which can be determined experimentally by equilib- 
rium dialysis (see Appendix 111), is called the affinity of 
the antibody. The affinity is commonly represented by 
a dissociation constant (K,,), which indicates the con- 
centration of antigen that is required to occupy the 
combining sites of half the antibody molecules present 
in a solution of antibody. A smaller & indicates a 
stronger or higher affinity interaction because a lower 
concentration of antigen is needed to occupy the sites. 
The K,, of antibodies produced in typical humoral 
immune responses usually varies from about M 
to 10-l1 M. Serum from an immunized individual will 
contain a mixture of antibodies with different affinities 
for the antigen, depending primarily on the amino acid 
sequences of the CDRs. 

Because the hinge region of antibodies gives them 
flexibility, a single antibody may attach to a single mul- 
tivalent antigen by more than one binding site. For TgG 
or IgE, this attachment can involve, at most, two binding 
sites, one on each Fab. For pentameric IgM, however, a 
single antibody may bind at up to 10 different sites 

(Fig. 3-10). Polyvalent antigens will have more than one 
copy of a particular determinant. Although the affinity 
of any one antigen-binding site will be the same for each 
epitope of a polyvalent antigen, the strength of attach- 
ment of the antibody to the antigen must take into 
account binding of all the sites to all the available 
epitopes. This overall strength of attachment is called 
the avidity and is much greater than the affinity of any 
one antigen-binding site. Mathematically, the avidity 
increases almost geometrically (rather than additively) 
for each occupied site. Thus, a low-affinity IgM molecule 
can still bind tightly to a polyvalent antigen because 
many low-affinity interactions (up to 10 per IgM mole- 
cule) can produce a single high-avidity interaction. 

Polyvalent interactions between antigen and anti- 
body are of biologic significance because many effector 
functions of antibodies are triggered optimally when 
two or more antibody molecules are brought close 
together by binding to a polyvalent antigen. If a poly- 
valent antigen is mixed with a specific antibody in a 
test tube, the two interact to form immune complexes 
(Fig. 3-11). At the correct concentration, called a zone 
of equivalence, antibody and antigen form an exten- 
sively cross-linked network of attached molecules such 
that most or all of the antigen and antibody molecules 
are complexed into large masses. Immune complexes 
may be dissociated into smaller aggregates either by 
increasing the concentration of antigen so that free 
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Figure 3-1 1 Antigen-antibody complexes. 
The sizes of antigen-antibody (immune) com- 

plexes are a function of relative concentrations of antibody excess 
antigen and antibody. Large complexes are formed 

equivalence antigen excess 
at concentrations of multivalent antigens and anti- small complexes) (large complexes) (small ~0mpIexes) 1 
hodies that are termed the zone of eauivalence: the 7 7-11 1 

antigen molecules will displace antigen bound to the 
antibody (zone of antigen excess) or by increasing 
antibody so that free antibody molecules will displace 
bound antibody from antigen determinants (zone of 
antibody cxccss). If a zonc of cquivalcncc is rcachcd in 
vim, large immune complexes can form in the circula- 
tion. Immune complexes that are trapped or formed in 
tissues can initiate an inflammatory reaction, resulting 
in immune complex diseases (see Chapter 18). 

Structure-Function Relationships in 
Antibody Molecules 

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

Features Related to  Antigen Recognition 

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

Specificity 

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

@ Classic experiments performed by Karl Landsteiner in 
" the 1930s demonstrated that antibodies made in re- 
\ !  

sponse to an aminobenzene hapten with a meta- 
1 

!, . substituted sulfonate group would bind strongly to this 
hapten but weakly or not at all to ortho- or para- 

( ,' 
substituted isomers. These antigens are structurally 

('1 
similar and differ only in the location of the sulfonate 

1 '  
group on the bcnzcnc ring. 

far 

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

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

Diversity 

As we discussed earlier in this chapter, an individual is 
capable of making a tremendous number of structurally 
distinct antibodies, perhaps up to lo9, each with a dis- 
tinct specificity. The presence of a large number of anti- 
bodies that bind different antigens is called diversity, 
and the total collection of antibodies with different 
specificities is called the antibody repertoire. The 
genetic mechanisms that can generate such a large anti- 
body repertoire occur exclusively in lymphocytes. They 
are based on the random recombination of a limited 
set of inherited germline DNA sequences into func- 
tional genes that encode the V regions of heavy and 
light chains as well as on the random addition of non- 
template nucleotide sequences to these V segment 
genes. These mechanisms are discussed in detail in 
Chapter 7. The millions of resulting variations in struc- 
ture are concentrated in the hypervariable regions of 
both heavy and light chains and thereby determine 
specificity for antigens. 

Affinity and Avidity 

The ability of antibodies to neutralize toxins and infec- 
tious microbes is dependent on tight binding of the 
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Figure 3-12 Changes in antibody structure during humoral immune responses. 
The illustration depicts the changes in the structure of antibodies that may be produced by the 

progeny of activated B cells (one clone) and the related changes in function. During affinity matura- 
tion, mutations in the variable (V) region (indicated by red dots) lead to changes in fine specificity 
without changes in constant (C) region-dependent effector functions. Activated B cells may shift pro- 
duction from largely membrane-bound antibodies containing transmembrane and cytoplasmic regions 
to secreted antibodies. Secreted antibodies may or may not show V gene mutations (i.e., secretion of 
antibodies occurs before and after affinity maturation). In isotype switching, the C regions change 
(indicated by color change from blue to orange) without changes in the antigen-binding V region. 
lsotype switching is seen in membrane-bound and secreted antibodies. The molecular basis for these 
changes is discussed in Chapter 9. 

antibodies. As we have discussed, tight binding is 
achieved by high-affinity and high-avidity interactions. 
A mechanism for the generation of high-affinity anti- 
bodies involves subtle changes in the structure of the V 
regions of antibodies during the humoral responses. 
These changes come about by a proccss of somatic 
mutation in antigen-stimulated B lymphocytes that gen- 
erates new V domain structures, some of which bind the 
antigen with greater affinity than did the original V 
domains (Fig. 3-12). Those B cells producing the 
higher affinity antibodies are preferentially stimulated 
by antigen and become the dominant B cells with each 
subsequent exposure to the antigen. This process, 
called affinity maturation, results in an increase in the 
average binding affinity of antibodies for an antigen as 
a humoral response develops. Thus, an antibody pro- 
duced during a primary immune response to a protein 
antigen often has a & in the range of lo-' to lo-' M; in 
secondary responses, the affinity increases, with a Kd of 

10-l1 M or even less. The mechanisms of affinity matu- 
ration are discussed in Chapter 9. 

Features Related t o  Effector Functions 

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

eosinophils because eosinophils express IgE-specific 
FcRs. Another Fc-dependent effector mechanism of 
humoral immunity is activation of the classical pathway 
of the complement system. The system generates 
inflammatory mediators and promotes microbial 
phagocytosis and lysis. It is initiated by the binding of a 
complement protein called Clq to the Fc portions of 
antigen-complexed IgG or IgM. The FcR- and comple- 
ment-binding sites of antibodies are found within the 
heavy chain C domains of the different isotypes (see 
Fig. 3-1). The structure and functions of FcRs and 
complement proteins are discussed in more detail in 
Chapter 14. 

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

Changes in the isotypes of antibodies during 
humoral immune responses influence how and where 
the responses work to eradicate antigen. After stimu- 
lation by an antigen, a single clone of B cells may 
produce antibodies with different isotypes yet identical 
V domains, and therefore identical antigen specificity. 
Naive B cells, for example, simultaneously produce IgM 
and IgD that function as membrane receptors for 
antigens. When these B cells are activated by an antigen 
such as a microbe, they may undergo a process called 
isotype switching in which the type of CH region, and 
therefore the antibody isotype, produced by the B cell 
changes, but the V regions and the specificity do not 
(see Fig. 3-12). As a result of isotype switching, differ- 
ent progeny of the original IgM- and IgD-expressing 
B cell may produce isotypes and subtypes that are best 
able to eliminate the antigen. For example, the anti- 
body response to many bacteria and viruses is domi- 
nated by IgG antibodies, which promote phagocytosis 
of the microbes, and the response to helminths 
consists mainly of IgE, which aids in the destruction 
of the parasites. The mechanisms and functional 
significance of isotype switching are discussed in 
Chapter 9. 

The heavy chain C regions of antibodies also deter- 
mine the tissue distribution of antibody molecules. 
IgA is the only iso~ype that can be secreted efficiently 
through mucosal epithelia, and therefore it is the major 
class of antibody in mucosal secretions and milk. 
Neonales are protected from infections by IgG anti- 
bodies they acquire from their mothers during gesta- 
tion and early after birth. This transfer of maternal IgG 
is mediated by a special type of Fc receptor that is 
expressed in the placenta (through which antibodies 
enter the fetal circulation) and in the intestine of the 
neonate (through which antibodies are absorbed from 
ingested milk). 
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Summary 

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

The antigen-binding regions of antibody molecules 
are highly variable, and any one individual produces 
up to lo9 different antibodies, each with distinct 
antigen specificity. 

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

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

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

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

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

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

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

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

Several changes in the structure of antibodies made 
by one clone of B cells may occur in the course of an 
immune response. B cells initially produce only 
membrane-bound Ig, but changes in the carboxyl ter- 
minal end of the antibody lead to secretion of soluble 
Ig with the same specificity as the original membrane- 
bound Ig receptor. Changes in the use of C region 

gene segments without changes in V regions are the 
basis of isotype switching, which leads to changes in 
effector function without a change in specificity. 
Point mutations in the V regions of an antibody spe- 
cific for an antigen lead to increased affinity for that 
antigen (affinity maturation). 

Selected Readings 

Harris LJ, SB Larsen, and A McPherson. Comparison of intact 
antibody structures and thc implications for cffcctor func- 
tions. Advances in Immunology 72:191-208, 1999. 

Huston JS, and AJ George. Engineered antibodies take center 
stage. Human Antibodies 10:127-142, 2001. 

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

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

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

Discovery of the MHC an 
Responses 66 

Discovery of the Mouse 
Discovery of the Human 
Properties of MHC Genes 69 bst 

Structure of MHC Molecules 70 
Properties of MHC Molecules 70 
Class I MHC Molecules 70 g+?= Class II MHC Molecules 71 

Binding of Peptides to MHC Molecules 7; -"' 
Characteristics of Peptide-MHC Interactions 
Structural Basis of Peptide Bindina to  MHC 

T h e  principal functions of T lymphocytes are defense 
against intracellular microbes and activation of other 
c&, such as macrophages and B lymphocytes. All these 
functions require that T lymphocytes interact with 
other cells, which may be infected host cells, dendritic 
cells, macrophages, and B lymphocytes. T lymphocytes 
are able to interact with other cells because the antigen 
receptors of T cells can only recognize antigens that are 
displayed on other cells. This specificity of T lympho- 
cytes is in contrast to that of B lymphocytes and their 
secreted products, antibodies, which can recognize 
soluble antigens as well as cell-associated antigens. The 
task of displaying cell-associated antigens for recog- 
nition by T cells is performed by specialized proteins 
that are encoded by genes in a locus called the major 
histocompatibility complex (MHC) . The MHC was dis- 
covered as an extended locus containing. highly 

U 

polymorphic genes that determined the outcome of 
tissue transplants exchanged between individuals. We 
now know chat the physioiogic function of MHC mole- 
cules is the presentation of peptides to T cells. In fact, 
MHC molecules are integral components of the ligands 
that most T cells recognize because the antigen re- 
ceptors of T cells are actually specific for complexes 
of-foreign peptide antigens and self MHC moiecules 
(schematically illustrated in Figure 4-1). There are two 
main types of MHC gene products, called class I MHC 
molecules and class I1 MHC molecules, which sam- 
ple different pools of protein antigens, cytosolic (intra- 
cellular) antigens and extracellular antigens that have ., u 

been endocytosed, respectively. Class I molecules pre- 
sent peptides to CD8+ cytolytic T lymphocytes (CTLs), 
and class I1 molecules to CD4' helper T cells. Thus, 
knowledge of the structure and biosynthesis of MHC 
molecules arid the association of peptide antigens with 
MHC molecules is fundamental to understanding how 
T cells recognize foreign antigens. 

We begin our discussion of antigen recognition by T 
cells with a description of the structure of MHC mole- 
cules, the biochemistry of peptide binding to MHC 
molecules, and the genetics of the MHC. In Chapter 5, 
we will discuss in more detail the  presentation of anti- 
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Figure 4-1 T cell recognition of a peptide-MHC complex. 
This schematic illustration shows an MHC molecule binding 

and displaying a peptide and a T cell receptor recognizing two 
polymorphic residues of the MHC molecule and one residue of 
the peptide. Details of the interactions among peptides, MHC 
molecules, and T cell receptors are described in Chapters 4, 5, 
and 6. 

gens to T lymphocytes, the roles of class I and class I1 
MHC molecules in this process, and the physiologic 
significance of MHC-associated antigen presentation. 
The structure of T cell antigen receptors is describcd 
in Chapter 6. The role of MHC molecules in graft rejec- 
tion is described in Chapter 16. The terminology and 
genetics of the MHC are best understood from a his- 
torical perspective, and we begin with a description of 
how the MHC was discovered. 

Discovery of the MHC and I t s  Role 
in Immune Responses 

Discovery of the Mouse MHC 

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

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

first to produce inbred mouse strains by repetitive 
mating of siblings. After about 20 generations, every 
member of an inbred strain has identical nucleic acid 
sequences at all locations on all chromosomes. In other 
words, inbred mice are homozygous at every genetic 
locus, and every mouse of an inbred strain is genetically 
identical (syngeneic) to every other mouse of the same 
strain. In the case of polymorphic genes, each inbred 
strain, because it is homozygous, expresses a single 
allele from the original population. Different strains 
may express different alleles and are said to be d o -  
geneic to one another. 

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

The tools of genetics, namely, breeding and analysis 
of the offspring, were then applied to identify the 
relevant genes (Box 4-1). The critical strategy in this 
effort was the breeding of congenic mouse strains; in 
two congenic strains, the mice are identical at all loci 
except the one at which they are selected to be differ- 
ent. Analyses of congenic mice that were selected for 
their ability to reject grafts from one another indicated 
that a single genetic region is primarily responsible 
for rapid graft rejection, and this region was called 
the major histocompatibility locus. The particular locus 
that was identified in mice by Snell's group was linked 
to a gene on chromosome 17 encoding a polymorphic 
blood group antigen called antigen 11, and therefore 
this region was named histocompatibility-2 or, simply, 
H-2. Initially, this locus was thought to contain a single 
gene that controlled tissue compatibility. However, oc- 
casional recombination events occurred within the 
H-2 locus during interbreeding of different strains, 
indicating that it actually contained several different 
but closely linked genes, each involved in graft rejec- 
tion. The genetic region  hat con~rolled graft rejection 
and contained several linked genes was named the 
major histocompatibility complex, or MHC. Genes that 
determine the fate of grafted tissues are present in 
all mammalian species, are homologous to the H-2 
genes first identified in mice, and are all called MHC 
genes (Fig. 4-3). Other genes that contribute to graft 
rejection to a lesser degree are called minor histocom- 
patibility genes; we will return to these in Chapter 
16, when we discuss transplantation immunology. The 
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Figure 4-2 MHC genes control graft rejection and immune 
responses. The two strains of mice shown are identical except for their MHC alleles 

(referred to as a and b). These strains reject skin grafts from each other (A) rejection and respond differently to immunization with a model protein antigen 
(usually a simple polypeptide) (B). 

I Identification and Nomenclature of MIlC Genes in Mice 

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

In mice, the MHC alleles of particular inbred strains 
designated by lowercase letters (e.g., a, b, c). The individ- 
ual genes within the MHC are named for the MHC type of 
mouse strain in which they were first identified. The two 
independent MHC loci known to be most important for 
graft rejection in mice are called H-2K and H-2D. The K 
gene was first discovered in a strain whose MHC had been 
r'--ignated k, and the D gene was first discovered in a strain 

)se MHC had been designated d. In the parlance of 
mouse geneticists, the allele of the H-2K gene in a strain 
with the k-type MHC is called Kk (pronounced K of k), 
whereas the allele of the H-2K gene in a strain of MHC d 
is called Zi! (K of d) . A third locus similar to K and D was 
discovered later and called L. 

Several other genes were subsequently mapped to the 
region between the K and D genes responsible for skin 
rejection. For example, Sgenes were found that coded for 
polymorphic serum proteins, now known to be compo- 
nents of the complement system. Most important, the poly- 
morphic immune response (Ir) genes described in the text 
were assigned to a region within the MHC called I (the 
letter, not the Roman numeral). The I region, in turn, was 
further subdivided into I-A and I-E subregions on the basis 
of recombination events during breeding between con- 
genic strains. The I region was also found to code for 
certain' cell surface antigens against which antibodies 

Continued on following page 
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Identification and Nomenclature of  MHC Genes in Mice ( ( : o ~ l l ~ ~ t t r ~ l )  

could be produced by interstrain immunizations. These 
antigens were called I region-associated molecules, or Ia 
molecules. The genes of the I-A and I-E loci, which were 
discovered as Ir genes, code for Ia antigens, which are 
called I-A and I-E molecules, respectively. The I-A molecule 
found in the inbred mouse strain with the K~ and D~ alleles 
is called I-A~ (pronounced I A of k) . Similar terminology 
is used for I-E molecules. The elucidation of the molecu- 

lar structure of the mouse class I1 region revealed some 
surprises thatwere not anticipated by classical genetics. For 
instance, the I-A subregion, originally defined by recom- 
binations during interbreeding of inbred strains, codes for 
the a and p chains of the I-A molecule as well as for the 
highly polymorphic P chain of the I-E molecule. The I-E 
subregion identified from breeding codes for only the less 
polymorphic a chain of the I-E molecule. 

nomenclature of mouse MHC genes is described in are not capable of binding peptides derived from the 
Box 4-1. polypeptide antigen, and therefore these strains cannot 

, A  A 

MHC genes control immune responsiveness to generate h e l p e r V ~  cells or antibodies specific for the 
protein anjigens. For almost 20 years afZer the MHC was antigen. 
discovered, its only documented role was in graft rejec- Definitive proof of the importance of MHC mole- 
tion. This was a puzzle to immunologists because trans- cules in T cell antigen recognition came with the dis- 
plantation is not a normal phenomenon, and there covery of the phenomenon of MHC restriction of T 
has no obvious reason why a set of genes should be cells, -which we will describe in Chapter 5 when we 
preserved through evolution if the only function of consider the characteristics of the ligands that T cells 
 he genes was to control the rejection of foreign tis- recognize. 
sue grafts. In the 1960s and 19'70s, it was discovered 
that MHC genes are of fundamental importance for 
all immuni responses to prolein antigens. Baruj 
Benacerraf, Hugh McDevitt, and their colleagues found 
that inbred strains of guinea pigs and mice differed in 
their ability to make antibodies against simple synthetic 
polypeptides, and responsiveness was inherited as a 
dominant mendelian trait (see Fig. 4-2). The relevant 
genes were called immune response (Ir) genes, and 
they were all found to map to the MHC. We now 
know that Ir genes are, in fact, MHC genes that encode 
MHC molecules that differ in their ability to bind 
and display peptides derived from various protein anti- 
gens. Responder strains inherit MHC alleles whose 
products do bind such peptides, forming peptide-MHC 
complexes that can be recognized by helper T cells. 
These T cells then help B cells to produce antibodies. 
Nonresponder strains express MHC molecules that 

Discovery of the Human MHC 

Human MHC molecules are called human leukocyte 
antigens (HLA) and are equivalent to the H-2 mole- 
cules of mice. The kinds of experiments used to dis- 
cover and define MHC genes in mice, requiring 
inbreeding, obviously cannot be performed in humans. 
However, the development of blood transfusion and 
especially organ transplantation as methods of treat- 
ment in clinical medicine provided a strong impetus to 
detect and define genes that control rejection reactions 
in humans. Jean Dausset, Jan van Rood, and their col- 
leagues first showed that patients who reject kidneys or 
have transfusion reactions to white blood cells often 
contain circulating antibodies reactive with antigens on 
the white blood cells of the blood or organ donor. Sera 
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A I-E K X D L \ Figure 4-3 Schematic maps of human 
and mouse MHC loci. 

Sizes of genes and intervening DNA seg- 
ments are not shown to scale. A more detailed 
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I class I 1 map of the human MHC is in Figure 4-1 0. Class 
Ill MHC locus refers to genes that encode mol- 

MHC locus ecules other than peptide-display molecules; 
this term is not used commonly. 

that react against the cells of other, allogeneic individ- 
uals are called doantisera and are said to contain 
doantibodies, whose molecular targets are called 
doantigem. It was presumed that these alloantigens 
are the products of polymorphic genes that distinguish 
foreign tissues from self tissues. Panels of alloantisera 
were collected from alloantigen-immunized donors, 
including multiparous women (who are immunized 
by alloarltigens expressed by the fetus during 
pregnancy), actively immunized volunteers, and trans- 
fusion or transplant recipients. These sera were com- 
pared for their ability to bind to and lyse lymphocytes 
from different donors. Efforts at several international 

involving exchanges of reagents among 
laboratories, led to the identification of several poly- 
morphic genetic loci, clustered together in a single 
locus on chromosome 6, whose products are rec- 
ognized by alloantibodies. Because these alloantigens 
are expressed on human leukocytes, they were called 
human leukocyte antigens (HLAs) . Family studies were 
then used to construct the map of the HLA locus (see 
Fig. 4-3). The first three genes defined by purely 
serologic approaches were called HLA-A, HLA-B, and 
HLA-C. 

The use of antibodies to study alloantigenic dif- 
ferences between donors and recipients was com- 
plemented by the mixed leukocyte reaction (MLR), 
a test for T cell recognition of allogeneic cells. The 
MLR is also an in vitro model for allograft rejection and 
will be discussed more fully in the context of trans- 
plantation (see Chapter 16). It was found that T 
lymphocytes from one individual would proliferate 
in response to leukocytes of another individual, and 
this assay was uscd to map the genes that elicited allo- 
geneic T cell reactions. The first gene to be identified 
from these studies of cellular responses mapped to a 
region adjacent to the serologically defined HLA locus 
and was therefore called HLA-D. The protein encoded 
by the HLA-D locus was later detected by alloantibodies 
and was called the HLA-D-related, or HLA-DR, mole- 
cule. Two additional genes that mapped adjacent to 
HLA-D were found to encode proteins structurally 
similar to HLA-DR and also were found to contribute 
to MLRs; these genes were called HLA-DQand HLA-De 
with Q and P chosen for their proximity in the alpha- 
bet to R. 

We now know that differences in H1,A alleles be- 
tween individuals are important determinants of the 
rejection of grafts from one individual to another (see 
Chapter 16). Thus, the HLA locus of humans is func- 
tionally equivalent to the H-2 locus of mice defined by 
transplantation experiments. As we shall see later, MHC 
molecules in all mammals have essentially the same 
structure and function. 

The accepted nomenclature of MHC genes and their 
encoded proteins is based on sequence and structural 
homologies and is applicable to all vertebrate species 
(see Fig. 4-3). The genes identified as determinants 
of graft rejection in mice (H-2K, H-W, and H-2L) are 
homologous to the serologically defined human HLA 
genes (HDI-A, HLA-B, and HLA-C), and all of these are 
grouped as class I MHC genes. The Ir genes of mice (I- 
A and I-E) are homologous to the human genes identi- 
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fied by lymphocyte responses in the MLR (HTA-DR, 
HLA-DE: and HLA-DQ) and are grouped as class I1 
MHC genes. There are many other genes contained 
within the MHC; we will return to these later in the 
chapter. 

Properties of MHC Genes 

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

The two types of polymorphic MHC genes, namely, 
the class I and class II MHC genes, encode 
two groups of structurally distinct but homologous 
proteins. Class I MHC molecules present peptides 
to and are recognized by CD8' T cells, and class 
I1 MHC molecules present peptides to CD4' T 
cells. 

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

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

The set of MHC alleles present on each chromosome 
is called an MHC haplotype. In humans, each HLA 
allele is given a numerical designation. For instance, 
an HLA haplotype of an individual could be HLA-A2, 
HLA-B5, HLA-DRS, and so on. All heterozygous indi- 
viduals, of course, have two HLA haplotypes. In mice, 
each H-2 allele is given a letter designation. Inbred 
mice, being homozygous, have a single haplotype. 
Thus, the haplotype of an H-2* mouse is H-2Kd I-Ad I-Ed 

Dd Ld. In humans, certain HLA alleles at different loci 
are inherited together more frequently than would be 
predicted by random assortment, a phenomenon called 
linkage disequilibrium. 

The discoverics of the phenomena of MHC-linked 
immune responsiveness and MHC restriction (see Chap- 
ter 5) led to the conclusion that MHC genes control 
not only graft rejection but also immune responses 
to all protein antigens. These breakthroughs moved 
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the study of the MHC to the forefront of immunol- 
ogy research. 

Structure of MHC Molecules 

The elucidation of the biochemistry of MHC molecules 
has been one of the most important accomplishments 
of modern immunology. The key advance in this field 
was the solution of the crystal structures for the extra- 
cellular portions of human class I and class I1 molecules 
by Don Wiley, Jack Strominger, and their colleagues. 
Subsequently, many MHC molecules with bound pep- 
tides have been crystallized and analyzed in detail. On 
the basis of this knowledge, we now understand how 
MHC molecules function to display peptides. 

In this section of the chapter, we first summarize the 
biochemical features that are common to class I and 
class I1 MHC molecules and that are most important 
for the function of these molecules. We then describe 
the structures of class I and class I1 proteins, pointing 
out their important similaritics and differences (Table 
4-1). 

Properties of MHC Molecules 

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

Each MHC molecule consists of an extracellular 
peptide-binding cleft, or groove, followed by a 
pair of immunoglobulin (Ig)-like domains and is 
anchored to the cell by transmembra.ne and cyto- 
plasmic domains. As we shall see later, class I 
molecules are composed of one polypeptide chain 
encoded in the MHC and a second, non-MHC- 
encoded chain, whereas class I1 molecules are made 
up of two MHC-encoded polypeptide chains. Despite 
this difference, the overall three-dimensional struc- 
tures of class I and class I1 molecules are similar. 

The polymorphic amino acid residues of MHC mol- 
ecules are located in and adjacent to the peptide- 
binding cleft. This cleft is formed by the folding of 
the amino termini of the MHC-encoded proteins 
and is composed of paired a-helices resting on a 
floor made up of an eight-stranded P-pleated 
sheet. The polymorphic residues, which are the 
amino acids that vary among different MHC alleles, 
are located in and around this cleft. This portion of 
the MHC molecule binds peptides for display to T 
cells, and the antigen receptors of T cells interact 
with the displayed peptide and with the a-helices of 
the MHC molecules (see Fig. 4-1). Because of amino 
acid variability in this region, different MHC mole- 
cules bind and display different peptides and are rec- 
ognized specifically by the antigen receptors of 
different T cells. We will return to a discussion of 
peptide binding by MHC molecules later in this 
chapter. 

The nonpolymorphic Zg-like domains of MHC mol- 
ecules contain binding sites for the T cell molecules 
CD4 and CD8. CD4 and CD8 are expressed on dis- 
tinct subpopulations of mature T lymphocytes and 
participate, together with antigen receptors, in the 
recognition of antigen; that is, CD4 and CD8 are T 
cell "coreceptors" (see Chapter 6). CD4 binds selec- 
tively to class I1 MHC molecules, and CD8 binds to 
class I molecules. This is why CD4' T cells recognize 
only peptides displayed by class I1 molecules, and 
CD8' T cells recognize peptides presented by class I 
molecules. Most CD4' T cells function as helper cells, 
and most CD8' cells are CTLs. 

Class I MHC Molecules 

Class I molecules consist of two noncovalently linked 
polypeptide chains: an MHC-encoded a chain (or heavy 
chain) of 44 to 4'7 kD and a non-MHC-encoded 12- 
kD subunit called ~p-microglobulin (Fig. 4-4). Each a 

Table 4-1. Features of Class I and Class II MHC Molecules 

[ c l  Feature Class ll MHC - - 

Polypeptide chain? a (44-47 kD) 
Pn-Microglobulin (12 kD) 

Locations of I a1 and a2 domains 
polymorphic residues , 

Binding site for . 
T cell coreceptc 

Size of Accoinmodates peptides 
peptide-binding clc 

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

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

Mouse H-2K, H-2D, H-2L 

P2 region binds CD4 

Accommdd&s peptides 
of 10-30 residues W mwe 

HLA-DR, HLA-DQ, HLA-DP 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
I-A, I-E 

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

The schematic diagram (left) illustrates the 
different regions of the MHC molecule (not 
drawn to scale). Class I molecules are com- 
posed of a polymorphic a chain noncovalently 
attached to the nonpolymorphic p,-micro- 
globulin (P2m). The a chain is glycosylated; car- 
bohydrate residues are not shown. The ribljon 
diagram (right) shows the structure of the extra- 
cellular portion of the HLA-B27 molecule with a 
bound peptide, resolved by x-ray crystallogra- 
phy. Institute (Courtesy of Technology, of Dr. P. Pasadena.) Bjorkman, California 

Class I MHC 1 
;;{tide-binding , Peptide 

iembrane 

Disulfide bond - -  - - - -  
lg domain 3 

chain is oriented so that about three quarters of the com- 
plete polypeptide extends into the extracellular milieu, 
a short hydrophobic segment spans the cell membrane, 
and the carboxy terminal residues are located in the 
cytoplasm. The amino terminal (N-terminal) a1 and a 2  
segments of the a chain, each approximately 90 residues 
long, interact to form a platform of an eight-stranded, 
antiparallel P-pleated sheet supporting two parallel 
strands of a-helix. This forms the peptide-binding caeft 
of $lass I molecules. Its size is large enough (-25 A x 
10 A x 11 A) to bind peptides of 8 to 11 amino acids in a 
flexible, extended conformation. The ends of the class I 
peptide-binding cleft are closed so that larger peptides 
cannot be accommodated. Therefore, native globular 
proteins have to be "processed" to generate fragments 
that are small enough to bind to MHC molecules and to 
be recognized by T cells (see Chapter 5). The polymor- 
phic residues of class I molecules are confined to the a1 
and a2 domains, where they contribute to variations 
among different class I alleles in peptide binding and T 
cell recognition (Fig. 4-5). The a 3  segment of the a 
chain folds into an Ig domain whose amino acid 
sequence is conserved among all class I molecules. This 
segment contains a loop that serves as the binding site 
for CD8. At the carboxy terminal end of the a 3  segment 
is a stretch of approximately 25 hydrophobic amino 
acids that traverses the lipid bilayer of the plasma mem- 
brane. Immediately following this are approximately 30 
residues located in the cvto~lasm, included in which is 

The light chain of class I molecules, which is 
encoded by a gene outside the MHC, is identical to a 
protein previously identified in human urine and is 
called P2-microglobulin for its electrophoretic mobil- 
ity (P2), size (micro), and solubility (globulin). P2- 
microglobulin interacts noncovalently with the a 3  
domain of the a chain. Like the a 3  segment, be- 
microglobulin is s~ructurally ].lornologous to an Ig 
domain and is invariant among all class I molecules. 

The fully assembled class I molecule is a het- 
erotrimer consisting of an a chain, P2-microglobulin, 
and a bound antigenic peptide, and stable expression 
of class I molecules on cell surfaces requires the pres- 
ence of all three components of the heterotrimer. The 
reason for this is that the interaction of the a chain with 
P2-microglobulin is stabilized by binding of peptide 
antigens to the cleft formed by a1 and a2, and con- 
versely, the binding of peptide is strengthened by 
the interaction of ~2-microglobulin with the a chain. 
Because antigenic peptides are needed to stabilize the 
MHC molecules, only useful peptide-loaded MHC mol- 
ecules are expressed on cell surfaces. The process of 
assembly of stable peptide-loaded class I molecules will 
be detailed in Chapter 5. 

Every normal (heterozygous) individual expresses 
six different class I molecules on every cell, containing 
a chains derived from the two alleles of HLA-A, HLA- 
B, and HLA-Cgenes that are inherited from the parents. 

a cluster of basic amino'acids that interact with phos  Class- 11 MHc ~ ~ l ~ ~ ~ l ~ ~  pholipid head groups of the inner leaflet of the lipid 
bilayer and anchor the  MHC molecule in the plasma Class I1 MHC molecules are composed of two nonco- 
membrane. valently associated polypeptide chains, an a chain of 32 



,ection I I  - Recognition of Antigens Chapter 4 - The Major Histocompatibility Complex 

Figure 4-5 Polymorphic residues of a class I MHC 
molecule. 

The polymorphic residues of class I and class I I  MHC mole- 
cules (shown as red circles) are located in the peptide-binding 
clefts and the a-helices around the clefts. In the class I I  mole- 
cule shown (HLA-DR), essentially all the polymorphism is in 
the p chain. However, other class I I  molecules in humans and 
mice show varying degrees of polymorphism in the a chain 
and usually much more in the P chain. (Courtesy of Dr. I .  
McCluskey, University of Melbourne, Parkville, Australia.) 

Figure 4-6 Structure of a class I1 MHC 
molecule. 

The schematic diagram (left) illustrates the differ- 
ent regions of the MHC molecule (not drawn to 
scale). Class I I  molecules are composed of a poly- 
morphic a chain noncovalently attached to a poly- 
morphic p chain. Both chains are glycosylated; 
carbohydrate residues are not shown. The ribbon 
diagram (right) shows the structure of the extracel- 
lular portion of the HLA-DR1 molecule with a bound 
peptide, resolved by x-ray crystallography. (Courtesy 
of Dr. P. Bjorkman, California Institute of Technology, 
Pasadena.) 
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The fully assembled class 11 molecule is a het- 
erotrimer consisting of an a chain, a p chain, and a 
bound antigenic peptide, and stable expression of class 
11 molecules on cell surfaces requires the presence of 
all three components of the heterotrimer. As in class I 
molecules, this ensures that the MHC molecules that 
end up on the cell surface are the molecules that are 
serving their normal function of peptide display. 

Six class I1 MHC alleles are inherited, three from 
each parent (one set of DP, DIL, and DR). However, 
there may be some heterologous pairing (e.g., D(2a 
from one chromosome with D@ from another). 
Therefore, the total number of class I1 molecules in a 
heterozygous individual is about 10 to 20, more than 
the 6 class 11 alleles that are inherited from both 
parents. 

gens used for immunization. In the following section of 
this chapter, we summarize the key features of the inter- 
actions between peptides and class I or class I1 MHC 
molecules. 

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

@ The earliest studies relied on functional assays of 
helper T cells and CT1.s responding to antigen- 
presenting cells that were incubated with different pep- 
tides. By determining which types of' peptides derived 
from complex protein antigens could activate T cells 
from animals immunized with these antigens, it was 
possible to define the features of peptides that allowed 
them to be presented by antigen-presenting cells. 

to 34 kD and a P chain of 29 to 32 kD (Fig. 4-6). Unlike 
class I molecules, both chains of class I1 molecules are 
encoded by polymorphic MHC genes. 

The amino terminal a 1  and p l  segments of the class 
I1 chains interact to form the peptide-binding cleft, 
which is structurally similar to the cleft of class I mole- 
cules. Four strands of the floor of the cleft and one of 
the helices are formed by a l ,  and the other four strands 
of the floor and the second helix are formed by pl. The 
polymorphic residues are located in a 1  and Dl, in and 
around the peptide-binding cleft, as in class I mole- 
cules. In human class I1 molecules, most of the poly- 
morphism is in the p chain. In class I1 molecules, the 
ends of the peptide-binding cleft are open, so that pep- 
tides of 30 residues or more can fit. 

The a2 and P2 segments of class I1 molecules, 
like class I a 3  and P2-microglobulin, are folded into 
Ig domains and are nonpolymorphic among various 
alleles of a particular class I1 gene. A loop in the P2 

segment of class I1 molecules is the binding site for 
CD4, similar to the binding site for CD8 in a 3  of the 
class I heavy chain. In general, a chains of one class I1 
MHC locus (e.g., DR) most often pair with p chains of 
the same locus and less commonly with p chains of 
other loci (e.g., DIL, DP). 

The carboxy terminal ends of the a2 and p2 
segments continue into short connecting regions fol- 
lowed by approximately 25-amino acid stretches of 
hydrophobic transmembrane residues. In both chains, 
the transmembrane regions end with clusters of basic 
amino acid residues, followed by short, hydrophilic 
cytoplasmic tails. 

A nonpolymorphic polypeptide called the invariant 
chain (Ii) is associated with newly synthesized class I1 
molecules. The I, plays important roles in the traffic of 
class I1 molecules and in the determination of where 
in the cell peptides bind to class I1 molecules (see 
Chapter 5). 

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

Binding of Peptides to 
MHC Molecules 

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

With the realization that MHC molecules are the pep- 
tide display molecules of the adaptive immune system, 
considerable effort has been devoted to elucidating 
the molecular basis of peptide-MHC interactions and 
the characteristics of peptides that allow them to bind 
to MHC molecules. 'l'hese issues are important not 
only for understanding the biology of T cell antigen 
recognition but also for defining the properties of a 
protein that make it immunogenic. For a protein to be 
immunogenic in an individual, it must contain peptides 
that can bind to the MHC molecules of that individual. 
Such information may be used to design vaccines, by 
inserting MHC-binding amino acid sequences into anti- 

X-ray crystallographic analysis of peptide-MHC com- 
plexes has provided valuable information about how 
peptides sit in the clefts of MHC molecules and about 
the rcsiducs of cach that participate in this binding. 
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On the basis of such studies, we now understand the 
physicochemical characteristics of peptide-MHC inter- 
actions in considerable detail. It has also become appar- 
ent that the binding of peptides to MHC molecules is 
fundamentally different from the binding of antigens 
to the antigen receptors of B and T lymphocytes (see 
Chapter 3, Table 3-1). 

Characteristics of Peptide-MHC Interactions 

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

Each class I or class II MHC molecule has a single 
peptide-binding cleft that can accommodate many 
different peptides. The ability of onc MHC molcculc 
to bind many different peptides was established by 
several lines of experimental evidence. 

a If a T cell specific for one peptide is stimulated by 
antigen-presenting cells presenting that peptide, the 
response is inhibited by the addition of an excess of 
other, structurally similar peptides (Fig. 4-7). In these 
experiments, the MHC molecule bound different pep- 

Excess 
3f different 

Figure 4-7 Antigen competition for T cells. 
AT cell recognizes a peptide presented by one MHC molecule. 

An excess of a different peptide that binds to the same MHC mol- 
ecule competitively inhibits presentation of the peptide that the T 
cell recognizes. APC, antigen-presenting cell. 

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

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

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

The solution of the crystal structures of class I and 
class I1 MHC molecules confirmed the presence of a 
single peptide-binding cleft in these molecules (see 
Figs. 4-4 and 4-6). It is not surprising that a single 
MHC molecule can bind multiple peptides because 
each individual contains only a few different MHC 
molecules (6 class I and 10 to 20 class I1 molecules 
in a heterozygous individual), and these must be able 
to present peptides from the enormous number of 
protein antigens that one is likely to encounter. 

The peptides that bind to MHC molecules share 
structural features that promote this interaction. 
One of these features is the size of the peptide-class 
I molecules can accommodate peptides that are 8 to 
11 residues long, and class I1 molecules bind pep- 
tides that may be 10 to 30 residues long or longer, 
the optimal length being 12 to 16 residues. In addi- 
tion, peptides that bind to a particular allelic form 
of an MHC molecule contain amino acid residues 
that allow complementary interactions between the 
peptide and that allelic MHC molecule (Table 4-2). 
The residues of a peptide that bind to MHC mole- 
cules are distinct from those that are recognized by 
T cells. 

The association of antigenic peptides and MHC 
molecules is a saturable, low-a .n i ty  interaction 
(dissociation constant [&I M )  with a slow 
on-rate and a very slow off-rate. The affinity of 
peptide-MHC interactions is much lower than that of 
antigen-antibody binding, which usually has a K,, of 
lo-' to 10-l1 M (see Chapter 3, Table 3-1). Because 
the K,, is equal to the ratio of the rate constants for 
dissociation (Kff) and association (K,), a low- 
affinity interaction can be stable (i.e., have a slow 
Kff) as long as the I&, is also slow. In a solution, 
saturation of peptide binding to class I1 MHC mole- 
cules takes 15 to 30 minutes. Once bound, peptides 
may stay associated for hours to many days! The 
extraordinarily slow off-rate of peptide dissociation 
from MHC molecules allows peptide-MHC com- 
plexes to persist long enough on the surfaces of 
antigen-presenting cells to ensure productive inter- 
actions with antigen-specific T cells. 

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

1 HLA I HLA-binding residues required in 
I molecule I peptides at position # I 

Leucinelisoleucine Variable I 
I 

W - B 2 7  Arginine Variable 

HlJ4-BB I Lysinelarginine Lysineiarginine 

Variable; usually valinel 
leucine/isoleucine I 

Tyrosinelphenylalaninel 

Different MHC alleles bind different peptides, which often share conserved features. 
The table lists some examples of class I human MHC alleles, each of which binds 
peptides with particular residues at certain positions. 

" 

antigens). Thus, MHC molecules display both self 
peptides and foreign peptides, and T cells survey 
these displayed peptides for the presence of foreign 
antigens. This process is central to the surveillance 
function of T cells. However, the inability of MHC 
molecules to discriminate between self antigens and 
foreign antigens raises two questions. First, because 
MHC molecules are continuously exposed to, and 
presumably occupied by, abundant self peptides, 
how can they bind and display foreign peptides, 
which are likely to be relatively rare? Second, if self 
peptides are constantly being presented, why do indi- 
viduals not develop autoimmune reactions? The 
answer to these questions lies in the cell biology of 
MHC biosynthesis and assembly, in the specificity of 
T cells, and in the exquisite sensitivity of these cells 
to small amounts of peptidc-MHC complcxcs. Wc 
will return to these questions in more detail in 
Chapter 5. 

Structural Basis of Peptide Binding to 
MHC Molecules 

The binding of peptides to MHC molecules is a non- 
covalent interaction mediated by residues both in the 
peptides and in the clefts of the MHC molecules. 
Protein antigens are proteolytically cleaved in antigen- 
presenting cells to generate the peptides that will be 
bound and displayed by MHC rrdecules (see Chapter 
5). These peptides bind to the clefts of MHC molecules 
in an extended conformation. Once bound, the pep- 
tides and their associated water molecules fill the clefts, 
making extensive contacts with the amino acid residues 
that form the P-strands of the floor and the a-helices 
of the sides of the cleft (Fig. 4 8 ) .  In most MHC mole- 
cules, the P-strands in the floor of the cleft contain 
"pockets." The amino acid residues of a peptide may 
contain side chains that fit into these pockets and bind 
to complementary amino acids in the MHC mole- 
cule, often through hydrophobic interactions (see Table 
4-2). Such residues of the peptide are called anchor 
residues because they contribute most of the favor- 

able interactions of the binding (i.e., they anchor the 
peptide in the cleft of the MHC molecule). The anchor 
residues of peptides may be located in the middle or at 
the ends of the peptide. Each MHC-binding peptide 
usually contains only one or two anchor residues, and 
this presumably allows greater variability in the other 
residues of the peptide, which are the residues that are 
recognized by specific T cells. Not all peptides use 
anchor residues to bind to MHC molecules, especially 
to class I1 molecules. Specific interactions of peptides 
with the a-helical sides of the MHC cleft also contribute 
to peptide binding by forming hydrogen bonds or 
charge interactions (salt bridges). Class I-binding pep- 
tides usually contain hydrophobic or basic amino acids 
at their carboxyl termini that also contribute to the 
interaction. 

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

A portion of the bound peptide is exposed from the 
open top of the cleft of the MHC molecule, and the 
amino acid side chains of this portion of the peptide 
are recognized by the antigen receptors of specific T 
cells. The same T cell receptor also interacts with poly- 
morphic residues of the a-helices of the MHC molecule 
itself (see Fig. 4-1). Thus, amino acids from both the 
antigenic peptide and the MHC molecules contribute 
to T cell antigen recognition, with the peptide being 
responsible for the fine specificity of antigen recogni- 
tion and the MHC residues accounting for the MHC 
restriction of the T cells. Predictably, variations either 
in the peptide antigen or in the peptide-binding cleft 
of the MHC molecule will alter presentation of that 
peptide or its recognition by T cells. In fact, one can 
enhance the immunogenicity of a peptide by incorpo- 
rating into it a residue that strengthens its binding to 
commonly inherited MHC molecules in a population. 
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Figure 4-8 Peptide binding to MHC molecules. 
A. These top views of the crystal structures of MHC molecules 

show how peptides (in yellow) lie on the floors of the peptide- 
binding clefts and are available for recognition by T cells. The class 
I molecule shown is HLA-A2, and the class II molecule is HLA-DR1. 
Note that the cleft of the class I molecule is closed, whereas that of 
the class II molecule is open. As a result, class II molecules accom- 
modate longer peptides than do class I molecules. (Courtesy of Dr. 
P. Bjorkman, California Institute of Technology, Pasadena.) 

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

This approach is being tried for the synthesis of custom- 
designed vaccines. 

0 By introducing mutations in an immunogenic peptide, 
it is possible to iden* residues involved in binding to 
MHC molecules and those that are critical for T cell 
recognition. This approach has been applied to many 
peptide antigens, using T cells to measure responses to 
these peptides (Fig. 4-9). 

The realization that the polymorphic residues of 
MHC molecules determine the specificity of peptide 
binding and T cell antigen recognition has led to the 

question of why MHC genes are polymorphic. One pos- 
sibility is that the presence of multiple MHC alleles 
in a population will ensure that virtually all peptides 
derived from microbial antigens will be recognized by 
the immune system of at least some individuals. At 
the population level, this will increase the range of 
microbial peptides that may be presented to T cells 
and reduce the likelihood of a microbe's evading the 
immune systems of all individuals by mutating its anti- 
genic proteins. 

Cenomic Organization of the MHC 

In humans, the MHC is located on the short arm of 
chromosome 6 and P2-microglobulin is encoded by a 
gene on chromosome 15. The human MHC occupies a 
large segment of DNA, extending about 3500 kilobases 
(kb) . (For comparison, a large human gene may extend 
up to 50 to 100 kb, and the size of the entire Escherichia 
coli genome is approximately 4500kb.) In classical 
genetic terms, the MHC extends about 4 centimorgans, 
meaning that crossovers within the MHC occur with a 
frequency of about 4% at each meiosis. A molecular 
map of the human MHC is shown in Figure 4-10. 

Many of the proteins involved i n  the processing of 
protein antigens and the presentation of peptides to T 
cells are encoded by genes located within the MHC. In 
other words, this genetic locus contains much of the 
information needed for the machinery of antigen pres- 
entation. The class I genes, HLA-A, HLA-B, and HLA-C, 
are in the most telomeric portion of the HLA locus, and 
the class I1 genes are the most centromeric in the HLA 
locus. Within the class I1 locus are genes that encode 
several proteins that play critical roles in antigen proc- 
essing. One of these proteins, called the transporter 
associated with antigen processing (TAP), is a hct- 
erodimer that transports peptides from the cytosol into 
the endoplasmic reticulum, where the peptides can 
associate with newly synthesized class I molecules. The 
two subunits of the TAP dimer are encoded by two 
genes within the class I1 region. Other genes in this 
cluster encode subunits of a cytosolic protease complex, 
called the proteasome, that degrades cytosolic proteins 
into peptides that are subsequently presented by class I 
MHC molecules. Another pair of genes, called HLA- 
D M  and HLA-DMB, encodes a nonpolymorphic het- 
erodimeric class 11-like molecule, called HLA-DM (or 
H-2M in mice), that is involved in peptide binding to 
class I1 molecules. The functions of these proteins in 
antigen presentation are discussed in Chapter 5. 

Between the class I and class I1 gene clusters are 
genes that code for several components of the 
com-plement system; for three structurally related cyto- 
kines, tumor necrosis factor, lymphotoxin, and lym- 
photoxin-P; and for some heat shock proteins. The genes 
within the MHC that encode these diverse proteins have 
been called class I11 MHC genes. Between HLA-C and 
HLA-A, and telomeric to HLA-A, are many genes that 
are called class I-like because they resemble class I 
genes but exhibit little or no polymorphism. Some of 
these encode proteins that are expressed in association 
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Figure 4-9 MHC-binding residues and T cell 
receptor contact residues of a model peptide 
antigen. 

The immunodominant epitope of the protein 
hen egg lysozyme (HEL) in H-2k mice is a peptide 

of residues 52-62. The ribbon diagrams 
modeled after crystal structures show the surface of 
the peptide-binding cleft of the I-Ak class II molecule 
and the bound HEL peptide with amino acid residues 
(PI-P9) indicated as spheres (A) and with side chains 
(B). Mutational analysis of the peptide has shown that 
the residues involved in binding to MHC molecules 
are PI (Asp52), P4 (He%), P6 (Cln57), P7 (Ile 58), 
and P9 (Ser60); these are the residues that project 
down and fit into the peptide-binding cleft. The 
residues involved in recognition by T cells are P2 
(Tyr53), P5 (Leu56), P8 (Asn59), PI0 (Arg61), and 
PI1 (Trp62); these residues project upward and are 
available to T cells. (From Fremont DH, D Monnale, 
CA Nelson, WA Hendrickson, and ER Unanue. Crystal 
structure of I-A in complex with a dominant epitope 
of lysozyme. Immunity 8:305-317, 1998. Copyright 
1998, with permission from Elsevier Science.) 

with P,-microglobulin and are called class IB molecules, 
to distinguish them from the classical polymorphic class 
I molecules. Among the class IB molecules is HLA-G, 
which may play a role in antigen recognition by NK 
(natural killer) cells, and HLA-H, which appears to be 
involved in iron metabolism and has no known func- 
tion in the immune system. Many of the class I-like 
sequences are pseudogenes. The functions of most 
of these class I-like genes and pseudogenes are not 
known. One function may be that these DNA sequences 
serve as a repository of coding sequences to be used 
for generating polymorphic sequences in conventional 
class I and class I1 MHC molecules by the process of 
gene conversion. In this process, a portion of the 
sequence of one gene is replaced with a portion of 
another gene without a reciprocal recombination 
event. Gene conversion is a more efficient mechanism 
than point mutation for producing genetic variation 
without loss of function because several changes can 
be introduced at once, and amino acids necessary for 
maintaining protein structure can remain unchanged 
if identical amino acids at those positions are encoded 
by both of the genes involved in the conversion 
event. It is clear from population studies that the 
extraordinary polymorphism of MHC molecules has 

been generated by gene conversion and not by point 
mutations. 

The mouse MHC, located on chromosome 17, occu- 
pies about 2000 kb of DNA, and the genes are organized 
in an order slightly different from the human MHC 
gene. One of the mouse class I genes (H-2K) is cen- 
tromeric to the class I1 region, but the other class I genes 
and the nonpolymorphic class IB genes are telomeric to 
the class I1 region. As in the human, P2-microglobulin is 
encoded not by the MHC but by a gene located on a sep- 
arate chromosome (chromosome 2). 

There are ~2-microglobulin-associated proteins 
other than class I MHC molecules that may serve impor- 
tant functions in the immune system. These include the 
neonatal Fc receptor (see Chapter 14) and the CD1 
molecules, which may he involved in presenting non- 
peptidic antigens to unusual populations of T cells. 
These proteins are homologous to the class I MHC a 
chain but are encoded outside the MHC, on different 
chromosomes. 

Individual class I and class I1 MHC genes have the 
same pattern of intron-exon organization. The first 
exon encodes the signal sequence, and each of the 
approximately 90-amino acid residue extracellular seg- 
ments (e.g., class I a l ,  a2, and a 3  or class I1 a l ,  a2, Pl, 
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Figure 4-10 Map of the human MHC. 

This map is simplified to exclude many genes that are of unknown function. HLA-E, HLA-F, HLA- 
G, HLA-1, and HLA-X are class I-like molecules; HLA-H does not appear to be involved in the immune 
system. C4, C2, B, complement proteins; DM, TAP, proteasomes, proteins involved in antigen 
processing; HLA, human leukocyte antigen; HSP, heat shock protein; LT, TNF, cytokines. 

Figure 4-1 1 Enhancement of class II MHC expression 
by IFN-ye 

IFN-y, produced by NK cells during innate immune 
reactions to microbes or by T cells during adaptive immune 
reactions, stimulates class II MHC expression on antigen- 
presenting cells (APCs) and thus enhances the activation of 
CD4+ T cells. IFN-y has a similar effect on the expression of 
class I MHC molecules and the activation of CD8' T cells. 

Cytokine-mediated 
class II expression 

on APCs I1 
presentation 

T cell response 

Resting APC 
(low MHC 
expression) 

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

Expression of MHC Molecules 

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

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

require recognizing antigen presented by a more 
limited number of cell types. In particular, naive 
CD4' T cells need to recognize antigens that are pre- 
sented by dendritic cells in peripheral lymphoid 
organs. Differentiated CD4' helper T lymphocytes 
function mainly to activate (or help) macrophages 
to eliminate extracellular microbes that have been 
phagocytosed and to activate B lymphocytes to make 
antibodies that also eliminate extracellular microbes. 
Class I1 molecules are expressed mainly on these cell 
types and provide a system for displaying peptides 
derived from extracellular microbes and proteins. 

H The expression of MHC molecules is increased by 
cytokines produced during both innate and adap- 
tive immune responses (Fig. 4-11). On most cell 
types, the interferons IFN-a, IFN-P, and IFN-y 
increase the level of expression of class I molecules, 
and tumor necrosis factor (TNF) and lymphotoxin 
(LT) can have the same effect. (The properties 
and biologic activities of cytokines are discussed 
in Chapter 11.) The interferons are produced 
during the early innate immune response to many 
viruses, and TNF and LT are produced in response 
to many microbial infections. Thus, innate immune 
responses to microbes increase the expression of the 
MHC molecules that display microbial antigens to 
microbe-specific T cells. This is one of the mecha- 
nisms by which innate immunity stimulates adaptive 
immune responses. 

The expression of class I1 molecules is also regu- 
lated by different cytokines in different cells. IFN-y 
is the principal cytokine involved in stimulating 
expression of class I1 molecules, in antigen-present- 
ing cells such as macrophages. These cells express 
low levels of class I1 molecules until stimulated to do 
so by IFN-y (see Fig. 4-11). The IFN-?I may be pro- 
duced by NK cells during innate immune reactions; 
this is one mechanism by which innate immunity 
stimulates adaptive immunity. IFN-?/ is also produced 
by antigen-activated T cells during adaptive immune 
reactions, and its ability to increase class I1 expres- 
sion on antigen-presenting cells is an amplification 
mechanism in adaptive immunity. In dendritic cells, 
the expression of class I1 molecules increases as these 
cells mature, often under the influence of cytokines 
such as TNF. B lymphocytes constitutively express 
class I1 molecules and can increase expression in 
response to interleukin-4. Vascular endothelial cells, 
like macrophages, increase class I1 expression in 
response to IFN-y. Most nonimmune cell types 
express few, if any, class I1 MHC molecules unless 
exposed to high levels of IFN-y. These cells are 
unlikely to present antigens to CD4' T cells except 
in unusual circumstances. Some cells, such as 
neurons, never appear to express class I1 molecules. 
Human, but not mouse, T cells cxpress class 11 mol- 

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

8 The rate of transcription is the major determinant 
of the leuel of MHC molecule synthesis and expres- 
sion on the cell surface. Cytokines enhance MHC 
expression by stimulating the rate of transcription of 
class I and class I1 genes in a wide variety of cell 
types. These effects are mediated by the binding of 
cytokine-activated transcription factors to regulatory 
DNA sequences in the promoter regions of MHC 
genes. Several transcription factors may be assem- 
bled and bind a protein called the class I1 transcrip- 
tion activator (CIITA) , and the entire complex binds 
to the class I1 promoter and promotes efficient tran- 
scription. By keeping the complex of transcription 
factors together, CIITA functions as a master regula- 
tor of class I1 gene expression. CIITA is synthesized 
in response to IFN-y, explaining how this cytokine 
can increase expression of class I1 MHC molecules. 
Mutations in several of these transcription factors 
have been identified as the cause of human immun- 
odeficiency diseases associated with defective expres- 
sion of MHC molecules. The best studied of these 
disorders is the bare lymphocyte syndrome (see 
Chapter 20). Knockout mice lacking CIITA also show 
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an absence of class I1 expression on dendritic cells 
and B lymphocytes and an inability of IFN-y to 
induce class I1 on macrophages. 

The expression of many of the proteins involved in 
antigen processing and presentation is coordinately 
regulated. For instance, IFN-)I increases the transcrip- 
tion not only of class I and class I1 genes but also of P,- 
microglobulin, of the genes that encode two of the 
subunits of the proteasome, and of the genes encoding 
the subunits of 11ie TAP heterodimer. 

Summary 

The MHC is a large genetic region coding for class 
I and class I1 MHC molecules as well as for other 
proteins. MHC genes are highly polymorphic, with 
more than 250 alleles for some of these genes in the 
population. 

MHC molecules were originally recognized for their 
role in triggering T cell responses that caused the 
rejection of transplanted tissue. It is now known that 
MHCencoded class I and class I1 molecules bind 
peptide antigens and display them for recognition by 
antigen-specific T lymphocytes. Peptide antigens 
associated with class 1 molecules are recognized by 
CD8' CTLs, whereas class 11-associated peptide anti- 
gens are recognized by CD4' (mostly helper) T cells. 

Class I MHC molecules are composed of an a (or 
heavy) chain in a noncovalent complex with a non- 
polymorphic polypeptide called P2-microglobulin. 
The class I1 molecules contain two MHC-encoded 
polymorphic chains, an a chain and a P chain. Both 
classes of MHC molecules are structurally similar and 
consist of an extracellular peptide-binding cleft, a 
nonpolymorphic Ig-like region, a transmembrane 
region, and a cytoplasmic region. Thc peptide- 
binding cleft of MHC molecules has a-helical sides 
and an eight-stranded antiparallel P-pleated sheet 
floor. The peptide-binding cleft of class I molecules 
is formed by the a1 and a 2  segments of the a chain, 
and that of class I1 molecules by the a1 and D l  seg- 
ments of the two chains. The Ig-like domains of 
class I and class I1 molecules contain the bind- 
ing sites for the T cell coreceptors CD8 and CD4, 
respectively. 

MHC molecules bind only one peptide at a time, arid 
all the peptides that bind to a particular MHC mole- 
cule share common structural motifs. Peptide 
binding is of low affinity (Kd -10-'M), and the off- 
rate is very slow, so that complexes, once formed, 
persist for a sufficiently long time to be recognized 
by T cells. The peptide-binding cleft of class I mole- 
cules can accommodate peptides that are 8 to 11 

amino acid residues long, whereas the cleft of class I1 
molecules allows larger peptides (up to 30 amino 
acid residues in length or more) to bind. The poly- 
morphic residues of MHC molecules are localized to 
the peptide-binding domain. Some polymorphic 
MHC residues determine the binding specificities for 
peptides by forming structures, called pockets, that 
interact with complementary residues of the bound 
pcptide, called anchor residues. Other polymorphic 
MHC residues and some residues of the peptide are 
not involved in binding to MHC molecules but 
instead form the structure recogriized by T cells. 
Every MHC molecule has a broad specificity for pep- 
tides and can bind multiple peptides that have 
common structural features, such as anchor residues. 

In addition to the polymorphic class I and class I1 
genes, the MHC contains genes encoding comple- 
ment proteins, cytokines, nonpolymorphic class 
I-like molecules, and several proteins involved in 
antigen processing. 

Class I molecules are expressed on all nucleated cells, 
whereas class I1 molecules are expressed mainly on 
specialized antigen-presenting cells, such as dendritic 
cells, macrophages, and B lymphocytes, and a few 
other cell types, including endothelial cells and 
thymic epithelial cells. The expression of MHC gene 
products is enhanced by inflammatory and immune 
stimuli, particularly cytokines like IFN-y, which stim- 
ulate the transcription of MHC genes. 
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T lymphocytes play central roles in all adaptive 
immune responses against protein antigens. In cell- 
mediated immunity, CD4' T cells activate macrophages 
to destroy phagocytosed microbes, and CD8+ T cells kill 
cells infected with intracellular microbes. In humoral 
immunity, CD4' helper T cells interact with B lympho- 
cytes and stimulate the proliferation and differentiation 
of these B cells. Both the induction phase and the 
effector phase of T cell responses are triggered by the 
specific recognition of antigen. In Chapter 4, we intro- 
duced the concept that T cells recognize peptide frag- 
ments that are derived from protein antigens and are 
bound to cell surface molecules encoded by genes of 
the major histocompatibility complcx (MHC) (see Fig. 
4-1). The cells that display MHC-associated peptides 
are called antigen-presenting cells (APCs) . Certain 
APCs present antigens to naive T cells during the 
recognition phase of immune responses to initiate 
these responses, and some APCs present antigens to dif- 
ferentiated T cells during the effector phase to trigger 
the mechanisms that eliminate the antigens. In Chapter 
4, we focused on the structures and functions of MHC 
molecules. In this chapter, we continue the discussion 
of the ligands that T cells recognize by focusing on 
the generation of peptide-MHC complexes on APCs. 
Specifically, we describe the characteristics of the APCs 
that form and display these peptide-MHC complexes 
and how protein antigens are converted by APCs to pep- 
tides that associate with MHC molecules. We conclude 
with a discussion of the importance of MHC-restricted 
antigen presentation in immune responses. 

Properties of Antigens Recognized 
by T Lymphocytes 

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



stimulate cell-mediated immunity. The early studies 
showed that the physicochemical forms of antigens that 
are recognized by T cells are different from those rec- 
ognized by B lymphocytes and antibodies, and this 
knowledge led to the discovery of the role of the MHC 
in T cell antigen recognition. Several features of antigen 
recognition are unique to T lymphocytes (Table 5-1). 

Most T lymphocytes recognize only peptides, 
whereas B cells can recognize peptides, proteins, 
nucleic acids, polysaccharides, lipids, and small 
chemicals. As a result, T cell-mediated immune 
responses are induced only by protein antigens 
(the natural source of foreign peptides), whereas 
humoral immune responses are seen with protein 
and nonprotein antigens. Some T cells are specific 
for small chemical haptens such as dinitrophenol, 
urushiol of poison ivy, and P lactams of penicillin 
antibiotics. In these situations, it is likely that the 
haptens bind to self proteins and that hapten- 
conjugated peptides are recognized by T cells. Rare 
populations of T cells have been described that rec- 
ognize nonpeptide antigens; these include so-called 
y6 T cells (see Chapter 6). 

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

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

with a native protein, B cells produce antibodies that 
react with only the native protein (Table 5-2). 

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

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

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

0 The first demonstration of MHC restriction came from 
the studies of Rolf Zinkernagel and Peter Doherty that 
examined the recognition of virus-infected cells by 
virus-specific cytolytic T lymphocytes (CTLs) in inbred 
mice. If a mouse is infected with a virus, CD8+ CTLs 
specific for the virus develop in the animal. These 

Table 5-1. Features of T Cell Antigen Recognition - - 

I Features of antigens recognized by T cells I Explanation 

Most T cells recognize 
peptws and no 
otbr m0Iecules 

T ceb recognize litwar and not 
conformatthal determinants 
of peptide antigens 

T cells recmize cell-associated 
and not sol&de antigens , . 

, :*>-$ .&: 
r-- ,  + I  - 

CD4+ and CD8+ T ceib preGrentiatiy 
recognize antigem sampled from the extra- 
4 U a r  and cytosdk pods, respectively 

I Only peptides bind to MHC molecules 

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

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

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

1 class II and clasi I, >espectively 
1 

1 Abbreviations: APC, antigen-presenting cell; MHC, maior histocompatibility complex. 1 
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Table 5-2. Differences i n  Antigen Recognition by T and B Lymphocytes 

I Native protein / Native protein + I + I 
Denatured protein Native protein - + 
Native protein Denatured protein - + 

I Denatured ~rotein I Denatured ~rotein I + 

I 
-. 

In an animal immunized with a protein antigen, B cells are specific for conformational determinants of the antigen and 
therefore distinguish between native and denatured antigens. In contrast, T cells do not distinguish between native and ' 

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

CTLs recognize and lyse virus-infected cells only if the 
infected cells express alleles of MHC molecules that 
are expressed in the animal in which the CTLs were 
generated (Fig. 5-1). By use of MHC congenic strains 
of mice, it was shown that the CTLs and the infected 
target cell must be derived from mice that share a class 
I MHC allele. Thus, the recognition of antigens by 
CD8+ CTLs is restricted by self class I MHC alleles. 
Essentially similar experiments demonstrated that 
responses of CD4' helper T lymphocytes to antigens 
are self class I1 MHC restricted. 

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

CD4+ he@er T cells recognize peptides bound to 
class II MHC molecules, whereas C D g  CTLs rec- 
ognize peptides bound to class I MHC molecules. 
Stated differently, CD4' T cells are class I1 MHC 
restricted, and CD8+ T cells are class I MHC 
restricted. In Chapter 6, we will return to the roles 
of CD4 and CD8 in determining the MHC restriction 
patterns of T cells. 

C D 4  class II-restricted T cells recognize peptides 
derived mainly from extracellular proteins that are 
internalized into the vesicles of APCs, whereas 
C D g  T cells recognize peptides derived from 
cytosolic, usually endogenously synthesized, pro- 
teins. The reason for this is that vesicular proteins 
entcr the class I1 peptide loading and presentation 
pathway, and cytosolic proteins enter the class I 
pathway. The mechanisms and physiologic signifi- 
cance of this segregation are major themes of this 
chapter. 

In addition to MHC-associated presentation of 
peptides, there is another antigen presentation 
system that is specialized to present lipid antigens. 
The class I-like nonpolymorphic molecule CD1 is 
expressed on a variety of APCs and epithelia, and it 
presents lipid aritigeris to unusual populations of 
non-MHC-restricted T cells. Studies with culture- 
derived cloned lines of T cells indicate that a variety 
of cells can recognize lipid antigens presented by 
CD1; these include CD4+, CD8+, and CD4-CD8- T 
cells expressing the ap TCR as well as yF T cells. 
There has been much interest in a small subset of T 
cells that express markers of NK (natural killer) cells. 
These are called NK-T cells, and they recognize CD1- 
associated lipids. However, it is not known whether 
CD1-restricted responses to lipid antigens are impor- 
tant components of host defense against microbes. 
In this chapter, we focus on the presentation of 
peptide antigens by class I and class I1 MHC mole- 
cules to CD8+ and CD4+ T lymphocytes. 

Presentation of Protein Antigens to 
CD4+ T Lymphocytes 

CD4' helper T lymphocytes control virtually all immune 
responses to protein antigens. CD4' T cells are effector 
cells of cell-mediated immunity and provide stimuli that 
are important for the proliferation and differentiation 
of B lymphocytes and CTLs (see Chapters 9 and 13). 
Therefore, a great deal of effort has been devoted LO 
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Figure 5-1 MHC restriction of cytolytic T lymphocytes. 
Virus-specific cytolytic T lymphocytes (CTLs) generated from virus-infected strain A mice kill only 

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

defining how antigens are presented to helper T cells 
to initiate immune responses. From these studies, it has 
become apparent that only a few cell types that express 
class IS MHC molecules can function as APCs for CD4' 
T lymphocytes. In this section of the chapter, we 
describe the APCs that are involved in activating CD4' 
T cells and the functions of these APCs in immune 
responses to protein antigens. 

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

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

Figure 5-2 Antigen-presenting 
cells are required for T cell 
activation. 

purified CD4' T cells do not 
respond to a protein antigen by itself 
but do respond to the antigen in the 
presence of an antigen-presenting cell 
(APC). The function of the APCs is to 
present a peptide derived from the 
antigen to the T cell. APCs also express 
costimulators that are important for T 
cell activation; these are not shown. 
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9 T cells present in the blood, spleen, or lymph nodes 
of individuals immunized with a protein antigen can 
be activated by exposure to that antigen in tissue 
culture. If contaminating dendritic cells, macrophages, 
and B cells are removed from the cultures, the puri- 
fied T lymphocytes do not respond to the antigen, and 
responsiveness can be restored by adding back den- 
dritic cells, macrophages, or B lymphocytes (Fig. 5-2). 
Such experimental approaches are commonly used to 
determine which cell types are able to function as APCs 
for the activation of T lymphocytes. 

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

APCs serve two important functions in the activation 
of CD4' T cells. First, APCs convert protein antigens to 
peptides, and they display peptide-MHC complexes for 
recognition by the T cells. The conversion of native pro- 
teins to MHC-associated peptide fragments by APCs is 
called antigen processing and is discussed later in the 
chapter. Second, some APCs provide stimuli to the T 
cell beyond those initiated by recognition of peptide- 
MHC complexes by the T cell antigen receptor. These 
stimuli, referred to as costimulators, are required for 
the full responses of the T cells. The nature and mode 
of action of costimulators are discussed further in 
Chapters 6 and 8. 

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

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

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

The two requisite properties that allow a cell to func- 
tion as an APC for class I1 MHC-restricted helper T lym- 
phocytes are the ability to process endocytosed antigens 
and the expression of class I1 MHC gene products. Most 
mammalian cells are capable of endocytosing and pro- 
teolytically digesting protein antigens, but only special- 
ized cell populations normally express class TI MHC 
molecules. 

The best dejned APCs for helper T lymphocytes 
are dendritic cells, mononuclear phagocytes, and B 
lymphocytes, and they play diferent roles in T cell 
responses (Fig. 5-3 and Table 5-3). Dendritic cells are 
the most effective APCs for initiating T cell responses, 
macrophages present antigens to differentiated (effec- 
tor) CD4' T cells in the effector phase of cell-mediated 
immunity, and B lymphocytes present antigens to 
helper T cells during humoral immune responses. 
Dendritic cells, macrophages, and B lymphocytes have 
also been called professional APCs; however, this term 
is sometimes used to refer only to dendritic cells 
because this is the only cell type specialized to serve the 
sole function of antigen capture and presentation. 
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Figure 5-4 Dendritic cells. 
A. Light micrograph of cultured dendritic 

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

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

C, D. Dendritic cells in the skin, illustrated 
schematically (C) and in a section of the skin 

with an antibody specific for Langer- 
hans cells (which appear blue in this immu- 
noenzyme stain) (D). (The micrograph of the 
skin is courtesy of Dr. Y-J. Liu, DNAX, Palo 
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I 
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activation; activation 
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Alto, Calif.) 
E, F. Dendritic cells in a lymph node, illus- 

trated schematically (E) and in a section of a 
mouse lymph node stained with fluorescently 
labeled antibodies against B cells in follicles 
(green) and dendritic cells in the T cell zone 
(red) (F). (The micrograph is courtesy of Drs. 
Kathryn Pape and Jennifer Walter, University 
of Minnesota School of Medicine, Min- 
neapolis.) 
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Figure 5-3 Functions of different antigen-presenting cells. 
The three major types of antigen-presenting cells for CD4' T cells function to display antigens at 

different stages and in different types of immune responses. Note that effector T cells activate 
macrophages and B lymphocytes by production of cytokines and by expressing surface molecules; 
these will be described in later chapters. 

Table 5-3. Properties and Functions of Antigen-Presenting Cells 

Constitutive; increases Constitutive; increases with Initiation of T cell responses 
, with maturation: I maturation: inducible bv IFN-Y. I to motein anticlens brimincli - -, 

I increased bv IFN-Y I ~ ~ 4 0 - C D ~ O L  interactidns " I 
' 

of epithelial dendritic cells is to capture microbial cules, and much higher levels are induced by the 
protein antigens and to transport the antigens to drain- cytokine interferon-? (IFN-y). This is a mechanism by 
ing lymph nodes. During their migration to the lymph which IFN-y enhances antigen presentation and T cell 
nodes, the dendritic cells mature to become extremely activation (see Chapter 4, Fig. 4-11). 
efficient at presenting antigens and stimulating naive T B lymphocytes use their antigen receptors to bind 
cells. Mature dendritic cells reside in the T cell zones of and internalize soluble protein antigens and present 
the lymph nodes, and in this location they display anti- processed peptides derived from these proteins to 

Low or negative;, lmduoible by LPS; I F ~ J ~ ,  _ . '~ffe'kt'b; phase of 
iq~ucrjj31p by,(FNiy 8C,D40-CD40L iqtertlctions cell-mediated immune responses 

Constitutive; I Induced by T cells Antigen presentation to CD4+ 
increased by IL-4 (CD40-CD40L interactions), helper T cells in humoral immune 

antiqen receptor cross-linking responses (cognate T cell-B cell e 
I' *-4 

8' gens to the T cells. These lymph node dendritic cells are 
called interdigitating dendritic cells or, simply, dendritic 
cells. There are subsets of dendritic cells that may be dis- 
tinguished by the expression of various cell surface 
markers. Studies are ongoing to determine whether 
these subsets are important in initiating different types 
of T cell responses. The process of antigen capture by 
dendritic cells is described more fully later. 

Macrophages are APCs that actively phagocytose 
large particles. Therefore, they play an important role 
in presenting antigens derived from phagocytosed 
infectious organisms such as bacteria and parasites. In 
the effector phase of cell-mediated immunity, differen- 
tiated effector T cells recognize microbial antigens on 
phagoc~tes and activate the macrophages to destroy 
the phagocytosed microbes (see Chapter 13). Most 
macrophages express low levels of class I1 MHC mole- 

I - - 
l interactions) 

helper T cell;. The antigen-presenting fuktion of B 
cells is essential for helper T cell-dependent antibody 
production (see Chapter 9). 

Vascular endothelial cells in humans express class 
I1 MHC molecules and may present antigens to blood T 
cells that have become adherent to the vessel wall. This 
may contribute to the recruitment and activation of T 
cells in cell-mediated immune reactions (see Chapter 
13). Endothelial cells in grafts are also targets of T cells 
reacting against graft antigens (see Chapter 16). Various 
epithelial and mesenchymal cells may express class I1 
MHC molecules in response to IFN-)I. The physiologic 
significance of antigen presentation by these cell popu- 
lations is unclear. Because they generally do not express 
costimulators, it is unlikely that they play an important 
role in most T cell responses. Thymic epithelial cells 
constitutively express class I1 MHC molecules and play a 

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

dritic cells are located in the epithelia of the skin and gas- 
trointestinal and respiratory systems, which are the main 
portals through which microbes can enter. The proto- 
types of immature dendritic cells are the Langerhans 
cells of the epidermis. Because of their long cytoplasmic 
processes, Langerhans cells occupy as much as 25% of 
the surface area of the epidermis, even though they con- 
stitute less than 1 % of the cell population. The function 
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contains a sampling of all the soluble and particulate 
antigens present in these tissues. Lymph nodes that are 
interposed along lymphatic vessels act as filters that 
sample the lymph at numerous points before it reaches 
the blood (see Fig. 2-12, Chapter 2) .  Antigens that enter 
the blood stream may be similarly sampled by the spleen. 

Immature dendritic cells that are resident in epithe- 
lia and tissues capture protein antigens and transport 
the antigens to draining lymph nodes (Fig. 5-6). Imma- 
ture dendritic cells express membrane receptors that 
bind microbes, such as receptors for mannose and Toll- 
like receptors (see Chapter 12). Dendritic cells use these 
receptors to capture microbial antigens, to endocytose 
the antigens, and to begin to process the proteins into 
peptides capable of binding to MHC molecules. 
Microbes also stimulate innate immune reactions, 
during which inflammatory cytokines are produced. 
The combination of microbes and cytokines activates the 
dendritic cells. The cells lose their adhesiveness for 
epithelia and begin to express a chemokine receptor 

specialized role in presenting peptide-MHC complexes 
to maturing T cells in the thymus as part of the selection 
processes that shape the repertoire of T cell specificities 
(see Chapter 7). 

Capture and Presentation of Protein 
Antigens in Vivo 

The responses of CD4' T cells are initiated in the 
peripheral lymphoid organs, to which protein antigens 
are transported after being collected from their portal 
of entry (Fig. 5-5). The common routes through which 
foreign antigens, such as microbes, enter a host are the 
skin and the epithelia of the gastrointestinal and respi- 
ratory syste,ms. In addition, microbial antigens may be 
produced in any tissue that has been infected. The skin, 
mucosal epithelia, and parenchymal organs contain 
numerous lymphatic capillaries that drain lymph from 
these sites and into the regional lymph nodes. The 
lymph drained from the skin, mucosa, and other sites 
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Figure 5-6 Role of dendritic cells in antigen capture and presentation. 
lmmature dendritic cells in the skin (Langerhans cells) capture antigens that enter through the 

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

Figure 5-5 Routes of antigen entry. 
Microbial antigens commonly enter 

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

called CCR7 that is specific for chemokines produced in regions of lymph nodes where antigen-bearing dendritic 
the T cell zones of lymph nodes. The chemokines attract cells are concentrated.) Immature dendritic cells that 
the dendritic cells bearing microbial antigens into the T have encountered microbes and are transporting micro- 
cell zones of the regional lymph nodes. (Recall that in bial antigens to lymph nodes mature during this migra- 
Chapter 2 we mentioned that naive T cells also express tion from cells whose function is to capture antigen into 
CCR7, and this is why naive T cells migrate to the same cells that are able to display antigens to naive T cells and 
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duced. The effector phase of the immune response is 
designed to eliminate the antigen in any tissue. Previ- 
ously activated T cells migrate to peripheral sites of 
inflammation or infection, where antigens are pre- 
sented by macrophages and other APCs. This process 
will be described in more detail when we discuss cell- 
mediated immunity (see Chapter 13). In humoral 
immune responses, B lymphocytes that recognize anti- 
gens internalize and process these antigens and present 
peptides to differentiated helper T cells. This process 
occurs mostly in lymphoid organs and is described in 
Chapler 9. 

activate the cells. Mature dendritic cells express high 
levels of class I1 MHC molecules with bound peptides as 
well as costimulators required for T cell activation. This 
Drocess of maturation can be reuroduced in uitro bv Dendritic cell Phagocytosed Virus- infected ce" specific 

1 - g 8 +  T cell 

111111) 

culturing bone marrow-derived immature dendritic 
cells with cytokines (such as tumor necrosis factor and 
granulocyte-macrophage colony-stimulating factor) and 
microbial products (such as endotoxin). Thus, by the 
time these cells become resident in lymph nodes, they 
have developed into potent APCs. Naive T lymphocytes 
that recirculate through lymph nodes encounter these 
APCs. T cells that are specific for the displayed peptide- 
MHC complexes are activated, and an immune response 
is initiated. 

Dendritic cells are the most effective APCs,for initi- 

Infected cells 
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I 
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~ l n  by host APCs 
v 

I antigen 
Presentation of Protein Antigens to 
CD8+ T Lymphocytes 

All nucleated cells can Bresent class I MHC-associ- I Figure 5-7 Cross-presentation of antigens to CD8' T cells. 
Cells infected with intracellular microbes, such as viruses, are captured by professional antigen- 

presenting cells (APCs), particularly dendritic cells, and the antigens of the infectious microbes are 
broken down and presented in association with the MHC molecules of the APCs. T cells recognize 
the microbial antigens and costimulators expressed on the APCs, and the T cells are activated. 
This example shows CD8' T cells recognizing class I MHC-associated antigens; the same cross- 
presenting APC may display class II MHC-associated antigens from the microbe for recognition 
by CD4' helper T cells. 

at ingprimay T cell responses, f;;r several reasons. First, 
dendritic cells are strategically located at the common 
sites of entry of microbes and foreign antigens and in 
organs that may be colonized by microbes. Second, den- ated peptides, derived from cytosolic protein antigens, 

to CD8+ T lymphocytes because all nucleated cells 
express class I MHC molecules. Most foreign protein 
antigens that are present in the cytosol are endoge- 
nously synthesized, such as viral proteins in virus- 
infected cells and mutated proteins in tumor cells. All 
nucleated cells are susceptible to viral infections and 
cancer-causing mutations. Therefore, it is important 
that the immune system be able to recognize cytosolic 
antigens harbored in any cell type. Differentiated CD8' 
T cells, which function as CTLs, are able to recognize 
class I-associated peptides and to kill any antigen- 
expressing cell. The ubiquitous expression of class I 
molecules allows class I-restricted CTLs to recognize 
and eliminate any type of virus-infected or tumor cell. 
Phagocytosed particulate antigens may also be recog- 
nized by CD8' CTLs because some proteins may be 
transported from phagocytic vesicles into the cytosol. 

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

Cell Biology of Antigen 

drrtic cells express receptors that enable them to capture 
microbes. Third, these cells migrate preferentially to the 
T cell zones of lymph nodes, through which naive T lym- 
phocytes circulate searching for foreign antigens. 
Fourth, mature dendritic cells express costimulators, 
which are needed to activate naive T cells. 

Antigens may also be transported to lymph nodes in 
soluble fbrm. When lymph enters a lymph node 
through an afferent lymphatic vessel, it percolates 
through the node. Here, the lymph-borne soluble 
antigens can be extracted from the fluid by APCs, such 
as dendritic cells and macrophages. Macrophages, 
through phagocytosis, are particularly adept at extract- 
ing particulate and opsonized antigens. B cells in the 
node may also recognize and internalize soluble anti- 
gens. Dendritic cells, macrophages, and B cells that - - 

have taken up protein antigens can then process and 
present these antigens to naive T cells and to effector 
T cells that have been generated by previous antigen 
stimulation. Thus, APC populations in lymph nodes 
accumulate and concentrat; antigens and display them 
in a form that can be recognized by antigen-specific 
CD4" T lymphocytes. 

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

lass I MHC pathway I / gens that reach the .circulation. ~ ; c h  antigens may 
reach the blood either directly from the tissues or by 
way of the lymph from the thoracic duct. 

In the effector phase of CD4' T cell responses, $re- 
viously activated effector or memory cells may recog- 
nize and respond to antigens in nonlymphoid tissues. 
Foreign antigens can, of course, be produced in any 
tissue that is infected or into which an antigen is intro- 

rocessing 
Figure 5-8 Pathways of antigen processing and presentation. 

In the class II MHC pathway (top panel), extracellular protein antigens are endocytosed into vesi- 
cles, where the antigens are processed and the peptides bind to class II MHC molecules. In the class 
I MHC pathway (bottom panel), protein antigens in the cytosol are processed by proteasomes, and 
peptides are transported into the endoplasmic reticulum (ER), where they bind to class I MHC mole- 
cules. Details of these processing pathways are in Figures 5-1 0 and 5-1 4. TAP, transporter associated 
with antigen processing. 

The pathways of antigen processing convert protein 
antigens derived from the extracellular space or the 
cytosol into peptides and load these peptides onto 
MHC molecules for display to T lymphocytes (Fig. 
5-8). Our understanding of the cell biology of antigen 
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processing has increased greatly since the 1980s with 
the discovery and characterization of the molecules and 
organelles that generate peptides from intact proteins 
and promote the assembly and peptide loading of MHC 
molecules. Both class I and class I1 MHC pathways of 
antigen processing and presentation use subcellular 
organelles and enzymes that have generalized protein 
degradation and recycling functions that are not exclu- 
sively used for antigen display LO  he imrnurie system. In 
other words, both class I and class I1 MHC antigen pres- 
entation pathways have evolved as adaptations of basic 
cellular functions. The cellular pathways of antigen 
processing are designed to generate peptides that have 
the structural characteristics required for associating 
with MHC molecules and to place these peptides in the 
same cellular location as the appropriate MHC mole- 
cules with available peptide-binding clefts. Peptide 
binding to MHC molecules occurs before cell surface 
expression and is an integral component of the biosyn- 
thesis and assembly of MHC molecules. In fact, peptide 

association is required for the stable assembly and 
surface expression of both class I and class I1 MHC 
molecules. 

Protein antigens present in acidic vesicular com- 
partments of APCs generate class II-associated pep- 
tides, whereas antigens present i n  the cytosol generate 
class I-associated peptides. The different fates of vesic- 
ular and cytosolic antigens are due to the segregated 
pathways of biosynthesis and assembly of class I and 
class I1 MHC molecules (see Fig. 5-8). 

This fundamental difference between vesicular and 
cytosolic antigens was demonstrated experimentally by 
analyzing the presentation o f  the same antigen intro- 
duced into APCs in different ways (Fig. 5-9). If a glob- 
ular protein is added in soluble form to APCs and 
endocytosed into the vesicles o f  the APCs, i t  i s  subse- 
quently presented as class 11-associated peptides and i s  
recognized by antigen-specific CD4' T cells. In con- 
trast, the same protein antigen produced in the cyto- 

processing 
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Figure 5-9 Presentation of extracellular and cytosolic antigens. 
When a model protein ovalbumin is added as an extracellular antigen to an antigen-presenting 

cell that expresses both class I and class II MHC molecules, ovalbumin-derived peptides are presented 
only in association with class II molecules (A). When ovalbumin is synthesized intracellularly as a result 
of transfection of its gene (B), or when it is introduced into the cytoplasm through membranes made 
leaky by osmotic shock (C), ovalbumin-derived peptides are presented in association with class I MHC 
molecules. The measured response of class Il-restricted helper T cells is cytokine secretion, and the 
measured response of class I-restricted CTLs is killing of the antigen-presenting cells. 

plasm o f  APCs as the product o f  a transfected gene, or 
introduced directly into the cytoplasm o f  the APCs by 
osmotic shock, i s  presented in the form o f  class I- 
associated peptides that are recognized by CD8+ T 
cells. 

The major comparative features of the class I and 
class I1 MHC pathways of antigen presentation are 
summarized in Table 5-4. In the following sections, we 
describe these pathways individually in more detail. 

processing of Endocytosed Antigens for 
Class I1 MHC-Associated Presentation 

The generation of class I1 MHC-associated peptides 
from endocytosed antigens involves the proteolytic 
degradation of internalized proteins in endocytic 
vesicles and the binding of peptides to class I1 MHC 
molecules in these vesicles. This sequence of events 
is illustrated in Figure 5-10, and the individual steps are 
described here. 

1. UPTAKE OF EXTRACELLULAR PROTEINS IN'I'O 
VESICULAR COMPARTMENTS OF APCS 

Most class 11-associated peptides are derived from 
protein antigens that are captured and internalized 
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into endosomes by specialized APCs. The initial steps 
in the presentation of an extracellular protein antigen 
are the binding of the native antigen to an APC and 
the internalization of the antigen. Different APCs can 
bind protein antigens in several ways and with varying 
efficiencies and specificities. Dendritic cells and 
macrophages express a variety of surface receptors that 
recognize structures shared by many microbes (see 
Chapter 12). Thus, these APCs bind and internalize 
microbes efficiently. Macrophages also express recep- 
tors for the Fc portions of antibodies and receptors 
for the complement protein C3b, which bind antigens 
with attached antibodies or complement proteins and 
enhance their internalization. Another example of spe- 
cific receptors on APCs is the surface immunoglobulin 
on B cells, which, because of its high affinity for anti- 
gens, can effectively mediate the internalization of 
proteins present at very low concentrations in the 
extracellular fluid (see Chapter 9). 

After their internalization, protein antigens become 
localized in intracellular membrane-bound vesicles 
called endosomes. Endosomes are vesicles with acidic 
pH that contain proteolytic enzymes. The endosomal 
pathway of intracellular protein traffic communicates 
with lysosomes, which are more dense membrane- 
bound enzyme-containing vesicles. A subset of class I1 

Table 5 4 .  Comparative Features of Class II and Class I MHC Pathways of Antigen 
Processing and Presentation 

- -- - - -- - -- 

Feature Class ll MHC pathway Class I MHC pathway 

~~bm~os i t i on  of % ' Polymorphic a and P chains, Polymorphic a chain, 
peptide staPn peptida-MHC pp-microglobulin, peptide 

cor ex 

Types of APCS Dendritic cells, mononuclear All nucleated cells 
phagocytes, B lymphocytes; 
endothelial cells, thymic 
epithelium 

$Responsive T cells CD4+ T cells CD8+ T cells 

;Source of protein Endosomal/lysosomal Cytosolic proteins (mostly 
*antigens proteins (mostly internalized synthesized in the cell; may 

from extracellular environment) enter cytosol from phagosomes) 

Enzymes responsible . Endosomal and lysosomal Cytosolic proteasome 
for peptide generation proteases (e.g., cathe~sins) 

:site of peptide Specialized vesicular Endoplasmic reticulum 
!loading of MHC compartment 

alnexin, calreticulin, TAP in ER 

Abbreviations: APC, antigen-presenting cell; CIIV, class II vesicle ; ER, endoplasmic 
reticulum; MHC, major histocompatibility complex; MIIC, MHC class II compartment; TAP, 
transporter associated with antigen processing. 
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Figure 5-10 The class I1 MHC pathway of antigen presentation. 
The numbered stages in processing of extracellular antigens correspond to the stages described 

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

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

polecules are derived from membrane proteins. Before 
face, these proteins may 

lass I1 MHC molecules because 
ed and transported through the 

ents as the class I1 molecules. 
cell surface expression, some 

e cell by the same endo- 
llular proteins. Thus, even 

the cytoplasm of infected 
ic and membrane proteins 
des that enter the class I1 
sentation. This may be a 
of viral antigen-specific 

AND TRANSPORT OF CLASS I1 
ES TO ENDOSOMES 

C molecules are synthesized i n  the ER and 
to endosomes with an associated protein 

chain (I,), which occupies the 
of the newly synthesized class 11 

endoplasmic reticulum; I,, invariant chain. 

MHC-rich endosomes plays a special role in antigen 
processing and presentation by the class 11 pathway; 
this is described next. Particulate microbes are inter- 
nalized into vesicles called phagosomes, which may fuse 
with lysosomes, producing vesicles called phagolyso- 
somes or secondary lysosomes. Some microbes, such 
as mycobacteria and Leishmania, may survive and 
even replicate within phagosomes or endosomes, 
providing a persistent source of antigens in vesicular 
compartments. 

0 The processed forms o f  most protein antigens that T 
cells recognize can be artificially generated by prote- 
olysis in the test tube. Macrophages that are chemically 
fixed or treated with chloroauine before they have 
processed a protein antigen can effectively present 
predigested peptide fragments o f  that antigen, bu t  no t  
the intact protein, to specific T cells (see Fig. 5-11). 

The enzymes that degrade protein antigens in the 
endosomes are not fully defined. The most abundant 
proteases of endosomes are cathepsins, which are thiol 
and aspartyl proteases with broad substrate specificities. 
Cathepsins may play an important role in generating 
peptides for the class I1 pathway. Knockout mice lacking 
cathepsin S show defects in class 11-associated antigen 
presentation. 

Although most class I1 MHC-binding peptides are 
derived from proteins internalbed from the extracel- 
lular milieu, cytoplasmic and membrane proteins may 
also occasionally enter the class I1 pathway. In some 
cases, this may result from the normal cellular pathway 

molecules. The a and P chains of class I1 MHC molecules 
are coordinately synthesized and associate with each 
other in the ER. Nascent class I1 dimers are structurally 
unstable, and their folding and assembly are aided by 
ER-resident chaperones, such as calnexin. The nonpoly- 
morphic Ii also associates with the class I1 MHC ap het- 
erodimers in the ER. The Ii is a trimer composed of three 
30-kD subunits, each of which binds one newly synthe- 
sized class I1 ap heterodimer in a way that interferes with 
peptide loading of the cleft formed by the a and P chains 
(Fig. 5-12). As a result, class I1 MHC molecules cannot 
bind and present peptides they encounter in thc ER, 
leaving such peptides to associate with class I molecules. 
The Ii may also promote folding and assembly of class I1 
molecules and direct newly formed class I1 molecules to 
the specialized endosomal vesicles where internalized 
proteins have been proteolytically degraded into pep- 
tides. During their passage toward the cell surface, the 
exocytic vesicles transporting class I1 molecules out of 
the ER meet and fuse with the endocytic vesicles con- 
taining internalized and processed antigens. The net 

2. PROCESSING OF INTERNALIZED PROTEINS IN 
ENDOSOMAL AND LYSOSOIMAL VESICLES 

Internalized proteins are degraded enzymatically in 
endosomes and lysosomes to generate peptides, many 
of which have the structural properties that enable 
them to bind to the peptide-binding clefts of class I1 
MHC molecules. The degradation of protein antigens 
in vesicles is an active process mediated by proteases 
that have acidic pH optima. 

@ The processing o f  soluble proteins by macrophages 
(and other APCs) is inhibited by rerideririg h e  APCs 
metabolically inert by chemical fixation (Fig. 5-1 1) o r  
by increasing the pH o f  intracellular acid vesicles with 
agents such as chloroquine. 

for the turnover of cytoplasmic contents, referred to as 
autophagy, In this pathway, cytoplasmic proteins are 
trapped within endoplasmic reticulum (ER)-derived 
vesicles called autophagosomes; these vesicles fuse with - - 

lysosomes, and the cytoplasmic proteins are proteolyti- 
cally degraded. The peptides generated by this route 
may be delivered to the same class 11-bearing vesicular 

Several types o f  proteases, notably cathepsins (see 
following), are present in endosomes and lysosomes, 
and specific inhibitors o f  these enzymes block the pres- 
entation o f  protein antigens by APCs. 

comoartment as are wewtides derived from extracellu- 
L I I 

lar antigens. Some peptides that associate with class I1 
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Figure 5-12 The functions of class II MHC-associated invariant chains and HLA-DM. 
Class II molecules with bound invariant chain, or CLIP, are transported into vesicles (the MIIC/CIIV), 

where the CLIP is removed by the action of DM. Antigenic peptides generated in the vesicles are then 
able to bind to the class I1 molecules. Another class Il-like protein, called HLA-DO, may regulate the 
DM-catalyzed removal of CLIP. CIIV, class II vesicle; CLIP, class Il-associated invariant chain peptide; 
ER, endoplasmic reticulum; I,, invariant chain; MIIC, MHC class II compartment. 

result of this sequence of events is that class I1 molecules 
enter the vesicles that also contain peptides generated by 
proteolysis of endocytosed proteins. 

Immunoelectron microscopy and subcellular frac- 
tionation studies have defined a class 11-rich subset 
of endosomes that plays an important role in antigen 
presentation (Fig. 5-13). In macrophages and human 
B cells, it is called the MHC class I1 compartment, or 
MIIC. (In some mouse B cells, a similar organelle 
containing class I1 molecules has been identified and 
namcd thc class I1 vesicle [CIIV] .) Thc MIIC has a char- 
acteristic multilamellar appearance. Importantly, it con- 
tains all the components required for peptide-class 
I1 association, including the enzymes that degrade 
protein antigens, the class I1 molecules, the Ii (or invari- 
ant chain-derived peptides), and a molecule called 
human leukocyte antigen DM (HLA-DM) whose func- 
tion is described next. 

APCs from knockout mice lacking the Ii show defec- 
tive presentation of some protein ahtigens but are still 
able to present class 11-associated peptides derived 
from a wide variety of proteins. This suggests that the 
importance of the Ii may vary according to the antigen 
being presented. 
4. ASSOCIATION OF PROCESSED PEPTIDES WITH 

CLASS I1 MHC MOLECULES IN VESICLES 

Within the MZIC, the lj is removed from class I1 MHC 
molecules by the combined action of proteolytic 
enzymes and the HLA-DM molecule, and antigenic 
peptides are then able to bind to the available peptide- 
binding clefts of the class IZ molecules. Because the Ii 
blocks access to the peptide-binding cleft of a class 11 
MHC molecule, it must be removed before complexes of 
peptide and class I1 molecules can form. p he same 
proteolytic enzymes, such as cathepsin S, that generate 
peptides from internalized proteins also act on the Ii, 
dcgrading it and lcaving only a 24-amino acid remnant 

Figure 5-13 Morphology of class II MHC-rich endosomal 
vesicles. 

A. lmmunoelectron micrograph of a B lymphocyte that has inter- 
nalized bovine serum albumin into early endosomes (labeled with 
5-nm gold particles, arrow) and contains class II MHC molecules 
(labeled with 10-nm gold particles) in MllCs (arrowheads). The inter- 
nalized albumin will reach the MllCs ultimately. (From Kleijmeer MI, 
S Morkowski, JM Criffith, AY Rudensky, and HI Geuze. Major histo- 
compatibility complex class II compartments in human and mouse 
B lvmwhoblasts rewresent conventional endocvtic comwartments. 
 hi jdurna~ of cell' Biology 139:639-649, 199j, by copyright per- 
mission of The Rockefeller University Press.) 

B. lmmunoelectron micrograph of a B cell showing location of 
class II MHC molecules and DM in MllCs (stars) and invariant chain 
concentrated in the Colgi (G) complex. In this example, there is vir- 
tually no invariant chain detected in the MIIC, presumably because 
it has been cleaved to generate CLIP. (Photographs courtesy of Drs. 
H. J. Ceuze and M. Kleijmeer, Department of Cell Biology, Utrecht 
University, The Netherlands.) I 

? 

called class 11-associated invariant chain peptide 
(CLIP). X-ray crystallographic analysis has shown that 
the CLIP sits in the peptide-binding cleft in the same way 
that other peptides bind to class I1 MHC molecules. 
Therefore, removal of CLIP is required before the cleft 
becomes accessible to peptides produced from extracel- 
lular proteins. This is accomplished by the action 
of a molecule called HLA-DM (or H-2M in the mouse), 
which is encodedwithin the MHC, has a structure similar 
to that of class I1 MHC molecules, and colocalizes with 
class I1 molecules in the MIIC compartment. HLA-DM 
molecules differ from class I1 MHC molecules in several 
respects: they are not polymorphic, they do not associate 
with the If, and they are not expressed on the cell surface. 
HLA-DM acts as a peptide exchanger, facilitating the 
removal of CLIP and the addition of other peptides to 
class I1 MHC molecules (see Fig. 5-12). 

, 4 
The critical role of HLA-DM is demonstrated by 

-. the finding that mutant cell lines that lack DM, and 
i,,F . , 

knockout mice that lack the homologous mouse 
I protein H-2M, are defective in presenting peptides y a 

' y -, derived from extracellular proteins. When class I1 
MHC molecules are isolated from these DM-mutant 
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cell lines or from APCs from H-2M knockout mice, 
they are found to have CLIP almost exclusively in their 

?$ peptide-binding clefts, consistent with a role for DM in 
0 

R? * 
removing CLIP. Transfection of the gene encoding DM 
into these mutant cell lines restores normal class II- 

; associated antigen presentation. 

Once CLIP is removed, peptides generated by pro- 
teolysis of internalized protein antigens are able to bind 
to class I1 MHC molecules. The HLA-DM molecule may 
accelerate the rate of peptide binding to class I1 mole- 
cules. Because the ends of the class I1 MHC peptide- 
binding cleft are open, large peptides or even unfolded 
whole proteins may bind, yet the size of peptides eluted 
from cell surface class I1 MHC molecules is usually 
restricted to 10 to 30 amino acids. It is possible that 
larger polypeptides initially bind to class I1 MHC mole- 
cules and are then "trimmed" by proteolytic enzymes to 
the appropriate size for T cell recognition. 

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

5. EXPRESSION OF PEPTIDE-CLASS I1 COM- 
PLEXES ON THE APC SURFACE 

Class 11 MHC molecules are stabilized by the bound 
Peptides, and the stable peptide-class ZI complexes are 
deliuered to the surface of the APC, where they are dis- 
Played for recognition by CD4' T cells. The require- 
ment for bound peptide to stabilize class I1 MHC 
molecules ensures that only properly loaded peplide- 
MHC complexes will survive long enough to get dis- 
played on the cell surface. A similar phenomenon 
Occurs in class I MHC assembly. Once expressed on the 

APC surface, the peptide-class I1 complexes are recog- 
nized by specific CD4' T cells, with the CD4 coreceptor 
playing an essential role by binding to nonpolymorphic 
regions of the class I1 molecule. The slow off-rate and 
therefore long half-life of peptide-MHC complexes 
increase the chance that a T cell specific for such a 
complex will make contact, bind, and be activated by 
that complex. Interestingly, while peptide-loaded class 
I1 molecules traffic from the MIIC vesicular compart- 
ment to the cell surface, other molecules involved in 
antigen presentation, such as DM, stay in the vesicle and 
are not expressed as membrane proteins. The mecha- 
nism of this selective traffic is unknown. 

Very small numbers of peptide-MHC complexes are 
capable of activating spec@ T lymphocytes. Because 
APCs continuously present peptides derived from all 
the proteins they encounter, only a very small fraction 
of cell surface peptide-MHC complexes will contain the 
same peptide. Furthermore, most of the bound pep- 
tides will be derived from normal self proteins because 
there is no mechanism to distinguish self proteins from 
foreign proteins in the process that generates the 
peptide-MHC complexes. This is borne out by studies 
in which class 11 MHC molecules are purified from 
APCs from normal individuals and the bound peptides 
are eluted and sequenced; it is seen that most of these 
peptides are derived from self proteins. These findings 
raise two important questions that were introduced in 
Chapter 4. First, how can a T cell recognize and be acti- 
vated by any foreign antigen when it encounters only 
APCs that are predominantly displaying self peptide- 
MHC complexes? The answer is that T cells are remark- 
ably sensitive and need to specifically recognize very few 
peptide-MHC complexes to be activated. It has been 
estimated that as few as 100 complexes of a particular 
peptide with a class I1 MHC molecule on the surface of 
an APC can initiate a specific T cell response. This 
represents less than 0.1 % of the total number of 
class I1 molecules likely to be present on the surface 
of the APC. Thus, a newly introduced antigen may be 
processed into peptides that load enough MHC mole- 
cules of APCs to activate T cells specific for that antigen, 
even though most of the MHC molecules are occupied 
with self peptides. In fact, the ability of APCs to inter- 
nalize, process, and present the heterogeneous mix of 
self proteins and foreign proteins ensures that the 
immune system will not miss transient or quantitatively 
small exposures to foreign antigens. Second, if individ- 
uals process their own proteins and present them in 
association with their own class I1 MHC molecules, why 
do we normally not develop immune responses against 
self proteins? The answer is that self peptide-MHC 
complexes are formed but do not induce autoimmunity 
because T cells specific for such complexes are deleted 
or inactivated. In other words, T cells are tolerant to self 
antigens (see Chapter 10). 

Processing of Cytoso l ic  A n t i g e n s  for Class I 
MHC-Associated Presenta t ion  

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

1. PRODUCTION OF PROTEINS IN THE CYTOSOL 

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

2. PROTEOLYTIC DEGRADATION OF CYTOSOLIC 
PROTEINS 

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

The proteasome performs a basic housekeeping 
function in cells by degrading many different cytoplas- 
mic proteins. These proteins are targeted for proteaso- 
ma1 degradation by covalent linkage of several copies 
of a small polypeptide called ubiquitin. After ubiquiti- 
nation, the proteins are unfolded, the ubiquitin is 
removed, and the proteins are "threaded" through pro- 
teasomes. The proteasome has broad substrate speci- 
ficity and can generate a wide variety of peptides from 
cytosolic proteins (but usually does not degrade pro- 
teins completely into single amino acids). Interestingly, 
in cells treated with the cytokine IFN-y, there is 

Figure 5-14 The class I MHC pathway of antigen presentation. 
The numbered stages in the processing of cytosolic proteins correspond to the stages described 

in the text. P,m, 0,-microglobulin; ER, endoplasmic reticulum; TAP, transporter associated with antigen 
processing. 
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increased transcription and synthesis of LMP-2 and 
LMP-7, and these proteins replace two of the subunits 
of the proteasome. This results in a change in the 
substrate specificity of the proteasome so that the pep- 
tides produced are 6 to 30 residues long and usually 
contain carboxyl terminal basic or hydrophobic amino 
acids. Both features are typical of peptides that are 
transported into the class I pathway and that bind 
to class I molecules (often after further trimming). 
This is one mechanism by which IFN-?/ enhances 
antigen presentation. Thus, proteasomes are excellent 
examples of organelles whose basic cellular function 
has been adapted for a specialized role in antigen 
presentation. 

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

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

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

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

Thus, the proteolytic mechanisms that generate anti- 
genic peptides that bind to class I MHC molecules are 
different from the mechanisms described earlier for 
peptide-class I1 MHC molecule associations. This is also 
evident from the observation that agents that raise 
endosomal and lysosomal pH, or directly inhibit endo- 
soma1 proteases, block class 11-restricted but not class 
I-restricted antigen presentation, whereas inhibitors of 
ubiquitination or proteasomes selectively block class I- 
restricted antigen presentation. 

Some protein antigens apparently do not require 
ubiquitination or proteasomes to be presented by the 
class I MHC pathway. This may be because other, less 
well defined mechanisms of cytoplasmic proteolysis 
exist. In addition, some class I MHC molecules bind 
Peptides that may be generated by proteolytic enzymes 

resident in the ER. For example, the signal sequences 
of membrane and secreted proteins are usually de- 
graded proteolytically in the ER during translation of 
these proteins. This ER degradation generates class 
I-binding peptides without a need for proteolysis in the 
cytosol. 

3. TRANSPORT OF PEPTIDES FROM THE CYTOSOL 
TO THE ER 

Peptides generated in the cytosol are translocated by 
a specialized transporter into the ER, where newly 
synthesized class I MHC molecules are auailable to 
bind the peptides. Because antigenic peptides Tor the 
class I pathway are generated in the cytosol, but class I 
MHC molecules are synthesized in the ER, a mecha- 
nism must exist for delivery of cytosolic peptides into 
the ER. The initial insights into this mechanism came 
from studies of cell lines that are defective in assem- 
bling and displaying peptide-class I MHC complexes 
on their surfaces. The mutations responsible for this 
defect turned out to involve two genes located within 
the MHC that are homologous to the ABC transporter 
family of genes, which encode proteins that mediate 
adenosine triphosphate (ATP)-dependent transport of 
low molecular weight compounds across cellular mem- 
branes. The genes in the MHC that belong to this family 
encode the two chains of a heterodimer called the 
transporter associated with antigen processing (TAP). 
(Interestingly, the TAPl and TAP2genes are next to the 
genes encoding LMP-2 and LMP-7 in the MHC, and the 
synthesis of the TAP protein is also stimulated by IFN- 
y.) The TAP protein is located mainly in the ER, where 
it mediates the active, ATP-dependent transport of pep- 
tides from the cytosol into the ER lumen (Fig. 5-15). 
Although the TAP heterodimer has a broad range of 
specificities, it optimally transports peptides ranging 
from 6 to 30 amino acids long and containing carboxyl 
termini that are basic (in humans) or hydrophobic (in 
humans and mice). As mentioned before, the protea- 
some generates peptides with these features. Therefore, 
the TAP dimer delivers to the ER peptides of the right 
size and characteristics for binding to class I MHC 
molecules. 

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

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

On the luminal side of the ER membrane, the 
TAP protein is noncovalcntly attached to newly 
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synthesized class I MHC molecules by a linker 
protein called tapasin. Thus, the class I molecule 
is strategically located at the site where it can receive 
peptides. 

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

Peptides translocated into the ER bind to class I MHC 
molecules that are attached to the TA Pdimer. The syn- 
thesis and assembly of class I molecules involve a mul- 
tistep process in which peptide binding plays a key role. 
Class I a chains and P2-microglobulin are synthesized in 
the ER. Appropriate folding of the nascent a chains 
is assisted by various ER chaperone proteins, such as 
calnexin and calreticulin. Within the ER, the newly 
formed "empty" class I dimers remain attached to the 
TAP complex by tapasin. When peptide enters the ER 
via TAP, the peptide binds to the cleft of the associated 
class I molecule. The peptide-class I complex is then 
released from tapasin, and it is able to exit the ER and 
be transported to the cell surface. In the absence of 
bound peptide, many of the newly formed a chain+ 
microglobulin dimers are unstable, cannot be trans- 
ported out of the ER efficiently, and are presumably 
degraded in the ER (see Fig. 5-15). 

Pep tides transported into the ER preferentially 
bind to class I, but not class 11, MHC molecules, for 
two reasons. First, newly synthesized class I molecules 
are attached to the luminal aspect of the TAP complex, 
ready to receive peptides. Second, as mentioned previ- 
ously in the ER the peptide-binding clefts of newly 
synthesized class I1 molecules are blocked by the 
associated Ii. 

5. SURFACE EXPRESSION OF PEPTIDE-CLASS I 
COMPLEXES 

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

Figure 5-15 Role of TAP in 
class I MHC-associated anti- 
gen presentation. 

In a cell line lacking functional 
TAP, class I molecules are not effi- 
ciently loaded with peptides and 
are degraded, mostly in the endoplas- 
mic reticulum (ER). When afunctional 
TAP gene is transfected into the cell 
line, normal assembly and expression 
of peptide-associated class I MHC 
molecules are restored. Note that the 
TAP dimer may be attached to class I 
molecules by a linker protein called 
tapasin, which is notshown in this and 
other illustrations. TAP, transporter 
associated with antigen processing. 

are transported to the cell surface by exocytic vesicles. 
Once expressed on the cell surface, the peptide-class I 
complexes may be recognized by peptide antigen- 
specific CD8' T cells, with the CD8 coreceptor playing 
an  essential role by binding to nonpolymorphic regions 
of the class I molecule. In later chapters, we will return 
to a discussion of the role of class I-restricted CTLs in 
protective immunity. Several viruses have evolved mech- 
anisms that interfere with class I assemblv and aeatide 

I I 

loading, emphasizing the importance of this pathway 
for antiviral immunity (see Chapter 15). 

Physiologic Significance of 
MHC-Associated Antigen 
Presentation 

So far, we have discussed the specificity of CD4' and 
CD8+ '1' lymphocytes for MHC-associated foreign pro- 
tein antigens and the mechanisms by which complexes 
of peptides and MHC molecules are produced. In this 
section, we consider the impact of MHC-associated 
antigen presentation on the role that T cells play in 
protective immunity, the nature of T cell responses to 
different antigens, and the types of antigens that T cells 
recognize. 

T Cell Surveillance for Foreign Antigens 

The class I and class I1 pathways of antigen presentation 
sample available proteins for display to T cells. Most of 
these proteins are self proteins. Foreign proteins are 
relatively rare; these may be derived from infectious 
microbes, other foreign antigens that are introduced, 
and tumors. T cells survey all the displayed peptides 
for the presence of these rare foreign peptides and 
respond to the foreign antigens (Fig. 5-16). MHC 
molecules sample both the extracellular space and the 
cytosol of nucleated cells, and this is important because 
microbes may reside in both locations. Even though 
peptides derived from foreign (e.g., microbial) anti- 

Figure 5-16 T cells survey 
~ p C s  for foreign peptides. 

Antigen-presenting cells 
(APCs) present self peptides and 
foreign peptides associated with 
MHC molecules, and T cells 
respond to the foreign peptides. In 
response to infections, APCs also 
express costimulators (not shown) 
that activate T cells specific for the 
microbial antigens. 

Chapter 5 - Antigen Processing and Presentation to T Lymphocytes 

containing self 
and foreign 

peptides C molecules 
T cell 

response 
to foreign 
peptides 

elf - 
E4 I Absence of 

LP\: 
cells responsive 

/r - to self peptides 

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

Nature of T Cell Responses 

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

The presentation of endosomal versus cytosolic 
proteins by the class ZI or class Z MHC pathways, 
respectively, determines which subsets of T cells 
will respond to antigens found in these two pools 
of proteins (Fig. 5-17). Extracellular antigens 
usually end up in the endosomal pool and activate 
class 11-restricted CD4' T cells because the pathways 
by which extracellular proteins are internalized con- 
verge with the pathway of class I1 expression. These 
CD4+ T cells function as helpers to stimulate effec- 
tor mechanisms, such as antibodies and phagocytes, 
that serve to eliminate extracellular antigens. Con- 
versely, endogenously synthesized antigens are 
present in the cytoplasmic pool of proteins, where 
they are inaccessible to antibodies and phagocytes. 
These cytosolic antigens enter the pathway for 
loading class I molecules and activate class I- 
restricted CD8+ CTLs, which kill the cells producing 
the intracellular antigens. The expression of class 1 
molecules in all nucleated cells ensures that peptides 
from virtually any intracellular protein may be dis- 
played for recognition by CD8+ T cells. Thus, anti- 
gens from microbes that reside in different cellular 
locations selectively stimulate the T cell responses 
that are most effective at eliminating that type of 
microbe. This is especially important because the 
antigen receptors of helper T cells and CTLs cannot 
distinguish between extracellular and intracellular 

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

The unique specijicity of T cells for cell-bound anti- 
gens is essential for the functions of T lymphocytes, 
which are largely mediated by interactions requir- 
ing direct cell-cell contact and by cytokines that act 
a t  short distances. APCs not only present antigens 
to T lymphocytes but also are the targets of T cell 
effector functions (see Fig. 5-17). For instance, 
macrophages with phagocytosed microbes present 
microbial antigens to CD4' T cells, and the T cells 
respond by activating the macrophages to destroy 
the microbes. B lymphocytes that have specifically 
bound and endocytosed a protein antigen present 
peptides derived l-rom that antigen to helper T cells, 
and the T cells then stimulate the B lymphocytes to 
produce antibodies against the protein. B lympho- 
cytes and macrophages are two of the principal cell 
types that express class I1 MHC genes, function as 
APCs for CD4+ helper T cells, and focus helper T cell 
effects to their immediate vicinity. Similarly, the 
presentation of class I-associated peptides allows 
CD8+ CTLs to detect and respond to antigens pro- 
duced in any nucleated cell and to destroy these 
cells. We will return to a fuller discussion of these 
interactions of T cells with APCs when we discuss the 
effector functions of T cells in later chapters. 

lmmunogenicity of Protein Antigens 

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

The epitopes of complex proteins that are most 
likely to elicit T cell responses are often the pep- 
tides that are generated by proteolysis in  APCs and 
bind most avidly to MHC molecules. If an individ- 
ual is immunized with a multideterminant protein 
antigen, in many instances the majority of the 
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responding T cells are specific for one or a few 
linear amino acid sequences of the antigen. These 
are called the immunodominant epitopes or deter- 
minants. The proteases involved in antigen pro- 
cessing produce a variety of peptides from natural 
proteins, and only some of these peptides possess the 
characteristics that enable them to bind to the MHC 
molecules present in each individual (Fig. 5-18). 

In H-2k niice immunized with the antigen hen egg 
lysozyme (HEL), a large proportion of the HEL- 
specific T cells are specific for one epitope formed by 
residues 52-62 of HEL in association with the I-Ak class 
I1 molecule. This is because the HEL(52-62) peptide 
binds to I-Ak better than do other HEL peptides. In 
uitro, if I-Ak-expressing MCs are incubated with HEL, 
up to 20% of the I-Ak molecules may get loaded with 
this one peptide. Thus, the 52-62 peptide is the 
immunodominant epitope of HEL in H-Zk mice. This 
approach has been used to identify immunodominant 
epitopes of many other protein antigens. In inbred 
mice infected with a virus, such as the lymphocytic 
choriomeningitis virus, all the virus-specific T cells that 
are activated may be specific for as few as two or three 
viral peptides recognized in association with one of the 
inherited class I alleles. Similarly, in humans infected 
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Figure 5-18 lmmunodominance of peptides. 
Protein antigens are processed to generate multiple peptides; immunodominant peptides are the 

ones that bind best to the available class I and class I I  MHC molecules. The illustration shows an extra- 
cellular antigen generating a class Il-binding peptide, but this also applies to peptides of cytosolic 
antigens that are presented by class I MHC molecules. APC, antigen-presenting cell. 

know that the immune response (Ir) genes that 
control antibody responses are the class I1 MHC 
structural genes. They influence immune respon- 
siveness because various allelic class I1 MHC mole- 
cules differ in their ability to bind different antigenic 
peptides and therefore to stimulate specific helper T 
cells. 

Figure 5-17 Presentation of extracellular and cytosolic antigens to different subsets of 0 H-2k mice are responders to HEL(52-62), but H-2* 
T cells. 

A. Extracellular antigens are presented by macrophages or B lymphocytes to CD4+ helper T 
' mice are nonresponders to this epitope. Equilibrium 

lymphocytes, which activate the macrophages or B cells and eliminate the extracellular antigens. dialysis experiments have shown that HEL(52-62) 
B. Cytosolic antigens are presented by nucleated cells to CD8+ CTLs, which kill (lyse) the antigen- binds to I-Ak but not to LA" molecules. X-ray crystallo- 

graphic analysis of peptide-MHC complexes shows that 
*. the HEL(52-62) peptide binds tightly to the peptide- 

with the human immunodeficiency virus, individual 
- binding cleft of the I-Ak molecule (see Chapter 4, Fig. 

patients contain T cells that recognize a small number 4-9). Modeling studies indicate that the HEL(52-62) 

of viral epitopes. The same phenomenon has been ," peptide cannot bind tightly to the cleft of the I-Ad mol- 

seen with many viruses and intracellular bacteria. ecule (which has different amino acids in the binding 

These results imply that even complex microbes cleft than does I-Ak) . This explains why the H-2"ouse 

produce very few peptides capable of binding to any is a nonresponder to this peptide Similar results have 

one allelic MHC molecule. been obtained with numerous other peptides. 

It is important to define the structural basis of These findings support the determinant selection 

immunodominance because this may permit the effi- model of MHC-linked immune responses. This 

cient manipulation of the immune system with syn- model, which was proposed many years before the 

thetic peptides. An application of such knowledge is demonstration of peptide-MHC binding, states that 

the design of vaccines. For example, a viral protein the products of MHC genes in each individual select 

could be analyzed for the presence of amino acid which determinants of protein antigens will be 

sequences that would form typical immunodomi- immunogenic in that individual. We now realize that 
nant epitopes capable of binding to MHC molecules he structural basis of deterrniriant selection and Ir 

with high affinity. Synthetic peptides containing gene function is simply the ability of individual MHC 

these epitopes may be effective vaccines for eliciting molecules to bind some but not all peptides. Most Ir 

T cell responses against the viral peptide expressed gene phenomena have been studied by measuring 

on an infected cell. helper T cell-dependent responses, but the same 
principles apply to CTLs. Individuals with certain 

The expression of particular class I1 MHC alle MHC alleles may be incapable of generating CTLs 
i n  an individual determines the ability of against some viruses. In this situation, of course, the 
individual to respond to particular antigens. 'r genes will map to one of the class I MHC loci. 
phenomenon of genetically controlled imm These concepts of immunodominance and genet- 
responsiveness was introduced in Chapter 4. We n tally controlled immune responsiveness are based 

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

Summary 

T cells recognize antigens only in the form of pep- 
tides displayed by the products of self MHC genes on 
the surface of APCs. CD4" helper T lymphocytes rec- 
ognize antigens in association with class I1 MHC gene 
products (class I1 MHC-restricted recognition), and 
CD8' CTLs recognize antigens in association 
with class I gene products (class I MHC-restricted 
recognition). 

Specialized APCs, such as dendritic cells, 
macrophages, and B lymphocytes, capture extra- 
cellular protein antigens, internalize and process 
them, and display class 11-associated peptides to 
CD4+ T cells. Dendritic cells are the most efficient 
APCs for initiating primary responses by activating 
naive T cells, and macrophages and B lymphocytes 
present antigens to differentiated helper T cells in 
the effector phase of cell-mediated immunity and in 
humoral immune responses, respectively. All nu- 
cleated cells can present class I-associated peptides, 
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derived from cytosolic proteins such as viral and 
tumor antigens, to CD8' T cells. 

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

For class 11-associated antigen presentation, extra- 
cellular proteins are internalized into endosomes, 
where these proteins are proteolytically cleaved by 
enzymes that function at acidic pH. Newly synthe- 
sized class I1 MHC molecules associated with the Ii 
are transported from the ER to the endosomal vesi- 
cles. Here the Ii is proteolytically cleaved, and a small 
peptide remnant of the I ,  called CLIP, is removed 
from the peptide-binding cleft of the MHC molecule 
by the DM molecules. The peptides that were gener- 
ated from extracellular proteins then bind to the 
available cleft of the class I1 MHC molecule, and the 
trimeric complex (class I1 MHC a and P chains and 
peptide) moves to and is displayed on the surface of 
the cell. 

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

These pathways of MHC-restricted antigen presenta- 
tion ensure that most of the body's cells are screened 
for the possible presence of foreign antigens. The 
pathways also ensure that proteins from extracellular 
microbes preferentially generate peptides bound to 
class I1 MHC molecules for recognition by CD4+ 
helper T cells, which activate effector mechanisms 

that eliminate extracellular antigens. Conversely, pro- 
teins synthesized by intracellular (cytosolic) microbes 
generate peptides bound to class I MHC molecules 
for recognition by CD8+ CTLs, which function to 
eradicat; cells h&boring intracellular infections. " 
The immunogenicity of foreign protein antigens 
depends on the ability of antigen-processing path- 
ways to generate peptides from these proteins that 

, bind to self MHC molecules. 
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ntiaen Rece~tors and 
Accessorv Molecules of - 

Lymph 
T lymphocytes respond to peptide fragments of 
protein antigens that are displayed by antigen- 
presenting cells (APCs). The initiation of these 
responses requires specific antigen recognition by the 
T cells, stable adhesion of the T cells to the APCs, and 
transduction of activating signals to the T cells. Each of 
these events is mediated by distinct sets of molecules on 
the T cells (Fig. 6-1). In this chapter, we describe the 
molecules involved in T cell antigen recognition, adhe- 
sion, and signaling. 

T lymphocytes have a dual specificity: they recognize 
polymorphic residues of self major histocompatibility 
complex (MHC) molecules, which accounts for their 
MHC restriction, and they also recognize residues of 
peptide antigens displayed by these MHC molecules, 
which is responsible for their specificity. As we discussed 
in Chapters 4 and 5, MHC molecules and peptides form 
zomplexes on the surface of APCs. The receptor that 
recognizes these peptide-MHC complexes is called the 
T cell receptor (TCR) . The TCR is a clonally distributed 
receptor, meaning that clones of T cells with different 
specificities express different TCRs. The biochemical 
signals that are triggered in T cells by antigen recogni- 
tion are transduced not by the TCR itself but by invari- 
mt proteins called CD3 and 5, which are noncovalently 
linked to the antigen receptor to form the TCR com- 
plex. Thus, in T cells, and as we shall see in Chapter 9 
in B cells as well, antigen recognition and signaling are 
iegregated among two sets of molecules-a highly vari- 
able antigen receptor (the TCR in T cells and mem- 
brane immunoglobulin [Ig] in B cells) and invariant 
iignaling proteins (CD3 and 5 chains in T cells and Iga 
and IgP in B cells) (Fig. 6-2). T cells also express other 
membrane receptors that do not recognize antigen but 
participate in responses to antigens; these are collec- 
tively called accessory molecules. The physiologic role 
of some accessory molecules is to deliver signals to the 
T cell that function in concert with signals from the 
rCR complex to fully activate the cells. Other accessory 



Section II - Recognition of Antigens Chapter 6 -Antigen Receptors and Accessory Molecules of T Lymphocytes - With this background, we proceed with a description 
of the T cell membrane molecules that are required for 
antigen recognition and the initiation of functional 
responses. The maturation of T cells is discussed in 
Chapter 7, and the biology and biochemistry of T cell 
responses to antigen are discussed in Chapter 8. 

molecules function as adhesion molecules to stabilize 
the binding of T cells to APCs, thus allowing the TCR 
to be engaged by antigen long enough to transduce the 
necessary signals. Adhesion molecules also regulate 
the migration of T cells to the sites where they locate 
and respond to antigens. Activated T cells express some 
membrane and secreted molecules that mediate the 
various effector functions of the cells; these are men- 
tioned at the end of the chapter. 

I ~dentification of the TCR 

I 
To idenw TCRs for MHGassociated peptide antigens, it 
was necessary to develop monoclonal T cell populations 
in which all the cells express the same TCR. The first 
s l ~ ~ h  populations to be used for studying TCR proteins 
were tumors derived from T lymphocytes. Subsequently, 

were developed for propagating monoclonal T 
cell populations in vitro, including T-T hybridomas and 
antigen-specific T cell clones (see Chapter 8, Box 8-1). 
The earliest techniques for purifying TCR molecules for 
biochemical studies relied on producing antibodies spe- 
cific for unique (idiotypic) determinants of the antigen 

hybridized to B cell mRNA. All the cDNAs that are 
common to T and B cells hybridize to the mRNA and can 
be removed by various separation techniques. The cDNAs 
that are left behind are unique to T cells. Some of the 
genes contained in this library of T cell-specific cDNAs 
were found to be homologous in sequence to Ig genes, and 
Southern blot hybridization showed that these genes had 
a different structure in non-T cells than in T cells. This was 
a known characteristic of Ig genes (see Chapter 7) and sug- 
gested that the T cell genes that had been found encoded 
clonally distributed antigen receptors of T cells that under- 
went somatic rearrangement only in cells of the T lym- 
phocyte lineage. Furthermore, the predicted amino acid 
sequences of the proteins encoded by these genes agreed 
with the partial sequences obtained from putative TCR 
proteins purified with TCR-specific anti-idiotypic anti- 
bodies. Other investigators discovered TCR genes among 
a library of T cell genes (without subtractive hybridization) 
based solely on the criteria mentioned before. 

The molecular cloning of the TCR was a landmark 
achievement that came soon after the detailed structural 
analysis of MHC molecules and provided the structural 
basis for understanding how T cells recognize peptide- 
MHC com~lexes. The abilitv to exmess TCRs in wavs 

a$ TI 
P ptide A igc 

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

I Principal function I 
receptors of a clonal T cell population. Antigen receptors 
were isolated by use of such antibodies, and limited amino 
acid sequencing of these receptor proteins suggested that 
t h ~  TCRs were structurally homologous to Ig molecules 
and contained highly variable regions that differed from 
one clone to another. However, the protein sequencing 
studies did not reveal the structure of the complete 

, TCR. 
The breakthrough came from attempts to clone 

genes encoding TCRs, and this was accomplished before : the structure of the proteins was fully defined. The strat- 
egy for the identification of TCR genes was based on the 

' knowledge of Ig genes. Three criteria were chosen that 
?* needed to be fulfilled for genes to be considered TCR 

' genes: (1) these genes would be uniquely expressed in T 
' y I cells, (2) they would undergo somatic rearrangements 

during T cell development (as Ig genes do during B cell 
 development; see Chapter 7), and (3) they would be 
!f homologous to Ig genes. One method that was used to 
I:: identfy TCR genes was subtractive hybridization, aimed at 
e idenwng T cell-specific genes. In this method, comple- 
&;.mentary DNA (cDNA) is prepared from T cell mRNA and 

that allowed them to be cleaved from cell membranes 
and solubilized was key to the crystallization of TCRs 
bound to peptide-MHC complexes. These advances have 
revolutionized our understanding of T cell antigen re- 
cognition and paved the way for many important tech- 
niques, including the expression of single TCRs of known 
specificities in transgenic animals. We will refer to such 
approaches for analyzing immune responses in many later 
chapters. 

Structure of the aj3 TCR 

The antigen receptor of MHC-restricted CD4' helper 
T cells and CD8' cytolytic T lymphocytes (CTLs) is  
a heterodimer consisting of two transmembrane 
polypeptide chains, designated a and b, covalently 
linked to each other by disuljide bonds (Fig. 6-3). 
(Another less common type of TCR, found on a small 
subset of T cells, is composed of y and 6 chains and is 

Figure 6-1 T cell receptors and accessory molecules, 
The principal T cell membrane proteins involved in antigen 

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

Table 6-1. Components of the TCR Complex 

I Protein Size (kD) Function(s) 

Human I Mouse I T cell receptor (TCR) I Antibody (Immunoglobulin) I TCRa, 1 40-60 1 44-55 / One chain of aD TCR for ~e~t ide-MHC corn~lexes I 
1 TG,~B 1 40-50 1 40-55 1 One chain of ap TCR for peptide-MHC complexes I 
TCR~ 45-60 ' 45-60 One chain of y6 TCR on subset of T cells 

TCRjj 40-60 40-60 One chain of y6 TCR on subset of T cells MHC- 

Antigen 1 G D ~ $ -  1 25-28 1 21 1 Signal transduction; surface expression of TCR 
Figure 6-2 Antigen recognition and signaling 
functions of lymphocyte antigen receptors. 

The antigen recognition and signaling functions of 
antigen receptors are mediated by distinct proteins of 
the antigen receptor complex. When TCR or Ig mole- 
cules recognize antigens, signals are delivered to the 
lymphocytes by proteins associated with the antigen 
receptors. The antigen receptors and attached signal- 
ing proteins form the T and B cell receptor complexes. 
Note that single antigen receptors are shown recog- 
nizing antigens, but signaling requires the cross-linking 
of two or more receptors by binding to adjacent 
antigen molecules. 

CD36 20 28 Signal transduction; surface expression of TCR 

CD3e 20 25 Signal transduction; surface expression of TCR 

16 16 Signal transduction; surface expression of TCR 
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p chain 

C 
Figure 6-3 Structure of the T 
cell receptor. 

The schematic diagram of the ap 
TCR (left) shows the domains of a 
typical TCR specific for a peptide-MHC 
complex. The antigen-binding portion 
of the TCR is formed by the V, and 
Vp domains. The ribbon diagram 
(right) shows the structure of the 
extracellular portion of a TCR as re- 
vealed by x-ray crystallography. The 
hypervariable segment loops that 
form the peptide-MHC binding 
site are a t  the top. (Adapted from 
Bjorkman PJ. MHC restriction in three 
dimensions: a view of T cell receptor1 
ligand interactions. Cell 89:167-170, 
1997. Copyright Cell Press.) 

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

The V regions of the TCR a and P chains contain 
short stretches of amino acids where the variability 
between different TCRs is concentrated, and these form 
the hypervariable or complementarity-determining re- 
gions (CDRs). Three CDRs in the a chain are juxta- 
posed to three similar regions in the P chain to form the 
part of the TCR that specifically recognizes peptide- 
MHC complexes (described in the following section). 
The P chain V domain contains a fourth hypervariable 
region, which does not appear to participate in antigen 
recognition but is the binding site for microbial 
products called superantigens (see Chapter 15, Box 
15-1). Each TCR chain, like Ig heavy and light chains, 
is encoded by multiple gene segments that undergo 
somatic rearrangements during the maturation of the 
T lymphocytes (see Chapter 7). In the a and P chains 
of the TCR, the third hypervariable regions (which 
form CDR3) are composed of sequences encoded by 
V and J (joining) gene segments (in the a chain) or 
V, D (diversity), and J segments (in the P chain). The 
C3R3 regions also contain sequences that are not 
present in the genome but are encoded by different 

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

The C regions of both a and P chains continue into 
short hinge regions, which contain cysteine residues 
that contribute to a disulfide bond linking the two 
chains. The hinge is followed by the hydrophobic trans- 
membrane portions, an unusual feature of which is 
the presence of positively charged amino acid residues, 
including a lysine residue (in the a chain) or a lysine 
and an arginine residue (in the p chain). These 
residues interact with negatively charged residues 
present in the transmembrane portions of other 
polypeptides (CD3 and 5) that form the TCR complex. 
Both a and P chains have carboxyl terminal cytoplas- 
mic tails that are 5 to 12 amino acids long. Like mem- 
brane Ig on B cells, these cytoplasmic regions are too 
small to transduce signals, and the molecules physically 
associated with the TCR serve the signal-transducing 
functions. 

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

I T cell receptor (TCR) 

I v immunoglobulin (lg) 

1 a and p chains Heavy and light chains 

Y 
d one C domain Heavy chain: one V domain, three 

in each chain or four C domains 
Light chain: one V domain and 
one C domain 

Three in each chain for antigen Three in each chain 
binding; fourth hypervariable region 

One V domain 

in p chain (of unknown function) 

Associated signaling molecules CD3 and 5 Iga and Igp 

Affinity for antigen (Kd) 1 0"-1 0-7 M 10-7-1 0-11 fvl (secreted Ig) 

I Changes after cellular activation I 1 I 
Production of secr .............................................. 
lsotype switching 

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

Somatic mutations I yes 

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

The recognition of peptide-MHC complexes is  medi- 
ated by the CDRs formed by both the a and P chains 
of the TCR. Several types of experiments have defini- 
tively established that both the a and P chains form a 
single heterodimeric receptor that. is responsible for 
both the antigen (peptide) specificity and the MHC 
restriction of a T cell. 

0 Cloned lines of T cells with different peptide specifici- 
ties and MHC restrictions differ in the sequences of h e  
V regions of both a and f3 chains. 

TCR a and P genes can be isolated from a T cell clone 
of defined peptide and MHC specificity. When both 
these genes are expressed in other T cells by transfec- 
tion, they confer on the recipient cell both the peptide 
specificity and the MHC restriction of the original 
clone from which they were isolated (Fig. 6-4). Neither 
TCR chain alone is adequate for providing specific 
recognition of peptide-MHC complexes. 

TO create transgenic mice expressing a TCR of a 
particular antigen specificity and MHC restriction, it is 
necessary to express both the a and P chains of the 
TCR as transgenes. 

he antigen-binding site of the TCR is a flat surface 
formed by the CDRs of the a and P chains (Fig. 6-5). 
This resembles the antigen-binding surface of antibody 
molecules, which is formed by the V regions of the 
heavy and light chains (see Chapter 3, Fig. 3-4). In 
the TCR structures that have been analyzed in detail, 
the TCR contacts the peptide-MHC complex in a diag- 
Onal orientation, fitting between the high points of the 
MHC a-helices. In general, the CDRl loops of the TCR 

a and p chains are positioned over the ends of the 
bound peptide, the CDR2 loops are over the helices of 
the MHC molecule, and the CDR3 loop is positioned 
over the center of the MHC-associated peptide. One 
surprising result of these structural analyses is that the 
side chains of only one or two amino acid residues of 
the MHC-bound peptide make contact with the TCR. 
This is structural proof for the remarkable ability of T 
cells to distinguish among diverse antigens on the basis 
of very few amino acid differences. Recall that muta- 
tional analyses of peptides described in Chapter 4 also 
showed that very few residues of the peptide are respon- 
sible for the specificity of T cell antigen recognition - - 
(see Fig. 4-9). 

The affinity of the TCR for peptide-MHC complexes 
is low, much lower than that of most antibodies (see 
Chapter 3, Table 3-1). In the few T cells that have been 
analyzed in detail, the dissociation constant (&) of TCR 
interactions with peptide-MHC complexes varies from 
-loe5 to -10-'M. This low affinity of specific antigen 
binding is the likely reason that acccssory molcculcs arc 
needed to stabilize the adhesion of T cells to APCs, thus 
allowing biologic responses to be initiated. Signaling by 
the TCR complex appears to require prolonged or 
repeated engagement of peptide-MHC complexes, 
which is also promoted by stable adhesion between T 
cells and APCs. The TCR and accessory molecules in the 
T cell plasma membrane move coordinately with their 
ligands in the APC membrane to form a transient 
supramolecular structure that has been called the 
immunological synapse. The formation of this synapse 
regulates TCR-mediated signal transduction. We will 
return to a discussion of signal transduction by the TCR 
complex and the role of the synapse in Chapter 8. 

Virtually all ap TCR-expressing cells are MHC 
restricted and express either the CD4 or the CD8 



of the trimolecular MHC-peptide-TCR 
, complex. (From Bjorkman PJ. MHC restric- 

ti& in three dimensions: a view of T cell 
ptorlligand interactions. Cell 89:167- 
1997. Copyright Cell Press.) 
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Peptide A 
MHC X Murine T cell clone 

specific for peptide A 
plus MHC 

clone encoding TCR 

Transfected a chain 
pairs with 

Transfected P chain 
pairs with 

Transfected a chain 
pairs with 

transfected P chain endogenous P chain endogenous a chain 

TCR expression 

, 

I Antibodies against the TCR ap heterodimer or any of 
the CD3 proteins coprecipitate the heterodimer and 

7 -  all the associated proteins from solubilized plasma 
, membranes of T cells. 

When intact T cells are treated with either anti-CD3 or 
,, anti-TCR ap antibodies, the entire TCR complex is 

endocytosed and disappears from the cell surface (i.e., 
all the proteins are comodulated). 

The CD3 y, 6, and E proteins are homologous to each 
other. The N-terminal extracellular regions of y, 6, and 
E chains each contains a single Ig-like domain, and 
therefore these three proteins are members of the Ig T cell activation in I 

response to 
peptide A plus MHC X 

Yes 

Figure 6-4 Role of the a$ TCR in MHC-restricted antigen recognition. 
The TCR a and P genes from a T cell clone of known specificity are expressed in a T cell tumor 

line. Transfection of both a and P genes is required to give the tumor line the antigen specificity and 
MHC restriction of the original T cell clone. 

coreceptor. The functions of these coreceptors are 
described later in the chapter. A small population of 
T cells also expresses markers that are found on NK 
(natural killer) cells; these are called NK-T cells. The 
TCR a chains expressed by NK-T cells have limited 
diversity, and the TCRs recognize lipids that are bound 
to class I MHC-like molecules called CD1 molecules. 
Other cloned lines of T cells that recognize CD1- 
associated lipid antigens may be CD4+, CD8+, or CD4-- 
CD8- ap T cells. These lipid antigen-specific T cells are 
capable of rapidly producing cytokines such as inter- 
leukin (1L)-4 and interferon (1FN)-y. Their physiologic 
function is not known. 

ognizes antigen, these associated proteins transduce 
the signals that lead to T cell activation. The compo- 
nents of the TCR complex are illustrated in Figure 6-6 
and listed in Table 6-1. The CD3 molecule actually con- 
sists of three proteins that are designated CD3 y, 6, and 
E. The TCR complexes also contain a disulfide-linked 
homodimer of the 5 chain. The CD3 proteins and the 
5 chain are identical in all T cells regardless of speci- 
ficity, which is consistent with their role in signaling and 
not in antigen recognition. 

Figure 6-6 Components of 
the TCR complex. 

The TCR complex of MHC- 
restricted T cells consists of the 
ap TCR noncovalently linked to 
the CD3 and 5 proteins. One pos- 
sible stoichiometric combination 
1s shown, but this may vary. The 
associations of these proteins are 
mediated by charged residues 
in their transmembrane regions, 
which are not shown. 

Structure and Association of CD3 and 
Proteins 

The CD3 proteins were identified before the ap het- 
erodimer by the use of monoclonal antibodies raised 
against T cells, and the 5 chain was identified later by 
co-immunoprecipitation with ap and CD3 proteins. 
The physical association of the ap heterodimer, CD3, 
and 5 chains has been demonstrated in two ways. 

CD3 and < Proteins of the TCR 
Complex I I tyrosine-based 

activation motif (ITAM) 

Disulfide bond - - - - -  The CD3 and cproteins are noncoualently associated 
with the TCR a/3 heterodimer, and when the TCR reo 
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superfamily. The transmembrane segments of all three 
CD3 chains contain a negatively charged aspartic acid 
residue, which binds to positively charged residues 
in the transmembrane domains of the TCR a and P 
chains, thus keeping the complex intact. The cytoplas- 
mic domains of the CD3 y, 6, and E proteins range from 
44 to 81 amino acid residues long, and each of these 
domains contains one copy of a conserved sequence 
motif important for signaling functions that is called 
the immunoreceptor tyrosine-based activation motif 
(ITAM). An ITAM contains two copies of the sequence 
tyrosine-X-X-leucine (in which X is an unspecified 
amino acid), separated by six to eight residues. ITAMs 
play a central role in signaling by the TCR complex. 
They are also found in the cytoplasmic tails of several 
other lymphocyte membrane proteins that are involved 
in signal transduction, including the < chain of the TCR 
complex, Iga and Igp proteins associated with mem- 
brane Ig molecules of B cells (see Chapter 9, Fig. 9-3), 
and components of several Fc receptors (see Chapter 
14, BOX 14-1). 

The < chain has a short extraccllular region of nine 
amino acids, a transmembrane region containing a 
negatively charged aspartic acid residue (similar to the 
CD3 chains), and a long cytoplasmic region (1 13 amino 
acids) that contains three ITAMs. It is normally 
expressed as a homodimer. In mice, about 10% of T 
cells express a heterodimer composed of one < chain 
and an alternative splice product of the < gene called 
the chain. There is no known functional correlate of 
these minor differences in the composition of the TCR 
complex. The 5 chain is also associated with signaling 
receptors on lymphocytes other than T cells, such as the 
Fcy receptor (FcyRIII) of NK cells. 

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

first established in cell lines (Fig. 6-7). During the mat- 
uration of T cells in the thymus, CD3 and < proteins 
are synthesized before the TCR a and p genes are 
expressed (see Chapter 7). The CD3 y, 6, and E chains 
form core structures, but neither these nor the < pro- 
teins make their way to the plasma membrane, and they 
are apparently proteolytically degraded in the endo- 
plasmic reticulum (ER). Chaperones, such as calnexin, 
may retain individual members of the TCR complex in 
the ER before the complex is fully assembled. As T cell 
maturation proceeds, the TCR ap dimer is synthesized, 
and the entire TCR complex is assembled in the ER, 
transported to the Golgi complex where carbohydrates 
are added and modified, and expressed on the cell 
surface. This sequence of events is essentially similar to 
the events that lead to expression of the B cell antigen 
receptor complex in B lymphocytes. 

Functions of CD3 and Proteins 

The CD3 and chains link antigen recognition by the 
TCR to the biochemical events that lead to functional 
activation of the T cells. Several lines of evidence 
support the critical role of these comDonents of the 

L L 

TCR complex in signal transduction in T cclls. 

@ Antibodies against CD3 proteins often stimulate T cell 
functional responses that are identical to antigen- 
induced responses. Unlike antigens, which stimulate 
only specific T cells, anti-CD3 antibodies bind to and 
stimulate all T cells, regardless of antigen specificity. 
Thus, antLCD3 antibodies are polyclonal activators of 
T cells. I 

T cell lacking 
CD3y because 
of gene mutation 
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certain T cell lines genetically engineered chimeric 
molecules containing the cytoplasmic portion of C D ~ E  
or the chain fused to the extracellular and trans- 
membrane domains of other cell surface receptors for 
soluble ligands, such as the IL2 receptor. Binding of 
the ligand (e.g., IL2) to the chimeric receptors results 
in activation responses identical to those induced by 
stimulation through the normal TCR complex on the 
same T cells. 

The earliest intracellular event that occurs in T cells 
after antigen recognition is the phosphorylation of 
tyrosine residues within the ITAMs in the cytoplasmic 
tails of the CD3 and < proteins. The phosphotyrosines 
become docking sites for adapter proteins and for 
yosine kinases with Src homology 2 (SH2) domains, 
including a kinase called ZAP-70 (70-kD c-associated 
protein) that binds to the < chain and another kinase 
called Fyn that binds to CD3. Subsequent activation of 
these kinases triggers signal transduction pathways that 
ultimately lead to changes in gene expression in the 
T -. cells. The - process of T cell activation is described in 
Chapter 8. 

" " 
@ The cytoplasmic tail of either the C D ~ E  or the 5 protein &' transmembrane segments, and short cytoplasmic tails, 

The y6 TCR is a second type of diverse, disulfide-linked 
heterodimer that is expressed on a small subset of ap- 
negative T cells associated with CD3 and < proteins. 
(The y6 TCR should not be confused with the y and 6 
components of the CD3 complex.) The TCR y and 6 
chains consist of extracellular Ig-like V and C regions, 
short connecting. or h i n ~ e  regions, hydrophobic 

Degradation of incomplete Synthesis of all 
TCR complexes; components of 

no surface expression TCR complex , I Surface 
expression of TCR; 

CD3/c complex 

is sufficient to transduce the signals necessary for T cell similar to the a andvp chains. The hinge regions contain 
activation in the absence of the other components of cysteine residues involved in interchain disulfide link- 
the TCR complex. This was shown by expressing in ages. The transmembrane regions of y and 6 chains, 

similar to a and p chains, contain positively charged 
amino acid residues that interact with the negatively 
charged residues in the transmembrane regions of the 
CD3 polypeptides. The y6 heterodimer associates with 
the same CD3 and < proteins as do ap receptors. 
Furthermore, TCR-induced signaling events typical of 
up-expressing T cells are also observed in y6 T cells. ' 
The majority of y6 T cells do not express CD4 or CD8. 

'1 A number of biologic activities have been ascribed to y6 
T cells that are also characteristic of ap T cells, includ- 
ing secretion of cytokines and lysis of target cells. 

- T cells expressing the y6 TCR are a lineage distinct 
.: from the more numerous @-expressing, MHC- 
' 

restricted T lymphocytes. The percentages of y6 T cells 
vary widely in different tissues and species, but overall, 

I less than 5% of all T cells express this form of TCR. 
Different subsets of y6 T cells may develop at different 
times during ontogeny, contain different V regions, and 
populate different tissues. For example, in mice, many 
skin y6 T cells develop in neonatal life and express one 
particular TCR with essentially no variability in the V 
region, whereas many of the y6 T cells in the vagina, 
uterus, and tongue appear later and express another 
TCR with a different V region. It is not known whether 
these subsets perform different functions, but the dis- 

Figure 6-7 Assembly and surface expression of the TCR complex. 
In the absence of any one component (in this case, the CD3y protein), the TCR complex is not 

assembled and all its proteins are degraded within the cell, probably in the endoplasmic reticulum. 
Introduction of the missing component by gene transfection allows the complex to be assembled and 
transported to the cell surface. 

tinct V regions suggest that the subsets may be specific 
for different ligands. One intriguing feature of y6 T 
cells is their abundance in epithelial tissues of certain 

species. For example, more than 50% of lymphocytes 
in the small bowel mucosa of mice and chickens, called 
intraepithelial lymphocytes, are $3-expressing T cells. In 
mouse skin, most of the intraepidermal T cells express 
the y6 receptor. Equivalent cell populations are not as 
abundant in humans; only about 10% of human intes- 
tinal intraepithelial T cells cxprcss the y6 receptor. 

The functions of y6 T cells remain largely unre- 
solved. y6 T cells do not recognize MHC-associated 
peptide antigens and are not MHC restricted. Some y6 
T cell clones recognize small phosphorylated mole- 
cules, alkyl amines or lipids that may be presented by 
"nonclassical" class I MHC-like molecules and that are 
commonlv found in mvcobacteria and other microbes. 
Other y6 T cells recognize protein or nonprotein anti- 
gens that do not require processing or any particular 
type of APCs for their presentation. The limited diver- 
sity of the y6 TCRs in many tissues suggests that the 
ligands for these receptors are invariant and conserved. 
 workin in^ hypothesi; for the specificity of y6 T cells is 
that they may recognize antigens that are frequently 
encountered at epithelial boundaries between the host 
and the external environment. Thus, they may initiate 
immune responses to a small number of common 
microbes at these sites, before the recruitment of 
antigen-specific ap T cells. However, mice lacking y6 T 
cells, created by targeted disruption of the y or 6 TCR 
gene, have little or no immunodeficiency and only a 
modest increase in susceptibility to infections by some 
intracellular bacteria. 

Accessory Molecules of T Cells 

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

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

Accessory molecules on T lymphocytes specijically 
bind other molecules (ligands) that are present on 
the sugaces of other cells, such as APCs and 
vascular endothelial cells, and in the extracellular 
matrix. Several different accessory molecules and 
their ligands on APCs or CTL target cells are known, 
and their principal functions are established (Fig. 
6-8 and Table 6-3). The central role of accessory 
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m.J: p. - Table 6-3. The Principal Accessory Molecules of T Lymphocytes Figure 6-8 Accessory mole- 
cules of T lymphocytes. 

The interaction of a CD4' 
helper T cell with an APC (A), or 
of a CD8' CTL with a tarqet cell ~ o l e c u l e  I .,,,,.+. , I I features I family I expression I I (KCI x i0-6  M) I activation 
(B), involves multiple T cer mem- 
brane proteins that recognize 
different ligands on the APC or 
target cell. Only selected acces- 
sory molecules and their ligands 
are illustrated. APC, antigen- 
presenting cell; CTL, cytolytic T 
lymphocyte. 

Class r e  1 Class 1 1  1 
stricted T cells MHC 

Peptide 
B fi Peptide- 

t 
I 

Class I 1200 Class I-re- 
stricted T cells 

-44-kD chains 
>90% CD4+ 
T cells, -50% 
CD8f T cells 

Activated 
T cells 

T200; leuko- i 
Homodimer of lg 
33- to 34-kD , , 
chains; may be 
monomer; >90% 
is intracellular 

180-220-kD 
monomer; 
cytoplasmic 
phosphatase 

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

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

Leukocytes Unknown 
cyte common 
antigen 

TI  1, LFA-2 50-kD monomer Ig I I I >90% T cells 
(human), 
NK cells 

Leukocytes, 
platelets 

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

T cell accessory molecules are useful cell surface 
"markers" that facilitate the identification of T cells 
in normal tissues and in pathologic lesions, such as 
T cell tumors and inflammatory diseases. In addi- 
tion, antibodies against these markers can be used 
to physically isolate 1' cells for experimental or diag- 
nostic procedures. 

rcellular 

- 

Carbo- 105 : + ,  
hydrate 
ligands 
on HEV 

Matrix + 
proteins 

Many accessory molecules transduce biochemical 
signals to the interior of the T cell that are 
important in regulating functional responses. 
Signal transduction occurs as a consequence of 
ligand binding and may act in concert with signals 
generated by the TCR complex. This signaling func- 
tion is best defined for the coreceptors CD4 and CD8 
and for T cell receptors for costimulators. 

Lymphocytes, 
granulocytes 

In the following sections, we discuss selected T cell 
accessory molecules whose structures, functions, and 
importance in T cell activation are well understood. We 
begin with molecules whose principal role is to trans- 
duce signals that are involved in T cell activation and 
then discuss accessory molecules that function mainly 
to strengthen adhesions between T cells and other cells. 
Many other T cell surface molecules have been identi- 
fied that may contribute to T cell responses, but their 
roles in physiologic immune responses are less well 
defined, and they are not discussed individually. Infor- 
mation about these accessory molecules is summarized 
in Table 6-3 and in Appendix 11. 

adhesion molecule; LFA. leu kocvte function- I 
I associated antiaen. I 

Is express either CD4 or CD8, but not both. CD4 and different structures. CD4 is expressed as a monomer on 
the surface of peripheral T cells and thymocytes and is 
also present on mononuclear phagocytes and some 
dendritic cells. CD4 has four extracellular Ig-like 
domains, a hydrophobic transmembrane region, and a 
highly basic cytoplasmic tail 38 amino acids long (Fig. 
6-9). The CD4 protein binds through its two N- 
terminal Ig-like domains to the nonpolymorphic P2 
domain of the class I1 MHC molecule. 

Most CD8 molecules exist as disulfide-linked het- 
erodimers composed of two related chains called CD8a 
and CD8P. Both the a chain and the P chain have a 
single extracellular Ig domain, a hydrophobic trans- 
membrane region, and a highly basic cytoplasmic tail 
about 25 amino acids long. The Ig domain of CD8 binds 
to the nonpolymorphic a 3  domain of class I MHC mol- 
ecules (Fig. 6-9). Somc T cells express CD8 aa homo- 

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

CD8 interact with class I1 and class I MHC molecules, 
respectively, when the antigen receptors of T cells 
specifically recognize peptide-MHC complexes on APCs 
(see Fig. 6-8). The major function of CD4 and CD8 is 
in signal transduction at the time of antigen recogni- 
tion; they may also strengthen the binding of T cells to 
APCs. Because CD4 and CD8 operate together with the 
TCR in recognition of MHC molecules and in T cell 
activation, they are often called coreceptors. About 
65% of mature ap-positive T cells in the blood and lym- 
phoid tissues express CD4, and 35% express CD8. 

L 1 

CD4 and CD8: Coreceptors Involved 
in MHC-Restricted T Cell Activation I 
CD4 and CD8 are T cell proteins that bind to non-% 
polymorphic regions of MHC molecules and transduce 
signals that together with signals delivered by the' 
TCR complex initiate T cell activation. Mature ap 71 

Structure of CD4 and CD8 
The binding of accessory molecules to endothelial 
cells and extracellular matrix proteins is responsi- 
blefor lhe homing of T cells to tissues and the reten- 

CD4 and CD8 are transmembrane glycoprotein mem- 
bers of the Ig superfamily, with similar functions but 



- Figure 6-9 Structure of CD4 
and CD8. 

The models of CD4 and CD8 
binding to class I I  MHC and class 
I MHC molecules, respectively, are 
based on the structures defined 
by x-ray crystallography. Both CD4 
and CD8 bind to nonpolymorphic 
regions of MHC molecules (CD4 to 
the class I I  P2 domain and CD8 to 
the class I a3  domain) away from 
the pept~de-binding clefts. (From 
Kern PS, M-K Teng, A Smolyar, 1 
et al. Structural basis of CD8 core- 1 
ceptor function revealed by crystal- / 
lographic analysis of a marine 
CD8aa ectodomain fragment in ! 
complex with H-2k. Immunity 
951 9-530, 1998. Copyright 1998, 
with permission from Elsevier 
Science.) 

helper cells and function in host defense against extra: 
cellular microbes. CD8 binds to class I MHC molecules 
and is expressed on T cells whose TCRs recognize com- 
plexes of peptide and class I MHC molecules. Most CD8' 
class I-restricted T cells are CTLs, which serve to eradi- 
cate infections by intracellular microbes. Some CD4' T 
cells, especially in humans, function as CTLs, but even 
these are class I1 restricted. Thus, the expression of CD4 
or CD8 determines the MHC restriction of the T cells 
and not necessarily their functional capabilities. The 
physiologic importance of this segregation was dis- 
cussed in Chapter 5 (see Fig. 5-17). 

The essential roles of CD4 and CD8 in the functional 
responses of T cells have been demonstrated by many 
types of experiments (Fig. 6-10). 

0 Antibodies specific for CD4 selectively block the stim- 
ulation of class I1 MHC-restricted T cells by antigen 
and APCs, and antibodies to CD8 selectively block 
killing of target cells by class I MHC-restricted CTLs. 
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Figure 6-10 Role of the CD4 co- 
receptor in T cell responses to :lass I1 MHC a ,  antigens. 

During a T cell response to an MHC- 
associated peptide, CD4 binds to the MHC 
molecule. An antibody aqainst CD4 blocks 
;;;-binding to the MHC molecule and pre- 
vents T cell activation (A). A CD4-negative 
T cell does not respond to antigen, and 
introduction of CD4 into the T cell restores 

(B). An MHC-negative 
antigen-presenting cell (APC) fails to acti- 
vate T cells. Antigen-presenting function is 
restored by expressing normal MHC mole- 
cules in the APC (C) but not by expressing 
mutant MHC molecules that cannot bind 
CD4 (Dl. 

I T cell responq 

Transfect CD4 
gene into T cell - 
w 

No T cell response I 
Transfect normal 

MHC gene 
into APC 
I 

No T cell response I I T cell res~onse I 

Class 

Transfect MHC gene Mutant MHC 
with mutation in 
CDCbinding site - 

No T cell response No T cell response 

Formal proof of the obligatory function of these 
molecules came from gene transfection experiments. 
For example, if the TCR a and P genes are isolated 
from a CD4+ T cell clone and transfected into another 
T cell line that does not express CD4, the TCR- 
expressing transfected line will not respond to APCs 
bearing the relevant class I1 MHC-associated antigen. 
Responsiveness is restored if the CD4 gene is cotrans- 
fected along with the TCR genes. The same type of 
experiment has established the importance of CD8 in 
the rcsponses of class I-restricted T cells. 

CD4 and CD8 serve two important functions in the 
activation of T cells. 

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

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

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

When a T cell recognizes peptide-MHC complexes 
by its antigen receptor, simultaneous interaction of 

dimers, but this different form appears to function like 
the more common CD8 ap heterodimers. 

Functions of CD4 and CD8 

The selective binding of CD4 to class I1 MHC mole- 
cules and of CD8 to class I MHC molecules ensures 
that CD4' T cells respond to class 11-associated 
peptide antigens and that CDF T cells respond to class 
I-associated peptides. In Chapter 5, we described the 
processes by which class I and class I1 MHC molecules 
present peptides derived from intracellular (cytosolic) 
and extracellular (endocytosed) protein antigens, 
respectively. The segregation of CD4' and CD8' T cell 
responses to these different pools of antigens is because 
of the specificities of CD4 and CD8 for different classes 
of MHC molecules. CD4 binds to class I1 MHC mole- 
cules and is expressed on T cells whose TCRs recognize 
complexes of peptide and class I1 MHC molecules. Most 
CD4' class 11-restricted T cells are cytokine-producing 

An APC lacking MHC molecules cannot present 
antigen to or activate T cells. The ability to activate T 
cells is restored by transfecting into the APC normal 
MHC molecules but not by transfecting MHC mole- 
cules in which the CD4binding or CD8-binding non- 
polymorphic domain is mutated. 

Knockout mice lacking CD4 or CD8 do not contain 
mature class 11-restricted or class I-restricted T cells, 
respectively, because these coreceptors play essential 
roles in the maturation of T cells in the thymus (see 
Chapter 7). 
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CD4 or CD8 with the MHC molecule brings the core- 
ceptor and its associated Lck close to the TCR 
complex. Lck then phosphorylates tyrosine residues 
in the ITAMs of CD3 and chains, thus initiating the 
T cell activation cascade (see Chapter 8). 

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

@ CD4' T cells adhere more firmly to class I1 MHC- 
expressing cellular monolayers than to cells lacking 
class 11, and this adhesion is blocked by anti-CD4 
antibodies. 

The formation of conjugates between CD4' T cells and 
APCs, or between CD8+ CTLs and their targets, is inhib- 
ited by antibodies against CD4 or CD8, respectively. 

The affinities of CD4 and CD8 for MHC molecules 
are very low (see Table 6-3), and therefore these 
coreceptors probably play a minor role in T cell-APC 
adhesion. Also, it is likely that if these coreceptors 
strengthen the adhesion of T cells to APCs, they do 
so only with other accessory molecules. 

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

CD28 is a membrane protein that transduces signals 
that function together with signals delivered by the 
TCR complex to activate naive T cells. A general prop- 
erty of naive T and B lymphocytes is that they need two 
distinct extracellular signals to initiate their prolifera- 
tion and differentiation into effector cells. This two- 
signal concept was introduced in Chapter 1. The first 
signal is provided by antigen binding to the antigen 
receptor and is responsible for ensuring the specificity 
of the subsequent immune response. In the case of T 
cells, binding of peptide-MHC complexes to the TCR 
(and to the CD4 or CD8 coreceptor) provides signal 1. 
The second signal for T cell activation is provided by 
molecules that are collectively called costimulators. The 
best defined costimulators for T lymphocytes are a 
pair of related proteins, called B7-1 (CD80) and B7-2 
(CD86), that are expressed on professional APCs. 
These B7 costimulators on APCs are recognized by spe- 
cific receptors on T cells. The first of these receptors 
for B7 to be discovered was the CD28 molecule, which 
is expressed on more than 90% of CD4+ T cells and on 
50% of CD8' T cells in humans (and on all naive T cells 
in mice). CD28 is a homodimer of two chains with Ig 
domains. Binding of B7 molecules on APCs to CD28 
delivers signals to the T cells that induce the expression 
of anti-apoptotic proteins, stimulate production of 
growth factors and other cytokines, and promote T cell 
proliferation and differentiation. Thus, CD28 is the 
principal receptor for delivering second signals for T 
cell activation. A second recepLor for B7 molecules was 
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discovered later and called CTLA-4 (CD152). CTLA-4 NK cells. The molecule contains two extracellular Ig 
is structurally homologous to CD28, but CTLA-4 is domains, a hydrophobic transmembrane region, and 
expressed on recently activated CD4' and CD8' T cells, a long (116 amino acid residues) cytoplasmic tail. 
and its function is to inhibit T cell activation by coun- The principal ligand for CD2 in humans is a molecule 
teracting signals delivered by CD28. Thus, CTLA-4 is called leukocyte function-associated antigen-3 (LFA-3, 
involved in terminating T cell responses. How two TCRs or CD58), also an Ig superfamily member. LFA-3 is 
deliver opposing signals even though they recognize expressed on a wide variety of hematopoietic and non- 
the same B7 molecules on APCs is an intriguing ques- hematopoietic cells, either as an integral membrane 
tion and an issue of active research. Several other T cell or as a phosphatidyl inosi~ol-anchored mem- 
receptors have recently been discovered that are homol- brane molecule. In mice, the principal ligand for CD2 
ogous to CD28 and bind to ligands that are homolo- is CD48, which is distinct from but structurally similar 
gous to B7 molecules (see Chapter 8, Box 8-2). These 
costimulatory signals may serve different roles in CD2 is an example of an accessory molecule that 
various types of immune responses. We will discuss the functions both as an intercellular adhesion molecule 
mechanisms and biologic significance of costimulation and as a signal transducer. 
in more detail in Chapter 8, when we describe the acti- 
vation of T lymphocytes. 0 Some antLCD2 antibodies increase cytokine secretion 

by and proliferation of human T cells cultured with 
anti-TCR/CD3 antibodies, indicating that CD2 signals 
can enhance TCR-triggered T cell responses. 

Some anti-CD2 antibodies block conjugate formation 
between T cells and other LEA-3-expressing cells, in&- 

CD45 (originally called leukocyte common antigen), a cating that CD2 binding to LFA-3 also promotes cell- 
cell surface glycoprotein with a cytoplasmic cell adhesion. Such antibodies inhibit both CTL activity 
phosphatase domain, is believed to play a role and antigen-dependent helper T cell responses. 
activation. Various forms of CD45 are expressed on 
immature and mature leukocytes, including T and B 
cells, thymocytes, mononuclear phagocytes, and poly- 
morphonuclear leukocytes. The CD45 family consists 
of multiple members that are all products of a single 
complex gene. This gene contains 34 exons, and the 
primary RNA transcripts of three of the exons (called 
A, B, and C) are alternatively spliced to generate up 
to eight different messenger RNAs (mRNAs) and eight 
different protein products. The predicted amino acid 
sequences of the protein products include external 
domains of varying lengths, a transmembrane region, 
and a 705-amino acid cytoplasmic domain that is one 
of the largest identified among membrane t rote ins. 
Isoforms 01 CD45 proteins that are expressed on a 
restricted group of cell types are designated CD45R. 
Most naive human T cells express a form of CD45R that 
is called CD45RA, whereas memory T cells express a 
different isoform called CD45RO (see Chapter 2). 
However, these expression patterns are not fixed. There -2, is another set of homologous pro- 

is no evidence that the distinct isoforms of CD45R 
perform different functions. 

The cytoplasmic domain of CD45 cont 
with intrinsic protein tyrosine phosphatas 
which catalyyes the removal of phosphates fro 
residues in several substrates. One such subs 
the tyrosine kinase that is associated with  he cy 
mic tails of CD4 and CD8. Some studies with T ce 
suggest that CD45-mediated dephosph 
allow Lck to become active, but it is not cl 
this is an essential step in the activation of normal T ce 
by antigens. CD45 gene knockout mice s 
T cell maturation and defects in B cell and 
vation, the mechanisms of which are not defined. Th 
physiologic ligand for CD45 is not known. 
CD2 is a glycoprotein present on more than 90% 

mature T cells, on 50% to 70% of thymo 

0 Knockout mice lacking both CD28 and CD2 have more 
profound defects in T cell responses than do mice 
lacking either molecule alone. This indicates that CD28 
and CD2 may compensate for each other, an example 
of the redundancy of accessory molecules of T cells. 

On the basis of such findings, anti-CD2 antibodies 
are now in clinical trials for blocking the rejection of 
transplants. 

Adhesion Molecules of T Cells: 
Integriris, Selectins, CD44 

Some accessory molecules of T cells function as inter- 
cellular adhesion molecules and play important roles 
in the interactions of T cells with APCs and in the 
migration of T cells to sites of infection and injlam- 
mation. The major adhesion molecules of T cells are 
members of the integrin and selectin families and CD44. 

lntegrins 

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

Gly-Asp (RGD) sequences in fibronectin and vitronectin 
molecules. The cytoplasmic domains of the integrins inter- 
act with cytoskeletal components (including vinculin, 
d i n ,  actin, a-actinin, and tropomyosin). 

Three integrin subfamilies were originally defined on 
the basis of which of three P subunits were used to form 
the heterodimers. This led to a simplified organizational 
scheme because it was thought that each of these P chains 
could pair with a distinct and nonoverlapping set of a 
chains. More recently, five additional P chains have been 
identified, and many examples have been found of a single 
a chain pairing with more than one kind of P chain. 
Nonetheless, the subfamily designation is still useful for con- 
sideration of integrins relevant to the immune system; the 
major members of these subfamilies are listed in the table. 

The P1-containing integrins are also called VLA mole- 
cules, referring to "very late activation" molecules, because 
alp1 and a& were first shown to be expressed on T cells 
2 to 4 weeks after repetitive stimulation in vitro. In fact, 
other VLA integrins, including VLA-4, are constitutively 
expressed on some T cells or rapidly induced on others. 
The P1 integrins are also called CD49a-fCD29, CD49a-f 
referring to different a chains (al to R) and CD29 refer- 
ring to the common subunit. Most of the pl integrins 
are widely expressed on leukocytes and non-blood cells 
and mediate attachment of cells to extracellular matrices. 
VLA-4 (a& or CD49dCD29) is expressed only on leuko- 
cytes and can mediate attachment of these cells to 
endothelium by interacting with vascular cell adhesion 
molecule-1 (VCAM-1). VLA-4 is one of the principal 
surface proteins that mediate homing of lymphocytes to 
endothelium at peripheral sites of inflammation. 

Continued on following page 
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Integins ( (htr tit? I I P I ~ )  

VLA-1 (CD49aCD29) I Collagens, laminin I Cell-matrix adhesion 

VLA-3 (CD49cCD29) I Fibronectin, collagens, laminin I Cell-matrix adhesion f *'I 

VLAB (CD49eCD29) I Fibronectin I Cell-matrix adhesion 

CD49gCD29 I Laminin I Cell-matrix adhesion I . I  

CD51 CD29 I Vitronectin, fibronectin I Cell-matrix adhesion 

C D l l  bCD18 (MAC-1, iC3b, fibrinogen, factor X, ICAM-1 Leukocyte adhesion and phagocytosis; I I cell-matrix adhesion 

I Fibrinogen, fibronectin, von I Platelet adhesion and aggregation 
Willebrand factor, vitronectin, 
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infections, lack of polymorphonuclear leukocyte accumu- 
lations at sites of infection, and profound defects in adher- 
encedependent lymphocyte functions. The disease is a 
result of mutations in the CD18 gene, which encodes the 
p chain of LEA-1 subfamily molecules, and it demonstrates 
the physiologic importance of the LFA-1-related 
proteins. In knockout mice, deficiency of either LEA-1 or 
Mac-1 causes less severe immunologic defects than does 
the loss of all p2 integrins. 

In addition to adhesion, integrins may deliver stimula- 
tory signals to cells on ligand binding. The mechanism of 

signaling involves tyrosine phosphorylation of different 
substrates, inositol lipid turnover, and elevated cytoplasmic 
calcium. The functional consequences of these integrin- 
mediated signals vary with cell type; in T lymphocytes, 
ICAM-I binding to the P2 integrins can provide costimula- 
tory signals that enhance cytokine gene expression. 
However, the signaling role of integrins has been demon- 
strated mostly in nonphysiologic in vitro experimental 
systems, and- its impo&nce in conventional immune 
responses is not known 

integrins, and the members of each family express a 
conserved p chain (PI, or CDl8, and p2, or CD2Y) asso- 
ciated with different a chains. The major integrin adhe- 
sion molecules on T cells are pl integrins, also known 
as VLA (very late activation) antigens, and the P2 inte- 
grin commonly called leukocyte function-associated 
antigen-1 (LFA-1, also known as CDllaCD18). LFA-1 is 
expressed on more than 90% of thymocytes and mature 
T cells, B cells, granulocytes, and monocytes. One spe- 
cific ligand for LFA-1 is intercellular adhesion mole- 
cule-1 (ICAM-1, or CD54), a membrane glycoprotein 
that is expressed on a variety of hematopoietic and non- 
hematopoietic cells, including B and T cells, dendritic 
cells, macrophages, fibroblasts, keratinocytes, and 
endothelial cells. Two other ligands for LFA-1 are 
ICAM-2, which is expressed on endothelial cells, and 
ICAM-3, which is expressed on lymphocytes. The PI 
integrin (VLA) subfamily consists of six members 
with different a chains. VLA-4 (CD49dCD29) binds to 
a protein called vascular cell adhesion molecule-1 

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

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

The avidity of integrins for their ligands is 
increased rapidly on exposure of the T cells to 
cytokines called chemokines and after stimulation of 
T cells through the TCR (Fig. 6-1 1). This rapid increase 
in binding avidity allows integrins to respond quickly 
when there is local inflammation (which is associated 

Weak adhesion + 
no T cell 
response 

Signals delivered by 
chemokines and 

antigen recognition 

Clustering and 
increase in affinity 

of integrins =+ 
strong T cell-APC 
adhesion 3 T cell 

response 

Figure 6-1 1 Regulation of integrin avidity. 
lntegrins are present in a low-affinity state in resting T cells. Chemokines produced by the antigen- 

presenting cell (APC) and signals induced by the TCR when it recognizes antigen both act on 
integrins and lead to their clustering and to conformational changes that increase the affinity of the 
integrins for their ligands. As a result, the integrins bind with high avidity to their ligands on APCs 
and thus promote T cell activation. 



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

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

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

bind transiently to APCs through integrins and scan the 
APC surface for the presence of peptide-MHC com- 
~lexes.  If the APC exmesses com~lexes that a T cell rec- 
I 

ognizes by its antigen receptors, the T cell is activated, 
the binding avidity of its integrins is increased, and the 
T cell remains attached for long enough to result in a 
productive response. Integrins also play critical roles in 
the interaction of nonlymphoid cells (granulocytes, 
macrophages) with other cells, such as endothelial 
cells. Some in vitro experiments suggest. that integrins 
deliver activating signals to T cells, but it is unclear - - 

whether the signaling function of these molecules is 
critical for T cell activation. 

The ability o f  inte.q-ins (and CD44) to bind to 
matrix mole&de~ is r&ponsible for the retention of 
antigen-stimulated T cells in  lymphoid organs and a t  
peripheral sites of infection and antigen persistence. 
Thus, in response to antigen and associated inflamma- 
tion. effector and memori T cells leave the circulation 
and migrate into tissues. Those cells that specifically 
recognize the antigen increase the avidity of their 
integrins and, therefore, their ability to bind to matrix 
mol&ules. As a result, antigen-specific T cells are pref- 
erentially retained in the tissues, where they are needed 
to respond to and eliminate the antigen. We will return 
to a more detailed discussion of this sequence of events 
in Chapter 13, when we discuss cell-mediated immune 
reactions. 

Selectins and Selectin Ligands 

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

BOX 6-3 

Selectins and Selectin Ligands 

The selectins are a family of three separate DUE closely 
related proteins that mediate adhesion of leukocytes to 
endothelial cells (see Table). One member of this family 
of adhesion molecules is expressed on leukocytes, and two 
other members are expressed on endothelial cells, but all 
three participate in the process of leukocyte-endothelium 
attachment. Each of the selectin molecules is a single-chain 
transmembrane glycoprotein with a similar modular struc- 
ture. The amino terminus, expressed extracellularly, is 
related to the family of mammalian carbohydratebinding 
proteins known as Gtype lectins. Like other Gtype lectins, 
ligand binding by selectins is calcium dependent (hence 
the name Gtype). The lectin domain is followed by a 
domain homologous to part of the epidermal growth 
factor, which in turn is followed by a number of tandemly 
repeated domains related to structures previously identi- 
fied in complement )ry proteins as short consensus 
repeats. These shor nsensus repeats are 

- 
lowed by a 

hydrophobic transm brane region and a rt cvto~las- 
mic c&boxyl termin 

Lselecun, or U.JOLL, 1s expresses on lympnocytes ma 
other leukocytes. It serves as a homing receptor for lym- 
1 Fes  to lymph node high endothelial venules and is 
-UW expressed on other leukocytes. On neutrophils, it 
serves to bind these cells to endothelial cells that are acti- 
~ated by cytokines (TNF-a, ILl, and IEN-y) found at sites 
3f inflammation. Lselectin binding to its ligand has a fast 
3n-rate but also has a fast off-rate and is of low affinity; this 
3roperty allows Lselectin to mediate initial attachment 
md subsequent rolling of leukocytes on endothelium in 
$e face of flowing blood. Lselectin is located on the tips 
~f microvillus projections of leukocytes, facilitating its 
~nteraction with ligands on endothelium. The rolling is fol- 
lowed by more stable integrin-mediated attachment of the 
neutrophils to ICAM-1, spreading, and LEA-1-mediated 
ransmigration. At least three endothelial cell ligands can 
3ind Lselectin: glycan-bearing cell adhesion molecule1 
(GlyCAM-I), a secreted proteoglycan found on hi, - 
endothelial venules of lymph node; mucosal addressin c 
%dhesion molecule-1 (MadCAM-l), expressed on endothe- 

Continued on,followin 
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Size 
90-1 10 kD (variation 
due to glycosylation) 

Distribution Ligand 

Lymphocytes (high expression Sulfated glycosaminl 1 
on naive T cells, low expression glycans on GlyCAM- 
on activated effector and CD34, MadCAM-1, c 
memory cells) 

Storage granules and surface -' lylated Lewis X and 
of endothelium and platelets ited glycans on PSGL-1 

and other alvco~rote 
I I -. . 
*-*-A re** -s* , - 8 

Abbreviations: CLA-I , cutaneous lymphocyte antigen-1 ; GlyCAM-1, glycan-bearing 
cell adhesion molecule-1 ; IL-I, interleukin-1 ; MadCAM-1, mucosal addressin cell 

I adhesion molecule-1 ; PSGL-1; P-selectin glycoprotein ligand-1; TNF, tumor necrosis fa, 

lid cells in 
proteoglyca~ 
cells). 

E-selectin, also known as endotheli cyte adhe- 
sion molecule-1 (ELAM-1) or CD61 exclusively 
expressed by cytokine-activated endothelial cells, hence 
the designation E. E-selectin recognizes complex sialylated 
carbohydrate groups related to the Lewis X or Lewis A 
family found on various surface proteins of granulocytes, 
monocytes, and certain previously activated effector and 
memory T cells. E-selectin is important in the homing of 
effector and memory T cells to some peripheral sites 

- 

inflammation, particularly in the skin. On a subset of - 

cells, the carbohydrate ligand for Eselectin is called cuta- 
neous lymphocyte antigen-1 (CLA-1) and is implicated ' 

homing of these T cells to the skin. Endothelial cell expr 
sion of E-selectin is a hallmark of acute cytokine-mediated 
inflammation, and antibodies to E-selectin can blo ' 

leukocyte accumulation in vivo. 
P-selectin (CD62P) was first identified in the secretory 

granules of platelets, hence the designation P. It has since 
been found in secretory granules of endothelial cells, 
which are called Weibel-Palade bodies. When endothelial 
cells or platelets are stimulated, P-selectin is translocated 
within minutes to the cell surface as part of the exocytic 
secretory process. On reaching the cell surface, P-selectin 
mediates binding of neutrophils, T lymphocytes, and 
monocytes. In mice, P-selectin expression is regulated 
by cytokines, similar to the regulation of E-selectin. The 
complex carbohydrate ligands recognized by P-selectin 
appear similar to those recognized by E-selectin. A protein 
called P-selectin glycoprotein ligand-1 (PSGL1) is post- 
translationally modified in leukocytes to express functional 

liga~ 
fuco 

The synthesis of self L ligands is differentially regu- 
lated in subsets of T cells, and this reflects differential 
expression of glycosyl transferase enzymes that attach car- 
bohydrates to the protein backbone of the ligands. For 
example, naive T cells express virtually no E- and P-selectin 
ligands, and TH1 cells express significantly more than do 
TH2 cells. The genes for the three selectins are located in 
tandem on chromosome 1 in both mice and humans. The 
selectin structural motif clearly arose from duplication of 
an ancestral selectin gene. The differences among the 
three selectins serve to confer both differences in binding 
specificity and differences in tissue expression. However, 
it is thought that all three selectins mediate rapid low- 
aMinity attachment of leukocytes to endothelium, an early 

important step in leukocyte homing, although E- 
selectin may mediate high-affinity attachment as well. 

The physiologic roles of selectins have been reinforced 
itudies of gene knockout mice. Lselectin-deficient 

mice have small, poorly formed lymph nodes and defec- 
tive induction of T cell-dependent immune responses 
and inflammatory reactions. Mice lacking either E-selectin 
c- P-selectin have only mild defects in leukocyte recruit- 
I ent, suggesting that these two molecules are functionally 
redundant in this species. Double knockout mice lacking 
both E-selectin and P-selectin have significantly impaired 
leukocyte recruitment and increased susceptibility to 
infections. Humans who lack one of the enzymes needed 
to express the carbohydrate ligands for E-selectin and P- 
selectin on neutrophils have similar problems, resulting in 
a syndrome called type 2 leukocyte adhesion deficiei 
(LAD-2) (see Chapter 20). 

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

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

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

Effector Molecules of T Lymphocytes 

T lymphocytes express many other molecules that are 
involved in their effector functions and their regula- 
tion. Activated CD4' T cells express a surface protein 
called CD40 ligand (CD40L or CD154), which binds to 
CD40 on B lymphocytes, macrophages, dendritic cells, 
and endothelial cells and activates these cells. Thus, 
CD40L is an important mediator of many of the effec- 
tor functions of helper T cells, such as the stimulation 
of B cells to produce antibodies and the activation of 
macrophages to destroy phagocytosed microbes. The 
role of CD40:CD40L interactions in humoral immune 
responses is discussed in Chapter 9 and in cell-mediated 
immunity in Chapter 13. 

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

Activated T cells secrete cytokines, which function as 
growth and differentiation factors of the T cells and act 
on many other cell populations. Activated T cells also 
express receptors for many of these cytokines. We will 
discuss these effector molecules in later sections of the 
book when we describe the biologic responses and 
effector functions of T lymphocytes. 

Summary 

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

MHC-restricted T cells recognize peptide-MHC com- 
plexes on APCs by clonally distributed TCRs. These 
TCRs are composed of two disulfide-linked polypep- 
tide chains, called a and P,  that are homologous to 
the heavy and light chains of Ig molecules. Each 
chain of the ap TCR consists of a V region and a C 
region. 
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The V segment of each TCR chain contains three I CD40 ligand and Fas ligand are T cell surface 
hypervariable (complementarity-determining) re- molecules whose expression is induced by T cell 
gions, which form the portions of the receptor that and that perform specialized effector 
recognize complexes of processed peptide antigens functions. 
and MHC molecules. During T cell antigen recogni- 
tion, the TCR makes contact with amino acid 
residues of the peptide as well as with polymorphic 
residues of the presenting self MHC molecules, 
accounting for the dual recognition of peptide and 
self MHC molecules. 

The y6 TCR is another clonally distributed het- 
erodimer that is expressed on a small subset of 
ap-negative T cells. These y6 T cells are not MHC 
restricted, and they recognize different forms of 
antigen than ap T cells do, including lipids and some 
small molecules presented by nonpolymorphic 
MHC-like molecules. 
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le activation of lymphocytes by foreign antigens is 
the yntral event in adaptive immune responses. Much 
of the science of immunology is devoted to studying 
the biology of B and T lymphocytes. In this section of 
the book, we focus on the generation of mature lym- 
phocytes and the responses of these lymphocytes to 
antigen recognition. 

Chapter 7 describes the development of B and T 
lymphocytes from uncommitted progenitors, with an 
emphasis on the molecular basis of the expression of 
antigen receptors and the generation of diverse lym- 
phocyte repertoires. In Chapter 8, we discuss the 
biology and biochemistry of T lymphocyte activation. 
Chapter 9 deals with the activation of B lymphocytes 
and the mechanisms that lead to the production of 
antibodies against different types of antigens. In 
Chapter 10, we discuss the phenomenon of imrnuno- 
logic tolerance and the mechanisms that control 
immune responses and maintain homeostasis in the 
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Lymphocytes are the only cells in the body to express 
highly diverse antigen receptors that recognize a wide 
variety of foreign substances. This diversity is generated 
during the development of mature B and T lyrnpho- 
cytes from precursor cells that do not express antigen 
receptors and cannot recognize and respond to anti- 
gens. The process by which bone marrow-derived 
lymphocyte progenitors are converted to mature 
lymphocytes that populate peripheral lymphoid tissues 
is called lymphocyte maturation. The collection of 
antigen receptors, and therefore specificities, expressed 
in B and T lymphocytes is called the lymphocyte reper- 
toire. During maturation, a program of sequential gene 
expression leads to proliferation of the developing 
cells, generation of a diverse repertoire, changes in the 
phenotypes, acquisition of functional competence, and 
selection events to ensure that most of the lymphocytes 
entering peripheral tissues are useful in that they 
respond to foreign antigens but not to many self anti- 
gens. The expression of antigen receptor genes is the 
central featuEe of lymphocyte matur&ionr and there 
are many fundamental similarities in the processes 
by which B cells acquire the ability to express 
immunoglobulin (Ig) genes and T cells acquire the 
ability to express T cell receptor (TCR) genes. We begin 
this chapter with a discussion of the common cellular 
and genetic features of B and T lymphocyte maturation. 
This is followed by a description of the processes that 
are unique to B cell development and then of those 
unique to T cell development. 

General Features of Lymphocyte 
Maturation 

The maturation of B and T lymphocytes consists 
of sequential stages-early maturation involving 
lineage commitment and proliferation, expression of 
antigen receptor genes, and selection of the mature 
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Figure 7-2 Checkpoints in lymphocyte maturation. 
During development, the lymphocytes that express receptors required for continued proliferation 

and maturation are selected to survive, and cells that do not express functional receptors die by apop- 
tosis. Positive and negative selection further preserve cells with useful specificities. The presence of 
multiple checkpoints ensures that only cells with useful receptors complete their maturation. 

95% of the immature cells, fail to express these antigen 
receptors and die by apoptosis. 

Selection Processes That Shape the B and T 
Lymphocyte Repertoires 

After immature lymphocytes express antigen recep- 
tors, the cells with useful receptors are preserved, and 
many potentially harmful, self antigen-reactive cells 
are eliminated by processes of selection induced by 
antigen receptor engagement (Fig. 7- 3) .  Because the 
expression of antigen receptors results from gene 
recombinations that are not influenced by the speci- 
ficities of the receptors that will be produced, many 
immature lymphocytes may express antigen receptors 
that are of no use. The preservation of useful specifici- 
ties is called positive selection, and it is best understood 
in T lymphocytes. Positive selection ensures maturation 
of T cells whose receptors bind with low avidity (weakly) 
to self major histocompatibility complex (MHC) mole- 
cules. Mature T cells whose precursors were positively 
selected by self MHC molecules in the thymus are able 
to recognize foreign peptide antigens displayed by the 
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same self MHC molecules on antigen-presenting cells 
in peripheral tissues. If the TCR on a developing T cell 
cannot recognize any MHC molecules in the thymus, 
the cell dies by apoptosis; such a cell would not be able 
to recognize MHC-associated antigens in that individ- 
ual. Thus, positive selection serves to generate a self 
MHC-restricted T cell repertoire. Pre-B cells and 
immature B cells may be positively selected by weak 
recognition of some self antigens or simply by virtue of 
antigen receptor expression, ensuring that all the B 
cells that mature express functional antigen receptors. 
The ligands that may trigger receptor-mediated signals 
in maturing B cells are not known. 

Negative selection is the process that eliminates 
developing lymphocytes whose antigen receptors bind 
strongly to self antigens present in the generative lym- 
phoid organs. Both developing B cells and developing 

T cells are susceptible to negative selection during a 
short period after antigen receptors are expressed. 
The mechanism of negative selection is apoptosis that 
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brarle molecules and the production of cytokines. The 
CD8' cells can differentiate into cytolytic T lymphocytes 
whose major effector function is to kill infected target 
cells. 

With this introduction, we proceed to a more 
detailed discussion of lymphocyte maturation, starting 
with the key event in maturation, the expression of 
antigen receptors. 

Formation of Functional Antigen 
Receptor Genes in B and 
T Lymphocytes 

Figure 7-3 Selection processes in r functions. B cells acquire the ability to secrete 
lymphocyte maturation. ies in response to antigens and other signals. 

After immature clones of lymphocytes 
in generative lymphoid organs express Distinct subsets of T cells with different functions 
antigen receptors, they are subject to develop within the thymus. The clearest example of 
both positive and negative selection functional heterogeneity acquired during T cell devel- 
processes. In positive selection, lympho- .~ment is the maturation of precursors that express 
cyte precursors with antigen receptors 
that bind some self ligand, probably with 

both CD4 and CD8 into either CD4+ class I1 MHC- 
low avidity, are selected to survive and restricted T cells or CD8+ class I MHC-restricted T cells. 
mature further. These positively selected The CD4' cells that leave the thymus can be activated 
lymphocytes enter peripheral lymphoid by antigens to differentiate into helper T cells whose 
tissues, where they respond to foreign effector functions are mediated by particular mem- 
antigens. In negative selection, cells that 
bind ubiquitous antigens present within 
the generative organs, with high avidity, 
receive signals that lead to cell death. As 
a result, the repertoire of mature lym- 
phocytes lacks cells capable of responding 
to these self antigens. The diagram illus- , 
trates selection of B cells; the principles , 

are the same for T lymphocytes. 

is actively induced by antigen receptor-generated 
signals in immature lymphocytes. Negative selection of 
developing lymphocytes is an important mechanism for 
maintaining so-called tolerance to ubiquitous self anti- 
gens; this is called central tolerance (see Chapter 10). 

Acquisition of Functional Competence 

During the late stages of maturation, lymphocytes 
acquire the ability to respond to antigens and gener- 
ate the effector mechanisms that serve to eliminate 
antigens. Functional maturation involves the expres- 
sion of a variety of cell surface and intracellular 
molecules that participate in lymphocyte activation and 

The diverse antigen receptors of B and T lymphocytes 
are produced in immature cells from genes that are 
formed by somatic recombination of a limited number 
of inherited gene segments. Elucidation of the mechan- 
isms of antigen receptor gene expression is one of the 
landmark achievements of modern immunology and 
has provided a basis for understanding the specificity 
and diversity of antigen receptors. 

The first insights into how millions of different 
antigen receptors could be generated from a small 
number of genes came from analyses of the amino acid 
sequences of Ig molecules. These analyses showed that 
the polypeptide chains of many different antibodies of 
the same isotype share identical sequences at one end 
of the chains (the constant rcgions) but differ consid- 
erably in the sequences at the other end (the variable 
regions) (see Chapter 3). Contrary to the general 
assumption of the time that single polypeptide chains 
are encoded by single genes, Dreyer and Bennett 
postulated in 1965 that each antibody chain is actually 
encoded by at least two genes, one variable and the 
other constant, and that the two become joined at the 
level of the DNA or the messenger RNA (mRNA) to give 
rise to functional Ig proteins. (The evidence for this 
conclusion is described later in the chapter.) 

Formal proof of this hypothesis came more than a 
decade later when Susumu Tonegawa demonstrated 
that the structure of Ig genes in the cells of an antibody- 
producing tumor, called a myeloma or plasmacytoma, 
is different from that in embryonic tissues or in non- 
lymphoid tissues not committed to Ig production. 
These differences arise because during B cell develop- 
ment, there is a recombination of DNA sequences 
within the loci encoding Ig heavy and light chains. Fur- 
thermore, similar rearrangements occur during T cell 
development in the loci encoding the polypeptide 
chains of TCRs. Antigen receptor gene recombination 

is best understood by first describing the unrearranged, 
or germline, organization of Ig and TCR genes and 
then describing their rearrangement during lympho- 
cyte maturation. 

Organization of lg and TCR Genes in the 
Germline 

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

Organization of lg Gene Loci 

Three separate loci encode, respectively, all the Ig heavy 
chains, the Ig K light chain, and the Ig h light chain. 
Each locus is on a different chromosome. The organi- 
zation of human Ig genes* is illustrated in Figure 7-4, 
and the relationship of gene segments to the domains 
of the Ig heavy and light chain proteins is shown in 
Figure 7-5A. Ig genes are organized in essentially the 
same way in all mammals, although their chromosomal 
locations and the number and sequence of different 
gene segments in each locus may vary. Each germline 
Ig locus is made up of multiple copies of at least three 
different types of gene segments, the V, C, and joining 
(J) segments. In addition, the Ig heavy chain locus has 
diversity (D) segments. Within each locus, the sets of 
each type of gene segment are separated from one 
another by stretches of noncoding DNA. 

At the 5' cnd of each of the Ig loci, there is a cluster 
of V gene segments, each about 300 base pairs long, sep- 
arated from one another by noncoding DNA of varying 
lengths. The numbers of V genes (used here synony- 
mously with V region exons) vary considerably among 
the different Ig loci and among different species. For 
example, there are about 35 V gems in the human K 

* I n  Ig and TCR loci, the term gene usually refers to the DNA 
encoding the complete polypeptide chain (e.g., an Ig heavy 
or light chain) or a TCR a or P chain. As we shall discuss 
presently, each complete gene consists o f  multiple "gene seg- 
ments" that code for V, C ,  and other regions and are sepa- 
rated from one another in the genome by large stretches o f  
DNA that are never transcribed. Each V and C gene segment 
is further composed o f  coding sequences that arc present in 
the mature mRNA; these are called exons. For instance, each 
CH gene segment that gives rise to a heavy chain C region is 
composed o f  five or six exons. Exons are separated by pieces 
o f  DNA, called introns, that are transcribed and present in 
the primary (nuclear) RNA but absent from the mRNA. T h e  
removal o f  introns from the primary transcript is the process 
o f  RNA splicing. Sometimes, the terms gene, gene segment, and 
exon are used interchangeably. For instance, "V gene" might 
refer to the gene segment coding for the complete V region 
of an Ig heavy or light chain, which actually consists o f  a V 
region exon and additional segments ( J  and D,  as we shall see 
later), or "V gene" might refer to a V region exon only (as in  
"V gene families," discussed in  this chapter). 



t chain locus and about 45 in the human heavy 
n locus, whereas the mouse h light chain locus has 
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Figure 7-4 Germline organi 
zation of human lg loci. 

The human heavy chain, K ligh 
chain, and h light chain loci a r ~  
shown. Only functional genes ars 
shown; pseudogenes have beel 
omitted for simplicity. Exons ant 
introns are not drawn to scale. Eacl 
C, gene is shown as a single bo 
but is composed of several exons, a 
illustrated for C,. Gene segment 
are indicated as follows: L, leade 
(usually called signal sequence); \ 
variable; D, diversity; J, joining; C 
constant; enh, enhancer. 

The V and C domains of Ig (and TCR) molecules 
share structural features, including a tertiary structure 
called the Ig fold. As we discussed in Chapters 3 and 6, 
proteins that include this structure are members of the 
Ig superfamily (see Chapter 3, Box 3-2). On the basis 
of tandem organization of V and C genes in each Ig or 
TCR locus and the structural homologies between 
them, it is believed that these genes evolved from 
repeated duplication of a primordial gene. Each Ig 
domain of heavy and light chains is encoded by one 
exon. 

Although the introns between exons are not ex- 
pressed in mature mRNA, they play an important role 
in the production of antigen receptors. As we shall see 
later, recognition sequences that dictate recombination 
of different gene segments are present in the introns 
between these gene segments. In addition, the introns 
contain nucleotide sequences, such as promoters, 
enhancers, and silencers, that regulate transcription 
and gene expression. 

only 2V genes and the mouse heah chain locus has 
more than 1OOOV genes. The V gene segments for each 
locus are spaced over large stretches of DNA, up to 2000 
kilobases long. Although each V gene segment differs 
in sequence from every other one, the V genes of each 
locus can be grouped into multiple families on the basis 
of sequence homology. The members of each family 
are identical to one another at 70% to 80% of their 
nucleotide sequences, and they probably arose during 
evolution by duplication of a single V gene exon. The 
physiologic significance of these V gene families 
remains uncertain; members of each family do not 

3' 
enh 

appear to encode antigen receptor V regions with a 
similar specificity. At the 5' end of each V region exon 
is a nucleotide sequence that encodes the 20 to 30 N- 
terminal residues of the translated protein. These ter- 
minal residues are moderately hydrophobic and make 
up the leader (or signal) peptide. Signal sequences are 
found in all newly synthesized secreted and transmem- 
brane proteins and are involved in guiding the emerg- 
ing polypeptides during their synthesis on ribosomes 
into the lumen of the endoplasmic reticulum. Here, the 
signal sequences are rapidly cleaved, probably before 
translation is complete, and they are not present in the 
mature proteins. 

At varying distances 3' of the V genes are the C gene 
segments. Again, each Ig locus has a distinct arrange- 

'$ ment and number of C genes. In humans, the Ig K light 
chain locus has a single C gene (C,) and the h light 

f chain locus has four functional C genes (ex).  The Ig 
heavy chain locus has nine C genes (CH), arranged in 
a tandem array, that encode the C regions of the nine 

1 different Ig isotypes and subtypes (see Chapter 3). The 
I C, and Ck genes are each composed of a single exon 

3 that encodes the entire extracellular C legion 01 the 
light chains. In contrast, each CH gene is composed of 

4 five or six exons. Three or four exons (each similar in 
size to a V region exon) encode the complete C region 
; of each heavy chain isotype, and two smaller exons code 
*for the carboxyl terminal ends, including the trans- 

enh 

Organization of TCR Gene Loci 

I enh 
The genes encoding the TCR a chain, the TCR P chain, 
and the TCR y chain are in thrce scparate loci, and the 
TCR 6 chain locus is contained within the TCR a locus 
(Fig. 7-6). Each germline TCR locus includes V, J, and 
C gcnc segments. In addition, TCR P and TCR 6 loci 
also have D segments, like the Ig heavy chain locus. At 
the 5' end of each of the TCR loci, there is a cluster of 
several V gene segments, arranged similarly to the Ig V 
genes. Like Ig V genes, TCR V gene segments can also 
be grouped into multiple families on the basis of 
sequence homology. Some microbial products called 
superantigens can bind to TCR P chain V regions 
encoded by any member of a particular Vp family. In 
his way, superantigens can activate large numbers of T 
cells and cause considerable disease (see Chapter 15, 
Box 15-1). At the 5' end of each TCR V region exon is 
a signal sequence. 

At varying distances 3' of the TCR V genes are the C 
gene segments. There are two C genes in each of the 
human TCR P (Cp) and TCR y (C,) loci and only one 
C gene in each of the TCR a (C,) and TCR 6 (C8) loci. 
Each TCR C region gene is composed of four exons 
encoding the extracellular C region, a short hinge 
region, the transmembrane segment, and the cytoplas- 
mic There tail. are J segments between the V and C genes in 

all the TCR loci, and there are D segments in the TCR 
p and TCR 6 chain loci. Each human TCR C gene 
segment has its own associated 5' cluster of J (and D) 
segments. In a TCR a or y chain, the V region is 
encoded by the V and J exons, and in the TCR P and 6 
proteins, the V region is encoded by the V, D, and J 
gene segments. 

The relationship of the TCR gene segments and the 
corresponding portions of TCR proteins that they 
encode is shown in Figure 7-5B. As in Ig moleculcs, thc 
TCR V and C domains assume an Ig-fold tertiary struc- 
ture, and thus the TCR is a member of the Ig super- 
family of protcins. 

-11 P - '  

C Region 

I Other H chain I 

Ig heavy 
(p) chain 
(membrane form) 

Ig light chain membrane and cytoplasmic domains of the heavy 
chains (Fig. 7-5A). 

Between the V and C genes in each Ig locus, and 
separated by introns of varying lengths, are additional 
coding sequences, 30 to 50 base pairs long, that make 
up the J segments and, in the Ig heavy chain locus, the 
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TCR P chain D segments. In the human Ig vheavy chain locus, 5' of 
the entire array of CH gene segments, there is one 
cluster of 6 functional J segments and one cluster of 
more than 20 D segments. In the human K chain locus, 
there is a cluster of five J segments 5' of C,, and in the 
human h locus, there is one J segment 5' of each of the 
four functional C,, genes. The D and J gene segments 
code for the carboxyl terminal ends of the V regions, 
including the third hypervariable (complementarity- 
determining) regions of antibody molecules. Thus, in 
an Ig light chain protein (K or h),  the V region is 
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Figure 7-5 Domains of lg and TCR proteins. 
The domains of Ig heavy and light chains are shown in A, and the domains of TCR a and P chains 

are shown in B. The relationships between the Ig and TCR gene segments and the domain structure 
of the antigen receptor polypeptide chains are indicated. The variable (V) and constant (C) regions 
of each polypeptide are encoded by different gene segments. The locations of intrachain and 
interchain disulfide bonds (S-S) are approximate. Areas in the dashed boxes are the hypervariable 
(complementarity-determining) regions. In the lg p chain and the TCR a and P chains, transmem- 
brane (TM) and cytoplasmic (CM) domains are encoded by separate exons. 
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regions of antigen receptor chains are encoded by dif- 
ferent gene segments that are located far apart in 
embryonic and nonlymphoid cells and brought close 
together in cells committed to antibody or TCK syn- 
thesis (i.e., in B or T lymphocytes). 

The process of somatic recombination involves 
selecting one V gene, one J gene, and one D gene es where the restriction enzyme cuts the DNA. 

(when present) in each developing lymphocyte and 
bringing these gene segments together to form a single 
V(D)J gene that will code for the variable region of D l  -n J1-n V1 V2 Vn - - C 
an antigen receptor protein (Fig. 7-8). The C gene 
remains separate from the V(D)J gene in the DNA and - ' w4+#....I+-31 

in the primary RNA transcript. The primary RNA is 
then processed so that the V(D)J segment becomes con- 
tiguous with the C gene, forming an mRNA that is Somatic recombination (V-D-J joining), addition of 
translated to produce one of the chains of the antigen $ure 7-8 Diversity of anti- N and P nucleotides, transcription and RNA processing 
receptor protein. Different clones of lymphocytes use in three B cell clones 
different combinations of V, D, and J genes. In addi- 
tion, during V(D)J recombination, nucleotides are 
added to or removed from the joints. As we will discusS 
in more detail later, these processes generate the diver- 
sity characteristic of lymphocyte antigen receptors. The 
details and unique features of recombination of Ig and 
TCR genes will be described when we consider the mat- 
uration of B and T lymphocytes, respectively. 

Chapter 7 - Lymphocyte Maturation and Expression of Antigen Receptor Genes 

Mechanisms of Somatic Recombination of Antigen 
Receptor Genes 

Rearrangement of Ig and TCR genes is a special kind 
of DNArecombination involving nonhomologous gene 
segments, mediated by the coordinated activities of 
several enzymes, some of which are found only i n  
developing lymphocytes and others of which are ubiq- 
uitous DNA repair enzymes. Together, these enzymes 
are called the V(D)J recombinase. The lymphocyte- 
specific components of the V(D)J recombinase recog- 
nize certain DNA sequences called recombination 
signal sequences, located 3' of each V gene segment, 
5' of each J segment, and flanking both sides of each 
D segment (Fig. 7-9). The recombination signal 
sequences consist of a highly conserved stretch of 7 
nucleotides, called the heptamer, located adjacent to 
the coding sequence, followed by a spacer of exactly 12 
or 23 nonconserved nucleotides, followed by a highly 
conserved stretch of 9 nucleotides, called the nonamer. 
The 12- and 23-nucleotide spacers roughly correspond 
to one or two turns of a DNA helix, and they presum- 
ably bring the heptamer and nonamer into positions 
that can be simultaneously accessible to the recombi- 
nase enzymes. The V(D)J recombinase introduces 
double-stranded breaks in the DNA between the recom- 
bination signal scqucncc and the adjacent V, D, or J 
coding sequence. In Ig light chain V-tog recombina- 
tion, for example, breaks will be made 3' of a V segment 
and 5' of a J segment. Temporary hairpin loop struc- 
tures are formed connecting the parallel strands of 
DNA on either side of the breaks. The intervening 
double-stranded DNA is removed in the form of a 
circle. This is followed by joining of the two broken 
ends and therefore joining of the V and J coding 
sequences. Some V genes, especially in the Ig K locus, 
are in the opposite orientation, such that the recogni- 
tion sequences 5' of these V segments and 3' of the J 
segments face the same direction. In these cases, the 
intervening DNA is inverted and the V and J exons fuse 
at one end. Most Ig and TCR gene rearrangements 
occur by deletion; rearrangement by inversion occurs 
in up to 50% of rearrangements in the Ig K locus. 
Recombination occurs between two segments only if 
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Figure 7-6 Germline organization of human TCR loci. 
The human TCR P, a, y, and 6 chain loci are shown, as indicated. Exons and introns are not drawn 

to scale, and nonfunctional pseudogenes are not shown. Each constant (C) gene is shown as a single 
box but is composed of several exons, as illustrated for Cp. Gene segments are indicated as follows: 
L, leader (usually called signal sequence); V, variable; D, diversity; J, joining; C, constant; enh, enhancer; 
sil, silencer (sequences that regulate TCR gene transcription). 

Antigen Receptor Gene Recombination 

The germline organization of Ig and TCR loci des- 
cribed in the preceding section exists in all cell types in 
the body. Germline genes cannot be transcribed into 
mRNA that gives rise to antigen receptor proteins. 
Functional antigen receptor genes are created only in 
developing B and T lymphocytes by rearrangements of 
DNA that make the V, D, and J gene segments con- 
tiguous. This somatic recombination involves bringing 
together the appropriate gene segments, introducing 
double-strand breaks at the ends of these segments, and 
ligating them to produce genes that can be transcribed. 

The recombination of antigen receptor genes can be 
demonstrated by a technique called Southern blot 
hybridization, which is used to examine the sizes of 
DNA fragments produced by restriction enzyme diges- 
tion of genomic DNA (see Appendix I11 for a descrip- 
tion of the technique). By this method, it can be shown 
that the enzyme-generated DNA fragments containing 
Ig or TCR gene segments are a different size when the 
DNA is from cells that make antibodies or TCRs, 
respectively, than when the DNA is from cells that do 
not make these antigen receptors (Fig. 7-7). The 
explanation for these different sizes is that V and C 
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Figure 7-10 Transcriptional regulation of lg 
)Orientation of V(D)J gene segments and recombination signal sequences 

- 
genes. 

V-D-J recombination brings promoter sequences 
(shown as P) close to the enhancer (enh) located 
between the J and C loci. The enhancer promotes 
transcription of the rearranged V gene (V2, whose 
active promoter is indicated by a bold green arrow). 4 DNA recombination 

- 
heptamer 

- 
nonamer nonamer heptamer 

\ /I 
Recognition sequences for recombmase 

Mechanisms of V-J recombination I 
I 

one of the segments is flanked by a 12-nucleotide spacer 
and the other is flanked by a 23-nucleotide spacer; this 
is called the 12/23 rule. The location of the spacers and 
signal sequences ensures that the appropriate gene seg- 
ments will recombine. For example, in the Ig heavy 
chain locus, both V and J segments have 23-nucleotide 
spacers and therefore cannot join directly; D-to-J 
recombination is required first, followed by V-to-DJ 
recombination, and this is possible because the D seg- 
ments are flanked on both sides by 12-nucleotide 
spacers, allowing V-D and D-J joining. Also, these recom- 
bination signal sequences are unique to Ig and TCR 
genes. Therefore, the V(D)J recombinase can act on 
antigen receptor genes but on no other genes. 

The lymphocyte-specific component of the V(D)J 
recombinase, which binds to and cleaves DNA at the 
recombination signal sequences, is a complex of two 
proteins encoded by genes called recombination- 
activating gene 1 and recombination-activating gene 
2 (RAG1 and RAG2). The RAG1 protein is a dimer that 
is thought to bind to and cleave the DNA (i.e., it func- 
tions as a specific endonuclease), but it is enzymatically 
active only when complexed with the RAG2 protein. 
The importance of this enzyme is illustrated by the 
finding that knockout mice lacking either RAG1 or 
RAG2 genes fail to produce Ig and TCR proteins and 
lack mature B and T lymphocytes. The RAG-1 and 
RAG9 components of the V(D)J recombinase have 
several important properties. First, RAG1 and RAG2 
are cell type specific, being produced only in cells of 
the B and T lymphocyte lineages. Second, the RAG 
genes are expressed only in immature lymphocytes. 
Therefore, the V(D)J recombinase is active in immature 
B and T lymphocytes but not in mature cells, explain- 
ing why Ig and TCR gene rearrangements do not con- 
tinue in cells that express functional antigen receptors. 
Third, RAG genes are expressed mainly in the Go and 
GI stages of the cell cycle and are silenced in prolifer- 
ating cells. It is thought that limiting DNA cleavage and 
recombination to nondividing cells minimizes the risk 

in mitosis. The same recombinase mediates recombi- 
nation at both Ig and TCR loci. Because complete func- 
tional rearrangement of Ig genes normally occurs only 
in B cells and rearrangement of TCR genes normally 
occurs only in T cells, some other mechanism must 
control the cell type specificity of recombination. It is 
likely that the accessibility of the Ig and TCR loci to the 
recombinase is differentially regulated in developing B 
and T cells by several mechanisms, including alterations 
in chromatin structure, DNA methylation, and basal 
transcriptional activity in the unrearranged loci. 

The other enzymes that are part of the V(D)J recom- 
binase are expressed in many cell types and are involved 
mainly in DNA repair. Their role in Ig and TCR gene 
recombination is to repair the double-stranded breaks 
introduced by the recombinase. One such enzyme, 
called the DNA-dependent protein kinase (DNA-PK) 
complex, is a double-stranded DNA repair enzyme that 
is defective in micc carrying thc scvcre combined 
immunodeficiency (scid) mutation (see Chapter 20). 
Like RAG-deficient mice, scid mice fail to produce 
mature lymphocytes. 

One of the consequences of V-J or V-D-J recombina- 
tion is that the process brings promoters located 5' of 
V regions close to enhancers that are located in the 
introns between V and C gene segments or even 3' of 
the C genes (Fig. 7-10). These enhancers maximize the 
~ranscrip~ional activity of the V gene promoters and are 
thus important for high-level transcription of the V 
genes in lymphocytes. 

Because Ig and TCR genes are sites for multiple DNA 
recombinations in B and T cells, and because these sites 
become transcriptionally active after recombination, 
from other loci genes can be abnormally translocated 
to these loci and, as a result, may be aberrantly tran- 
scribed. In tumors of B and T lymphocytes, oncogenes 
are often translocated to Ig or TCR gene loci. Such 
chromosomal translocations are frequently accompa- 
nied by enhanced transcription of the oncogenes and 
are believed to be one of the factors causing the devel- 
opment of lymphoid tumors (Box 7-2). 

Figure 7-9 V(D)J recombination. 
The DNA sequences and mechanisms involved in recombination in the Ig gene loci are depicted. 

The same seauences and mechanisms apply to recombinations in the TCR loci. 
A. ~onser;ied heptamer (7 bp) and nonimer (9 bp) sequences, separated by 12- or 23-bp spacers, 

are located adjacent to V and ] exons (for K and h loci) or to V, D, and J exons (in the H chain locus). 
The V(D)J recombinase recognizes these recombination signal sequences and brings the exons 
together. 

B. Recombination of V and J exons may occur by deletion of intervening DNA and ligation of the 
V and ) segments (left panel) or, if the V gene is in the opposite orientation, by inversion of the DNA 
followed by ligation of adjacent gene segments (right panel). Red arrows indicate the sites where 
germline sequences are cleaved and later rejoined. 

, of inappropriate DNA breaks-during DNA replication 
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I Chromosomal Translocations in Tumors of Lymphocytes I 
Reciprocal chromosomal translocations in many tumors, 
including lymphomas and leukemias, were first noted 
by cyto&nktiEists in the 1960s, but their significance 
remained unknown until almost 20 years later. At this time, 
sequencing of switch regions of IgH genes in B cell tumors 
revealed the presence of DNA segments that were not 
derived from Ig genes. This was first observed in two 
tumors derived from B lymphocytes, human Burkitt's lym- 
phoma and murine myelomas. The "foreign" DNA was 
identified as a portion of the c-rnycproto-oncogene, which 
is normally present on chromosome 8 in humans. Proto- 
oncogenes are normal cellular genes that often code for 
proteins involved in the regulation of cellular prolifera- 
tion, differentiation, and survival, such as growth factors, 
receptors for growth factors, or transcription-activating 
factors. In normal cells, their function is tightly regulated. 
When these genes are altered by mutations, inappropri- 
ately expressed, or incorporated into and reintroduced in 
cells by RNA retroviruses, they can exhibit either enhanced 
or aberrant activities and function as oncogenes. Dysfunc- 
tion of oncogenes is one important mechanism leading to 
increased cellular growth and, ultimately, neoplastic trans- 
formation. The most common translocation in Burkitt's 
lymphoma is t(8;14), involving the Ig heavy chain locus on 
chromosome 14; less commonly, t(2;8) or t(8;22) translo- 
cations are found, involving the K or h light chain loci, 

respectively. In all cases of Burkitt's lymphoma, c-my 
translocated from chromosome 8 to one of the Ig lc 
which explains the reciprocal 8;14, 2;8, or 8;22 translo 
tions detectable in these tumors. The myc gene product is 
a transcription factor, and translocation of the gene leads 
to its dysregulated expression. Increased Myc activity is 
believed to lead to uncontrolled cell proliferation at the 
expense of differentiation, but the precise mechanism of 
this effect is not known. Thus, Myc is an example of a tran- 
scription factor that serves as an oncoprotein. 

Because antigen receptor genes normally undergo 
several genetic rearrangements during lymphocyte matu- 
ration, they are likely sites for accidental translocations of 
distant genes. DNA sequencing of antigen receptor genes 
involved in chromosomal translocations has suggested that 

I I 
these mistakes may occur at the time of attempted V(D)J 
rearrangement in pre-B and pre-T cells, during switch 
recombination in germinal center B cells, and possibly 
during the process of somatic hypermutation (also in ger- 
minal center B cells). In some translocations associated 
with lymphoid tumors, DNA breakage near proto- 
oncogenes occurs at sites that resemble heptamer and 
nonamer sequences, suggesting that they may be caused 
by an aberrant V(D)J recombinase activity. However, in 
most instances (and, more generally, in all translocations 
found in nonlymphoid tumors), such sequences are 

1 

Type of tumor 1 Chromosomal translocation I Genes involved in translocation I 

- 
t(12;21)(~1 3;q22) (25% of TELI, AML r 

childhood cases) 

t(9;22)(q34;q11.2) (25% of adult ALL, bcr, abl (Philadelphia,ohromosornt2) 
3% of childhood ALL) > . I .  , 

I 
/ I 1  
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. , I  I 
t(14;18)(q32.3;q21.3) bcl-2, lgH 

t(3;14)(q27;q32.3) I bcl-6 (DNA-Gliding protein), IgK , a 

J > 
i 

;14)(p32;q11.2) (5% of cases); TALI, TCRa; TALI, SCL 
l(1 p32) (20% of cases) I 
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"aeration of Diversity of the B and 
T Cell Repertoires 

The enormous diversity of the mature B and T cell 
repertoires is generated during somatic recombination 
of Zg and TCR genes. Several genetic mechanisms con- 
tribute to this diversity, and the relative importance of 
each mechanism varies among the different antigen 
receptor loci (Table 7-1). 

Combinatorial diversity. Somatic recombinations 
involve multiple germline gene segments that may 
combine randomly, and different combinations 
produce different antigen receptors. The maximum 
possible number of combinations of these gene seg- 
ments is the product of the numbers of V, J, and (if 
present) D gene segments at each antigen receptor 

locus. Therefore, the amount of combinatorial 
diversity that can be generated at each locus reflects 
the number of germline V, J, and D gene segments 
at that locus. After somatic recombination and 
expression of antigen receptor chains, combinator- 
ial diversity is further enhanced by the juxtaposition 
of two different, randomly generated V regions (i.e., 
VH and VL in Ig molecules and V, and Vp in TCR mol- 
ecules). Therefore, the total combinatorial diversity 
is theoretically the product of the combinatorial 
diversity of each of the two associating chains. The 
actual degree of combinatorial diversity in the 
expressed Ig and TCR repertoires in any individual 
is likely to be considerably less than the theoretical 
maximum. This is because not all recombinations of 
gene segments are equally likely to occur, and not all 

Table 7-1. Contributions of Different Mechanisms to  the Generation of Diversity in lg and 
TCR Genes 

ith junctional diversity is much greater than the number that 
D, and ] gene segments. Note that although the upper limit 

may be expressed is very large, it is estimated that each 
es of B and T cells with distinct specificities and receptors; in 
repertoire may actually be expressed. 



TdT by gene knockout, the diversity of B and T cell 
repertoires is substantially less than in normal mice. 
The addition of P nucleotides and N nucleotides at 
the recombination sites may introduce frameshifts, 
theoretically generating termination codons in two 
of every three joining events. Such inefficiency is a 
price that is paid for generating diversity. 

Because of junctional diversity, antibody and TCR 
molecules show the greatest variability at  the junc- 
tions of V and C regions that form the third hyper- 
variable region, or CDR3. The CDR3 regions of Ig and 
TCR molecules, which are formed at the sites of V(D)J 
recombination (see Fig. 7-5), are also the most impor- 
tant portions of these molecules for determining the 
specificity of antigen binding (see Chapters 3 and 6). 
In fact, because of junctional diversity, the numbers of 
different amino acid sequences that are present in 
the CDR3 regions of Ig and TCR molecules are much 
greater than the numbers that can be encoded by 
germline gene segments. Thus, the greatest diversity in 
antigen receptors is concentrated in the regions of the 
receptors that are the most important for antigen 
binding. 

Although the theoretical limit of the number of Ig 
and TCR proteins that can be produced is enormous 
(see Table 7-l) , the actual number of Ig and TCR genes 
expressed in each individual is only on the order of 10'. 
This probably reflects the fact that most receptors, 
which are generated randomly, do not pass the selec- 
tion processes needed for maturation, as we shall 
discuss later. 

A practical application of our knowledge of junc- 
tional diversity is the determination of the clonality of 
lymphoid tumors that have arisen from B or T cells. 
Because every lymphocyte clone expresses a unique 

Section Ill - Maturation, Activation, and Regulation of Lymphocytes Chapter 7 - Lymphocyte Maturation and Expression of Antigen Receptor Genes 

pairings of Ig heavy and light chains or TCR a and 
p chains may form functional antigen receptors. 
Importantly, since the numbers of V, J, and D seg- 
ments in each locus are limited (see Figs. 7-4 and 
7-6), the maximum possible numbers of combina- 
tions are on the order of thousands. This is, of 
course, much less than the actual diversity of antigen 
receptors in mature lymphocytes. 

Junctional diversity. The largest contribution to the 
diversity 01 antigen receptors is made by the removal 
or addition of nucleotides between V and D, D and 
J, or V and J segments at the time of joining. These 
processes result in variability at the junctions of V, D, 
and J gene segments, called junctional diversity. One 
way this can occur is if endonucleases remove 
nucleotides from the germline sequences at the ends 
of the J segments (Fig. 7-llA). In addition, new 
nucleotide sequences, not present in the germline, 
may be added at junctions. Gene segments (e.g., V 
and J gene segments) that are cleaved by the RAG 
enzyme form hairpin loops whose ends are often 
cleaved asymmetrically, so that one DNA strand is 
longer than the other (see Fig. 7-llB). The shorter 
strand has to be extended with nucleotides comple- 
mentary to the longer strand before the ligation of 
the two segments. The short lengths of added 
nucleotides are called P nucleotides, and their addi- 
tion introduces new sequences at the V-D-J junctions. 
Another mechanism of junctional diversity is the 
random addition of up to 20 non-template-encoded 
nucleotides called N nucleotides (see Fig. 7-11B). N 
region diversification is more common in Ig heavy 
chains and in TCR P and y chains than in Ig K or h 
chains. This addition of new nucleotides is mediated 
by an enzyme called terminal deoxyribonucleotidyl 
transferase (TdT). In mice rendered deficient in 

) Addition of P and N nucleotides at junctions 
I 

& P nucleotides ' 

N nucleotides, 

-wmr-- 
-I 

@ ~ucleotide deletions at junctions 

I ' N nucleotides 

I Out-of-frame 11 
sequence; Unique junctional sequence 

Figure 7-1 1 (Continued) 
B. Nucleotides (P sequences) may be added to broken DNA ends to repair asymmetric breaks. 

Other nucleotides (N regions) may be added to the sites of VD, V], or DJ junctions by the action of 
the enzyme terminal deoxyribonucleotidyl transferase (TdT), generating new sequences that are not 
present in the germline. 

Figure 7-1 1 Junctional diversity. 
A. During the joining of different V and J exons, removal of nucleotides (indicated as purple boxes) 

by nucleases may lead to the generation of novel nucleotide and amino acid sequences or to out-of- 
frame nonfunctional recombinations. All the indicated amino acid sequences have been detected in 
different V,21-containing mouse antibodies. (Adapted from Nature. Weigert M, R Perry, D Kelley, 
T Hunkapiller, J Schilling, and L Hood. The joining of V and j gene segments creates antibody diver- 
sity. Nature 283:497-499, 1980. Copyright 1980 Macmillan Magazines Limited.) 
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antigen receptor CDR3 region, the sequence of 
nucleotides at the V(D)J recombination site serves as a 
specific marker for each clone. Thus, by sequencing the 
junctional regions of Ig or TCR genes in different B 
or T cell tumors, even from the same patient, one can 
establish whether these tumors arose from one clone 
or independently from different clones. Furthermore, 
polymerase chain reaction-mediated amplification of 
these clone-specific sequences may be used as a sensi- 
tive detection method for small numbers of tumor cells 
in the blood or tissues. 

With this background, we will proceed to discussion 
of the maturation of B lymphocytes and then of T cells. 

the bone marrow to populate peripheral lymphoid 
organs, where they use their membrane Ig to recognize 
and respond to foreign antigens. The development of 
a mature B cell from a lymphoid progenitor is estimated 
to take 2 to 3 days in humans. 

p Heavy chain @ K Light chain 
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Somatic recombination 
(DNA rearrangement): 
D-J joining I T Stages of B Lymphocyte Maturation 

During their maturation, cells of the B lymphocyte 
lineage go through stages characterized by a specific 
pattern of Ig gene expression and the expression of 
other cell surface proteins that serve as phenotypic 
markers of these maturational stages (see Fig. 7-12). 
The earliest bone marrow cell committed to the B cell 
lineage is called a pro-B cell. Pro-B cells do not produce 
Ig, but they can be distinguished from other immature 
cells by the expression of B lineage-restricted surface 
molecules such as CD19 and CD10. RAG proteins are 
first expressed at this stage, and the first recombination 
of Ig genes occurs in the heavy chain locus. This recom- 
bination brings together one D and one J gene 
segment, with deletion of the intervening DNA (Fig. 
7-13A). The D segments that are 5' of the rearranged 
D segment, and the J segments that are 3' of the 
rearranged J segment, are not affected by this recom- 

D2 
LV1 LVn D l  J1 cK c s  

3 '  I Somatic recombination 
(DNA rearrangement): 
V-J joining 

Maturation of B Lymphocytes Somatic recombination 
(DNA rearrangement): V-D-J joining 

D2 The principal euents during the maturation of B lym- 
phocytes are rearrangement and expression of Ig genes 
in a precise order, proliferation of immature cells, and 
selection of the mature repertoire (Fig. 7-12). The mat- 
uration of B lymphocytes from committed precursors 
occurs in the fetal liver and, after birth, in the bone 
marrow. During this process, Ig-negative B cell progen- 
itors develop into mature B cells that express mem- 
brane-bound IgM and IgD molecules and then leave 
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markers C Figure 7-13 lg heavy and light chain gene recombination and expression. 

The sequence of DNA recombination and gene expression events is shown for the Ig p heavy chain 
(A) and the lg K light chain (B). In the example shown in A, the variable (V) region of the p heavy 
chain is encoded by the exons V1, DZ, and 11. In the example shown in B, the V region of the K chain 
is encoded by the exons V1 and 11. 

Anatomic l site I- 
Activation 

bination (e.g., Dl and 52 to J6 in Figure 7-13A). Ig rise to a rearranged VDJ gene. At this stage, all V and 
, heavy chain D-to3 rearrangements do not appear to be D segments between the rearranged V and D genes are 

B lineage restricted because they are commonly found also deleted. V-to-DJ recombination in the Ig H chain 
in T cells as well. After the D-J recombination, one of locus occurs only in committed B lymphocyte precur- 
the many 5' V genes is joined to the DJ complex, giving sors and is a critical checkpoint in Ig expression 

Figure 7-12 Stages of B cell maturation. 
Events corresponding to each stage of B cell maturation from a bone marrow stem cell to a mature 

B lymphocyte are illustrated. Several surface markers in addition to those shown have been used to 
define distinct stages of B cell maturation. TdT, terminal deoxyribonucleotidyl transferase. 
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 cause only the rearranged V gene is subsequently 
transcribed. The TdT enzyme, which catalyzes the 
addition of junctional N nucleotides, is expressed most 
abundantly during the pro-B stage when heavy chain 
VDJ recombination occurs, and levels of TdT decrease 
early in the next stage before light chain VTJ recombi- 
nation is complete. Therefore, junctional diversity 
attributed to N nucleotides is more abundant in heavy 
chains than in light chains. The heavy chain C region 
genes remain separated from the VDJ complex by DNA 
containing the distal J segments, and Ig protein is not 
produced at this stage. 

The pre-B cell represents the next stage of develop- 
ment and is the earliest cell type that synthesizes a 
detectable Ig gene product, namely, cytoplasmic p 
heavy chain. Pre-B cells are found only in hemato- 
poietic tissues. The rearranged Ig heavy chain gene is 
transcribed to produce a primary transcript that in- 
cludes the rearranged VDJ complex and the proximal 
(p and 6 )  C genes. Multiple adenine nucleotides, called 
poly-A tails, are added to one of several consensus 
polyadenylation sites located 3' of the C, RNA. Subse- 
quent processing of the RNA leads to splicing out of the 
sequences between the VDJ complex and the C, gene, 
giving rise to a functional mRNA for the p. heavy chain. 
Thus, the production of the mature mRNA requires 
both recombination of DNA segments and splicing of 
RNA. Translation of the p heavy chain mRNA leads to 
production of the p. protein in pre-B cells. 

Pre-B cells do not express membrane-bound antigen 
receptors because expression of complete membrane Ig 
molecules requires synthesis of both heavy and light 

Pre-B cell receptor Pre-T cell receptor 

inhibition of H chain 
recombination (allelic exclusion) 
Proliferation of pre-B cells 
Stimulation of K light chain 
recombination 

I TCR 
PA 

chains. Therefore, these cells cannot recognize or pre-B cell stage. In humans, mutations in the btk 
respond to antigen. Some of the p heavy chains in 
pre-B cells associate with proteins called surrogate light 
chains, which are structurally homologous to K and h 
light chains but are invariant (i.e., they are identical in 
all B cells). Complexes of p. and surrogate light chains, 
called pre-B cell receptors (Fig. 7-14A), are expressed 
on the cell surface at low levels. The pre-B cell recep- s further somatic recombina- 
tor (pre-BCR) associates with other proteins, called Iga . First, if a p protein is pro- 
and IgP, that function in transducing signals from the heavy chain locus on one 
receptor; Iga and IgP also associate with membrane Ig -BCR, this receptor signals 
molecules in mature B cells (see Chapter 9). Pre-BCRs errierit of the heavy chain 
stimulate the proliferation and continued maturation e. If the first rearrange- 
of the developing B cells, and expression of these recep- se of deletions or 
tors is essential if the developing B cells are to complete n that produce stop 
their maturation successfully. n the second allelic 

, in any B cell clone, 
0 The importance of pre-BCRs is illustrated by studies of 

knockout mice and rare cases of human deficiencies 
of these receptors. For instance, in mice, knockout of 
the gene encoding the CL chain or one of the surrogate 
light chains, called h5, results in markedly reduced 
numbers of mature B cells. This suggests that the p-h5 
complex delivers signals required for B cell maturation 
and that if either gene is disrupted, maturation does 
not proceed. 

It is not known what the pre-BCR complex recog- 
nizes or what biochemical signals it delivers. A kinase 
called the B cell tyrosine kinase (Btk) is associated with 
the pre-BCR and is required for delivering signals from 
this receptor that stimulate B cell maturation beyond 

Figure 7-14 Pre-B cell and 
pre-T cell receptors. 

The pre-B cell receptor (A) and 
the pre-T cell receptor (B) are 
expressed dur~ng the pre-B and 
pre-T cell stages of maturation, 
respectively, and both receptors 
share similar structures and func- 
tlons. The pre-B cell receptor is 
composed of the p heavy chain 
and an invariant surrogate light 
chain. The surrogate light chain is 
composed of two proteins, the 
variable (V) pre-B protein, which is 
homologous to a light chain V 
domain, and a 15 protein that is 

joining of one V segment to one J segment, 

covalently attached to the p heavy a lJJ complex. This VJ complex remains sepa- 
chain by a disulfide bond. The om the C region by an intron, and this separa- 
pre-T cell receptor (B) is com- 1s retained in the primary RNA transcript. Splicing 
posed of the TCR P chain and the criptjoins the C region RNA to the 
invariant pre-Ta chain. The pre-B forming an mRNA that is translated to produce 

h protein. In the h locus, alternative RNA splic- 
use of any one of the four func- 
t there is no known functional 
e resulting types of h light chains. 

of one B cell clone, the K locus 
hain rearrangement and before 

Inhibition of P chain gene 
recombination 
Proliferation of pre-T cells 
Stimulation of a chain 
recombination 
Expression of CD4 and CD8 
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h gene rearrangement. Production of K light chains 
inhibits rearrangement of the h locus, and the h locus 
will undergo recombination only if a K light chain 
cannot be produced. Therefore, an individual B cell 
clone can produce only one of the two types of light 
chains during its life; this is called light chain isotype 
exclusion. As in the heavy chain locus, production of K 
or h from one of the two parental chromosomes pre- 
vents recombination at the other allele, accounting for 
allelic exclusion of light chains in individual B cells. 
Also, as for heavy chains, if one allele undergoes non- 
functional rearrangement, DNA recombination can 
occur on the other allele; however, if both alleles of 
both K and h chains are nonfunctional in a developing 
B cell, that cell dies. The light chain that is produced 
complexes with the previously synthesized p. heavy 
chain, and the assembled IgM molecules are expressed 
on the cell surface in association with Iga and IgP, 
where they function as specific receptors for antigens. 
Immature B cells do not proliferate and differentiate in 
response to antigens. In fact, their encounter with anti- 
gens, such as self antigens in the bone marrow, may lead 
to cell death or functional unreswonsiveness rather 
than activation. This property is important for the neg- 
ative selection of B cells that are specific for self anti- 
gens present in the bone marrow (discussed later). 
Immature B cells leave the bone marrow and comwlete 

I 

their maturation in lymphoid organs. 
The next stage of development is the mature B cell 

stage. At this stage, the cells coexpress p and 6 heavy 
chains in association with the K or h light chain and " 
therefore produce both membrane IgM and membrane 
IgD. Both classes of membrane Ig have the same V 
region and hence the same antigen specificity. Sirnul- 
taneous expression of a single rearranged VDJ gene 
cassette with both C, and C8 to form the two heavy 
chains in one cell occurs by alternative RNA splicing 
(Fig. 7-15). A long primary RNA transcript is produced 
containing the rearranged VDJ complex as well as the 

L V  DJ C, p. heavy 

vAAAI) chain 

processing A Polyadenylation 
sites ,-"-" r - - - - ;  / \ 

L V DJ c6 6 heavy 
A A A I )  chain 

Figure 7-15 Coexpression of IgM and IgD. 
Alternative processing of a primary RNA transcript results in the 

formation of a p or 6 mRNA. Dashed lines indicate the H chain seg- 
ments that are joined by RNA splicing. 
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C, and Cg genes. If the introns are spliced out such that 
the VDJ complex is attached to the C, gene, itgives rise 
to a p mRNA. If, however, the C, RNA is spliced out as 
well so that the VDJ complex becomes contiguous with 
Cg, a 6 mRNA is produced. Subsequent translation 
results in the synthesis of a complete p or 6 heavy chain 
protein. Thus, alternative splicing allows a B cell to 
simultaneously produce mature mRNAs and proteins of 
two different heavy chain isotypes. The precise mecha- 
nisms that regulate the choice of polyadenylation or 
splice acceptor sites by which the rearranged VDJ is 
joined to either C, or Cg are not known, nor are the 
signals that determine when and why a B cell expresses 
both IgM and IgD rather than IgM alone. The coex- 
pression of IgM and IgD is accompanied by the acqui- 
sition of functional competence, and this is why the 
cells are called mature B cells. This correlation between 
expression of IgD and acquisition of functional com- 
petence has led to the suggestion that IgD is the 
essential activating receptor of mature B cells. However, 
as we shall discuss in Chapter 9, there is no evidence 
for a functional difference between membrane IgM 
and membrane IgD. Moreover, knockout of the 6 
gene in mice does not have a significant impact on 
the maturation or antigen-induced responses of B 
cells. 

These mature, naive B cells are responsive to anti- 
gens, and unless the cells encounter antigen, they die 
in a few days or weeks. Mature B cells are found in 
the circulation and peripheral lymphoid organs; in the 
blood and lymphoid tissues of normal individuals, the 
majority of B cells are IgD+IgM+. In Chapter 9, we will 
discuss how these cells respond to antigens and how the 
pattern of Ig gene expression changes during antigen- 
induced B cell differentiation. 

Selection of the Mature B Cell Repertoire 

The repertoire of mature B cells is positively selected 
from the ~ o o l  of immature cells before these cells leave 
the bone marrow. As we shall see later, positive selec- 
tion is well defined in T lymphocytes and is responsible 
for preserving self MHC-restricted CD4' and CD8' T 
cells from the much larger pool of unselected, imma- 
ture T cells. There is no comparable specificity or 
restriction for B cell antigen recognition. It is possible 
that only B cells that express functional membrane Ig 
molecu1.e~ are allowed to complete their maturation 
perhaps because this Ig delivers survival signals. If this 
is correct, positive selection in B cells may serve to pre- 
serve all the cells with the capacity to recognize anti- 
gens, regardless of specificity. However, the mechanisms 
of this positive selection process, and even its impor- 
tance, are unknown. 

Immature B cells that express high-affinity receptors 
for self antigens and encounter these antigens in the 
bone marrow may die or fail to mature further. This is 
the process of negative selection, and it is partly respon- 
sible for maintaining B cell tolerance to self antigens 
that are present in the bone marrow. These are the self 
antigens that tend to be widely distributed throughout 
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the body, and the process of negative selection prevents h their pathophysiologic role in autoimmunity is 
potentially harmful immune responses against such self -1 cell9:are analogous to y6 T cells in that they 
antigens (see Chapter 10). The antigens mediating lirnicd antigen receptor repertoires, and 
negative selection-usually abundant or polyvalent 0th presumed to respond to commonly 
(e.g., membrane-bound) self antigens-deliver strong untered microbial antigens early in immune 
signals to IgM-expressing immature B lymphocytes that 
happen to express receptors specific for these self anti- ginal zone B cells in the spleen have some simi- 
gens. Antigen recognition leads to apoptotic death of lar~fies with B-1 cells, such as limited diversity and 
immature B cells. It is not clear why mature B cells to polysaccharide antigens. The devcl- 
proliferate in response to antigen recognition whereas .pment of marginal zone B cells is not well understood. 
immature cells die. 

In addition to negative selection, some immature B 
cells that recognize self antigens may be induced to ~aturation of T Lymphoqes 
change their specificities by a process called receptor 
editing. In this process, antigen recognition leads to The maturation of T lymphocytes from committed 
reactivation of RAG genes, additional light chain V j  progenitors follows sequential stages consisting of 
recombinations, and production of a new Ig light chain, recombination and expression of TCR genes, 
allowing the cell to express a different Ig receptor that cell proliferation, antigen-induced selection, and 
is not self-reactive. Receptor editing most often involves acquisition of mature phenotypes and functional 
the K light chain locus. The VJ, genes encoding the capabilities (Fig. 7-16). In many ways, this is similar to 
autoreactive light chains are replaced by new VJ, B cell maturation. However, T cell maturation has some 
rearrangements or h light chain rearrangements. The unique features that reflect the specificity of T lym- 
importance of receptor editing as a mechanism for phocytes for self MHC-associated peptide antigens and 
maintaining self-tolerance is not well defined. 

Once the transition is made to the IgD+IgM+ mature 
B cell stage, antigen recognition leads to proliferation 
and differentiation, not to apoptosis or receptor 
editing. As a result, mature B cells that recognize anti- 
gens with high affinity in peripheral lymphoid tissues 
are activated, and this process leads to humoral 
immune responses (see Chapter 9). 

B-1 Subset of B Lymphocytes 

A subset of B lymphocytes, called B-1 cells, differs 
from the majority of B cells and has unique features 
of maturation and Ig gene expression. Many B-1 cells 
express the CD5 (Ly-1) molecule. In neonatal mice, 
these cells originate from the fetal liver and to a lesser 
extent from the bone marrow. In the adult, large 
numbers are found as a self-renewing population in the 
peritoneum. B-1 cells develop earlier during ontogeny 
than do conventional B cells, and they express a rela- 
tively limited repertoire of V genes with less junctional 
diversity than conventional B cells have. Only 5% to 
10% of B cells in the blood and lymphoid tissues belong 
to the B-1 subset. Surprisingly, virtually all B cell- 
derived chronic lymphocytic leukemias are CD5+ and 
are thought to arise from B-1 cells. Moreover, B-1 cells 
spontaneously secrete IgM antibodies that often react 
with microbial polysaccharides and some self antigens. 
These antibodies are sometimes called natural antibod- 
ies because they are present in individuals without overt 
immunization, although it is possible that microbial 
flora in the gut are the source of aritigens that stimu- 
late their production. It is not known whether B-1 cells 
serve a special function in immune responses. One pos- 
sibility is that B-1 cells provide a source of rapid anti- 
body production against microbes in particular sites, 
such as the peritoneum. These cells are also expanded 
in some mouse models of autoimmune disease, al- 
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the need for a special microenvironment for selecting 
cells with this specificity. 

Role of the Thymus in T Cell Maturation 

The thymus is the major site of maturation of T cells. 
This function of the thymus was first suspected because 
of immunologic deficiencies associated with the lack of 
a thymus. 

() If the thymus is removed from a neonatal mouse, this 
animal fails to develop mature T cells. 

The congenital absence of the thymus, as occurs in the 
DiGeorge syndrome in humans or in the nude mouse 
strain, is characterized by low numbers of mature T 
cells in the circulation and peripheral lymphoid tissues 
and severe deficiencies in T cell-mediated immunity. 

The thymus involutes with age and is virtually unde- 
tectable in postpubertal humans, but some maturation 
of T cells continues throughout adult life, as indicated 
by the successful reconstitution of the immune system 
in adult recipients of bone marrow transplants. It may 

Stage of Stem cell Pro-T Pre-T Double Single positive Naive 
maturationa positive (immature T cell) mature T cell 1 

1 Proliferation 

RAG expression 

TdT expression 

1 ~ ~ -  -... . . Recombined Recombined B, Recombined B. Recombined O.  I 
. I  bn U N W ,  Unrecombined Unrecombined p chain gene a chain genes a chain genes' a chain genes' I RNA (germline) (germline) [V(D)J-C]; [V(D)J-C]; p and [V(D)J-C]; p and [V(D)J-Cl; p and 

DNA DNA p chain mRNA a chain mRNA a chain mRNA a chain mRNA 

None Pre-T receptor Membrane Membrane Membrane 
None (p chainlpre-T a) aa TCR ap TCR ap TCR 

Surface c- kit + c- kit + c- kit + 
CD4+CD8- or CD4+CD8- or 

CD44+ CD44+ CD44+ CD4+CD8+ C D ~ C D ~ +  markers TCWCD3lo CD4-CD8+ CD25- CD25+ CD25+ TCWCD3hi TC WCD3hi 

site 
I"at0mic - 
Response 
to antigen None 

Positive and Negative Activation 
None None negative (proliferation and 

selection selection differentiation) 

Figure 7-16 Stages of T cell maturation. 
Events corresponding to each stage of T cell maturation from a bone marrow stem cell to a mature 

T lymphocyte are illustrated. Several surface markers in addition to those shown have been used to 
define distinct stages of T cell maturation. TdT, terminal deoxyribonucleotidyl transferase. 



cortex, where most of the subsequent maturation wl&in the medulla. The migration of thymocytes 
events occur. It is in the cortex that the thymocytes first through this anatomic arrangement allows physical 
express TCRs and begin to mature into CD4+ class I1 interactions between the thymocytes and these other 
MHC-restricted or CD8' class I MHC-restricted T cells. cells, which are necessary for the maturation of the T 
As these thymocytes undergo the final stages of matura- 
tion, they migrate from the cortex to the medulla and of molecules produced by the nonlym- 
then exit the thymus through the circulation. phoid thymic cells are important for T cell maturation. 

The thymic environment provides stimuli that are The first are MHC molecules, which are expressed by 
required for the proliferation and maturation of thy- many of the nonlymphoid cells in the thymus. Epithe- 
mocytes. Many of these stimuli come from cells other lial cells and dendritic cells in the thymus express 
than the maturing T cells, which are also present within high levels of class I and class I1 MHC molecules, and 
the thymus. These include thymic epithelial ce rnacrophages express class I MHC molecules. The inter- 
bone marrow-derived macrophages and dendri of maturing thymocytes with these MHC mole- 
(see Chapter 2, Fig. 2-9). Within the cortex, cules within the thymus are essential for the selection 
epithelial cells rorm a meshwork of long cytoplas of the mature T cell repertoire, as we will discuss in 
processes, around which thymocytes must pass to re detail later. Second, thymic stromal cells, including 
the medulla. Epithelial cells are also present epithelial cells, secrete cytokines, which stimulate the 
medulla. Bone marrow-derived dendritic ce proliferation of immature T cells. The best defined of 
present at the corticomedullary junction and these cytokines is IL7, which was mentioned earlier as 
the medulla, and macrophages are present pr a critical lymphopoietic growth factor. 

The rates of cell proliferation and apoptotic death 
are extremely high in cortical thymocytes. A single pre- 
cursor gives rise to many progeny, and 95% of these 
cells die by apoptosis before reaching the medulla. 'The 
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but Vp-to-DJp rearrangements occur only in developing 
T cells. 

be that the remnant of the involuted thymus is ade- 
quate for some T cell maturation; extrathymic sites of 
T cell maturation may also exist, but none has been 
clearly identified. Because memory T cells have a long 
life span (perhaps longer than 20 years in humans) and 
accumulate with age, the need to generate new T cells 
decreases as individuals age. 

T lymphocytes originate from precursors that arise 
in the fetal liver and adult bone marrow and seed the 
thymus. It is likely that progenitors of multiple lineages 
enter the thymus and only T cell precursors survive 
and mature. In mice, immature lyrnphocyles are Grst 
detected in the thymus on the 11th day of the normal 
21-day gestation. This corresponds to about week 7 or 
8 of gestation in humans. Developing T cells in the 
thymus are called thymocytes. The most immature thy- 
mocytes do not express the TCR or CD4 and CD8 co- 
receptors (Fig. 7-17). They are found in the subcapsular 
sinus and outer cortical region of the thymus. From 
here, the thymocytes migrate into and through the 

The next stage of maturation of ap T cells is called 
the pre-T cell stage. Vp-to-DJp rearrangements occur at 
this stage. The DNA sequences between the rearrang- 
ing elements, including D, J, and possibly Cpl genes 
(if Dp2 and Jp2 segments are used), are deleted during 
this rearrangement process. The primary nuclear 
transcripts 'of the TCR P genes contain noncoding 
sequences between the recombined V̂DT and the C 

Poly-A tails are added to consensus~polyadenyla- 
tion sites located 3' of the Cp RNA, and the sequences 
between the VDJ and C RNA are spliced out to form a 
mature mRNA in which VDJ segments are juxtaposed 
to either of the two C genes. Translation of this mRNA 
gives rise to a full-length Cp protein. The two Cp genes 
appear to be functionally interchangeable, and there is 
no evidence that an individual T cell ever switches from 
one C gene to another. Furthermore, the use of either 
Cp gene segment does not influence the function or 
specificity of the TCR. The P chain promoters in the 5' 
flanking regions of Vp genes function together with a 
powerful enhancer that is located 3' of the Cp2 gene 
once the two genes are brought into proximity by the 
V to DJ recombination. This is responsible for high- 
level, T cell-specific transcription of the TCR P chain. 
The P chain protein is expressed on the cell surface in 
association with an invariant protein called pre-Ta and 
with CD3 and 5 proteins to form the pre-T cell recep- 
tor (pre-TCR; see Fig. '7-14B). The function of the pre- 
TCR complex in T cell development is thought to be 
similar to that of the surrogate light chain-containing 
pre-BCR in B cell development. Signals from the pre- 
TCR stimulate proliferation of the pre-T cells, recom- 
bination at the a chain locus, and transition from the 

--- 
cell death is due to a combination of failure to express 
functional antigen receptors, failure to be positively 
selected by MHC molecules in the thymus, and self 
antigen-induced negative selection (see Figs. 7-2 and 
7-3). Cortical thymocytes are also sensitive to irradia- 
tion and glucocorticoids. In vivo, high doses of gluco- 
corticoids induce apoptotic death mainly in cortical 
thymocytes. 

Stages of T Cell Maturation 

During T cell maturation, there is a precise order of 
somatic recombination of TCR genes and expression 
of the TCR and CD4 and CD8 coreceptors (see Figs. 
7-16 and 7-17). In the mouse, surface expression of the 
CD3-associated yZi TCR occurs first, 3 to 4 days after the 
precursor cells first arrive in the thymus, and the ap 
TCR is expressed 2 or 3 days later. In human fetal thy- 
muses, y6 receptor expression begins at about 9 weeks 
of gestation, followed by expression of the ap TCR at 
10 weeks. In the following section, we discuss the mat- 
uration of ap T cells; y6 T cells are discussed later in 
the chapter. 

The most immature cortical thymocytes, which are 
ecent arrivals from the bone marrow, contain TCR 

denes in their germline configuration and do not 
express TCR, CD3, or 5 chains or CD4 or CD8; these 
cells are called double-negative thyrnocytes. This is also 
known as the pro-T cell stage of maturation. The major- 
ity (>go%) of the double-negative thymocytes will 
ultimately give rise to ap TCR-expressing, MHC- 
restricted CD4+ and CD8' T cells. RAG1 and RAG2 
Proteins are first expressed at this stage, and Dp-togp 
rearrangements occur first and involve either joining of 
the Dpl gene segment to one of the six Jpl segments or 
joining of the Dp2 segment to one of the six Jp2 seg- 
ments (Fig. 7-18A). Dp-to-Jp rearrangements are not 
lineage restricted and may occur in developing B cells, 

double-negative to the double-positive stage (see later). 
These signals also inhibit further rearrangements of 
the p chain locus on either chromosome, presumably 
by down-regulating expression of RAG proteins that 
mediate recombination and by limiting accessibility of 
the other allele to these enzymes. This results in P chain 
allelic exclusion (i.e., mature T cells express only one 
of the two inherited P chain alleles). As in pre-B cells, 
it is not known what, if any, ligand this pre-TCR recog- 
nizes. The mechanism of signaling by the pre-TCR is 
not well defined but probably involves the Src family 
tyrosine kinase Lck, which is'also required for signal 
transduction by the TCR in mature T cells (see Chapter 
8). The essential function of the pre-TCR in T cell mat- 
uration has been demonstrated by numerous studies 
with genetically mutated mice. 

ly6 T cell 1 
%) In RAG-I- or RAG-2-deficient mice, thymocytes 

cannot rearrange either a or p chain genes and fail to 
mature past the-double-negative stage.1f a functionally 

Figure 7-17 Maturation of T cells in the thymus. 
Precursors of T cells travel from the bone marrow through the blood to the thymus. In the thymic 

cortex, progenitors of ap T cells express TCRs and CD4 and CD8 coreceptors. Selection processes 
eliminate self-reactive thymocytes and promote survival of thymocytes whose TCRs bind self MHC 
molecules with low affinity. Functional and phenotypic differentiation into CD4+CD8- or CD8*CD4- T 
cells occurs in the medulla, and mature T cells are released into the circulation. The y6 TCR-express- 
ing T cells are also derived from bone marrow precursors and mature in the thymus as a separate 
lineage. 

rearranged P chain gene is introduced into the RAG 
deficient mice as a transgene, the expressed P chain 
associates with pre-Ta to form the pre-TCR, and mat- 
uration proceeds to the double-positive stage. An a 
chain transgene alone does not relieve the maturation 
block because the P chain is required for formation of 
thc prc-TCR. 
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Figure 7-18 TCR a and P chain gene recombination and expression. 
The sequence of recombination and gene expression events is shown for the TCR P chain (A) and 

the TCR a chain (B). In the example shown in A, the variable (V) region of the TCR P chain is encoded 
by the exons Vpl, Dpl, and the third exon in the Jpl cluster, and the constant (C) region is encoded 
by Cpl. Note that in this example, the DNA recombination begins with D-to-J joining followed by V- 
to-DJ joining, but direct V-to-J joining may also occur in the p chain locus. In the example shown in 
B, the V region of the TCR a chain is encoded by Val and the second exon in the J, cluster. 

Knockout mice lacking any component of the pre21'CK positive thymocytes. The expression of CD4 and CD8 
complex (i.e., the TCR P chain, pre-Ta, CD3, 5, or essential for subsequent selection events, discusse 
Lck) show a block in the maturation of T cells at the later. The rearrangement of the TCR a chain genes an 
double-negative stage (see Box 7-1). the expression of TCR ap heterodimers occur in tk 

CD4'CDB' double-positive population, just before ( 

At the next stage of T cell maturation, thymocytes during migration of the thyrnocytes from the cortex 1 

express both CD4 and CD8 and are called double- the medulla (see Figs. 7-16 and 7-17). A second wal 
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of RAG gene expression late in the pre-T stage pro- 
motes TCR a gene recombinations. Once a chain 

commences, it proceeds for 3 or 4 days 
(in mice) until the expression of the RAG1 and RAG2 
genes is turned off by signals from the ap TCR during 
positive selection (discussed later). The steps in a chain 
gene rearrangements are similar to those in the p chain 
gene (see Fig. 7-18B). Because there are no D segments 
in the a locus, rearrangement consists solely of the 
joining of V and J segments. The large number of J, 
segments permits multiple attempts at productive V-J 
joining on each chromosome, thereby increasing the 
probability that a functional ap TCR will he produced. 
Unlike in the p chain locus, where production of the 
protein and formation of the pre-TCR suppress further 
rearrangement, there is little or no allelic exclusion 
in the a chain locus. Therefore, productive TCR a 
rearrangements may occur on both chromosomes, and 
if this happens, the T cell will express two a chains. In 
fact, up to 30% of mature peripheral T cells do express 
two different TCRs, with different a chains but the 
same p chain. The functional consequence of this dual 
receptor expression is unknown. Because only one TCR 
is required for positive selection, it is possible that the 
second TCR may not have any affinity for self MHC, and 
therefore it would have no function. Transcriptional 
regulation of the a chain gene is apparently similar to 
that of the p chain. There are promoters 5' of each V, 
gene that have low-level activity and are responsible for 
high-level T cell-specific transcription when brought 
close to an a chain enhancer located 3' of the C, gene. 
In both the a and the P chain loci, if productive 
rearrangements fail to occur on either chromosome, 
the thymocyte will die by apoptosis. 

TCRa gene expression in the double-positive stage 
leads to the formation of the complete ap TCR, which 
is expressed on the cell surface in association with CD3 
and 5 proteins. The coordinate expression of CD3 and 
6 proteins and the assembly of intact TCR complexes 
are required for surface expression. The expression of 
RAGgenes and further TCR gene recombination cease 
after this stage of maturation. The first cells to express 
TCRs are in the thymic cortex, and expression is low 
compared with mature T cells. By virtue of their expres- 
sion of complete TCR complexes, double-positive cells 
become responsive to antigens and are subjected to pos- 
itive and negative selection. 

Cells that successfully undergo these selection 
processes go on to mature into CD4+ or CD8' T cells, 
which are called single-positive thymocytes. Thus, the 
stages of T cell maturation in the thymus can readily be 
distinguished by the expression of CD4 and CD8 (Fig. 
7-19). This phenotypic maturation is accompanied by 
functional maturation. CD4' cells acquire the ability to 
Produce cytokines in response to subsequent antigen 
stimulation and to express effector molecules (such 
as CD40 ligand) that "help" B lymphocytes and 
macrophages, whereas CD8+ cells become capable of 
Producing molecules that kill other cells. We do not 
know the mechanisms by which CD4' cells become spe- 
cialized to function as helper cells and CD8' cells as 

Single-positive Double-positive 
CD4+ cells CD4+CD8+ cells 

. . + 1.-12% ;. ., . . . . ,  -80% 1 . . .  . . . . _ . :  . . . .. 

Double-negative Single-positive 
CD4-CD8- CD8+ cells 

Figure 7-19 CD4 and CD8 expression on thymocytes. 
The maturation of thymocytes can be followed by changes in 

expression of the CD4 and CD8 coreceptors. A two-color flow cyto- 
metric analysis of thymocytes using anti-CD4 and anti-CD8 anti- 
bodies, each tagged with a different fluorochrome, is illustrated. The 
percentages of all thymocytes contributed by each major popula- 
tion are shown in the four quadrants. The least mature subset is the 
CD4-CD8- (double-negative) cells. Arrows indicate the sequence of 
maturation. 

cytolytic T lymphocytes. Mature single-positive thymo- 
cytes enter the thymic medulla and then leave the 
thymus to populate peripheral lymphoid tissues. 

Selection Processes in the Maturation 
of MHC-Restricted ap T Cells 

The selection of developing T cells is stimulated by 
recognition of antigen (peptide-MHC complexes) in 
the thymus and is responsible for preserving useful 
cells and eliminating potentially harmful ones (Fig. 
7-20). The immature, or unselected, repertoire of T 
lymphocytes consists of cells whose receptors may rec- 
ognize any peptide antigen (self or foreign) displayed 
by any MHC molecule (also self or foreign). In addi- 
tion, receptors may be expressed that do not recognize 
any peptide-MHC molecule complex. In every individ- 
ual, the only useful T cells are the ones specific for 
foreign peptides presented by that individual's MHC 
molecules, that is, self MHC molecules. (Recall that 
there are many alleles of MHC molecules in the popu- 
lation, and every individual inherits one allele of each 
MHC gene from each parent. These inherited alleles 
encode "self MHC" for that individual.) Also, in every 
individual, T cells that recognize ubiquitous self anti- 
gens with high avidity are potentially dangerous 
because such recognition may trigger autoimmunity. 
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nize foreign antigens only in association with MHC 
molecules of the host strain (Table 7-2). Therefore, T 
cells are selected to recognize the MHC molecules of 
the strain in which the cells mature. The self MHC 
restriction of T cells refers to the MHC that the T cells 
encounter during their maturation and not necessar- 
ily to the MHC alleles expressed by the T cells them- 
selves. Normally, of course, the thymus and the 
developing T cells express the same MHC alleles, 
which are "self' in each individual. 

(O If a thymus from one inbred strain is transplanted into 
chimeric animals of another strain, the T cells that 
mature are restricted by the MHC type of the thymus 
(see Table 7-2). The transplanted thymuses may be 
irradiated or treated with cytotoxic drugs (such as 
deoxyguanosine) to kill all resident bone marrow- 
derived macrophages, dendritic cells, and lymphoid 
cells, leaving only the resistant thymic epithelial cells. 
Again, mature T cells develop in these thymuses, and 
their ability to recognize antigen is restricted by MHC 
gene products expressed on the transplanted thymic 
epithelial cells and not necessarily by MHC gene prod- 
ucts expressed on extrathymic cells. Therefore, the 
thymic epithelium is the critical host element for pos- 
itive selection (i.e., the development of the MHC 
restriction patterns of T cells). 

@ If a transgenic ap TCR with a known MHC restriction 
is expressed in a mouse strain that also expresses the 
MHC allele for which the TCR is specific, T cells will 
mature and populate peripheral lymphoid tissue. If the 
mouse is of another MHC haplotype and does not 
express the MHC molecule that the transgenic TCR 
recognizcs, thcre are normal numbers of CD4+CD8' 
thymocytes but very few mature transgenic TCR- 
expressing T cells (Fig. 7-21). This result demonstrates 
that double-positive thymocytes must cxpress TCRs 
that can bind self MHC molecules to be positively 
selected. As we shall see later, the same experimental 
system has been used to study negative selection. 

4 

programmed 
cell death; 

conversion to 
single positive 

positive selection works by promoting the selective 
survival and expansion of thymocytes with self 
MHC-restricted TCRs and by permitting thymocytes 
whose TCRs are not self MHC-restricted to die by 
apoptosis (Fig. 7-20A, B ) .  Double-positive thymocytes 
are produced without antigenic stimulation and begin 
to express ap TCRs with randomly generated specifici- 
ties. In the thymic cortex, these immature cells en- 
counter epithelial cells that are displaying a variety of 
self peptides bound to class I and class I1 MHC mole- 
cules. If the TCR on a cell recognizes peptide-loaded 
class I MHC molecules, and at the same time CD8 inter- 
acts with the class I MHC molecules, that T cell receives 
signals that prevent its death and promote its continued 
maturation. To proceed along the maturation pathway, 
the T cell must continue to express the TCR and CD8 
but can lose expression of CD4. The result is the devel- 
opment of a class I MHC-restricted CD8+ T cell. An 
entirely analogous process leads to the development of 
class I1 MHC-restricted CD4+ T cells. Any T cell that 
expresses a TCR that does not recognize a peptide- 
loaded MHC molecule in the thymus will die and be lost. 

Positive selection of T cells requires the recognition 
of self MHC molecules in  the thymus by the TCRs of 
immature (double-positive) thymocytes. The essential 
roles of MHC molecules and TCR specificity have been 
established by a variety of experiments. 

Low-affinitylavidity recognition 
of peptide-MHC complex on 

thymic epithelial cell 
I 

Thymic 
epithelii ?I1 

1 '  
4 cell death 

. ..ilure to recognize peptide-MHC - 
complex on thymic epithelial cell 

1 

cell death 

In early studies, T cells from inbred mice of one strain 
were allowed to mature in the presence of a thymus of 
ariother strain, and the restriction of mature T cells to 
the MHC alleles of either strain was examined. If 
chimeric animals are created by transferring the bone 
marrow-derived hematopoietic stem cells from a 
mouse of one MHC haplotype into a lethally irradiated 
mouse of a partially different MHC haplotype, the 
mature T cells that develop in these chimeras recog 

MHC 
High-avidity recognition 

of peptide-MHC complexes on 
thymic antigen-presenting cell 

Figure 7-20 Selection processes in the thymus. 
A. Positive selection. If the thymocyte TCR engages in a low-affinity interaction with a self MHC 

molecule on a thymic epithelial cell, it is rescued from programmed cell death and continues to 
mature. 

B. Lack of positive selection. If the thymocyte TCR does not engage in any interactions with peptide- 
MHC molecule complexes on thymic epithelial cells, it will die by a default pathway of programmed 
cell death. 

C. Negative selection. If the thymocyte TCR binds peptide-MHC complexes on a thymic antigen- 
presenting cell with high affinity or avidity, it is induced to undergo apoptotic cell death. 

Table 7-2. Development of MHC Restriction in Bone Marrow plus Thymus Chimeras 

I Specific killing of virus- I 1 Chimera 

Selection processes act on the immature T cell reper- 
toire to ensure that only the useful cells complete the 
process of maturation. 

When double-positive thymocytes first express ap 
TCRs, these receptors encounter self peptides (the only 
peptides normally present in the thymus) displayed by 
self MHC molecules (the only MHC molecules available 
to display peptides). Positive selection is the process in 
which thymocytes whose TCRs bind with low avidity 
(i.e., weakly) to self peptide-self MHC complexes are 
stimulated to survive (see Fig. 7-20A). Thymocytes 
whose receptors do not recognize self MHC molecules 
are permitted to die by a default pathway of apoptosis 
(see Fig. 7-20B). This ensures that the T cells that 
mature are self MHC-restricted. Positive selection also 

fixes the class I or class I1 MHC restriction of T cell 
subsets, ensuring that CD8' T cells are specific for pep- 
tides displayed by class I MHC molecules and CD4" T 
cells for class 11-associated peptides. Negative selection 
is the process in which thymocytes whose TCRs bind 
strongly to self peptide antigens in association with self 
MHC molecules are deleted (see Fig. '7-20C). This elim- 
inates developing T cells that are strongly autoreactive 
against ubiquitous self antigens, which are the self anti- 
gens most likely to be present in the thymus. The net 
result of these selection processes is that the repertoire 
of mature T cells that leaves the thymus is sell MHC- 
restricted and tolerant to many self antigens. In the fol- 
lowing sections, we discuss the details of positive and 
negative selection. 

I None I + I + I 

Bone marrow chimeras are created by reconstituting an irradiated mouse of one strain with bone marrow progenitors 1 
from another strain. In this example, the strain A and B mice have different class I MHC alleles. The MHC restriction I 
specificity of mature T cells in these mice is tested by assaying the ability of cytolytic T lymphocytes generated in 
response to viral infection to kill virus-infected target cells from different mouse strains in vitro. These experiments 
demonstrate that the host MHC type, and not the bone marrow donor type, determines the restriction specificity of 
the mature T cells and that the thymus is the site where self MHC restriction is learned. 

-- - - ---- - - 
---------- 
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Figure 7-21 T cell maturation and 
selection In a TCR transgenic mouse 
model. 

In the experiment depicted, a trans- 
genic mouse expresses a TCR specific for 
an  H-2Db-associated H-Y (male-specific) 
antigen, which is, in effect, a foreign 
antigen for a female mouse. (The creation 
of TCR transgenic mice is described in 
Appendix Ill.) In female mice expressing 
the Db MHC allele, mature T cells express- 
ing the transgenic TCR do develop 
because they are positively selected by 
the self MHC molecules. These T cells do 
not mature in male H-Y-expressing mice 
because they are negatively selected by 
H-Y antigen recognition in the thymus. 
Furthermore, mature T cells do not 
develop in female mice that express Dk 
but do not express the Db allele because 
of a lack of positive selection of the Db- 
restricted TCR-expressing T cells. APC, 
antigen-presenting cell. 

selection of T cells and that some peptides are better 
than others in supporting this process. It is not known 
what structural features may be common to positively 
selecting peptides. Nevertheless, the finding that pep- 
tides differ in the repertoires of T cells they select sug- 
gests that specific antigen recognition, and not just 
MHC recognition, has some role in positive selection. 
Weak, or low-avidity, recognition of peptides in the 
thymus protects immature T cells from a default 
pathway of apoptotic death and allows the cells to com- 
plete their maturation. We do not know what signals 
generated by weak antigen recognition protect imma- 
ture T cells from death and how these signals differ 
from those generated by antigen recognition in mature, 
single-positive T cells. One consequence of self 
peptide-induced positive selection is that the T cells 
that mature have some capacity to recognize self pep- 
tides. We mentioned in Chapter 2 that the survival of 
naive lymphocytes before encounter with foreign anti- 
gens requires survival signals that are apparently gen- 
erated by recognition of self antigens. The same self 
peptides that mediate positive selection of double- 
positive thymocytes in the thymus may be involved in 
keeping naive, mature (single-positive) T cells alive in 
peripheral lymphoid organs, such as thc lymph nodes 
and spleen. 

This model of positive selection based on weak 
recognition of self antigens raises a fundamental ques- 
tion: How does positive selection driven by self antigens 
produce a repertoire of mature T cells specific for 
foreign antigens? The likely answer is that T cells that 
recognize self peptides with low affinity will, after 
maturing, fortuitously recognize foreign peptides with 
a high enough affinity to be activated and Lo generate 

fore, foreign peptides cannot be involved in the posi- 
tive selection of T cells that ultimately may recognize 
these peptides. Self peptides are required for positive 
selection, however, and exactly what role they are 
playing has been the subject of numerous studies using 
a variety of experimental systems. 

To address the role of peptides in T cell selection, itwas 
necessary to develop systems in whish the array of pep- 
tides presented to developing thymocytes was limited 
and could be manipulated experimentally. For class I 
MHGdependent positive selection, this was accom- 
plished with use of TAP-1-deficient or P2-microglobu- 
lin-deficient mice. In these mice, the class I molecules 
are not loaded with cytosolic peptides and are unstable, 
but they can readily be loaded with exogenously added 
peptides. If thymuses from such mice are cultured 
without added peptides, few mature T cells develop 
(Fig. 7-22). The addition of peptides dramatically 
increases the development of single-positive CD8+ T 
cells, indicating effective positive selection of thymo- 
cytes expressing class I MHGrestricted TCRs. A key 
finding in these experiments was that one or a few pep- 
tides induced thc positivc sclcction of a large repertoire 
of CD8+ T cells that could potentially recognize many 
different unrelated peptides. However, no single 
peptide was sufficient to generate a normal number (or 
repertoire) of mature T cells. Furthermore, complex 
mixtures of peptides induced the maturation of more 
CD8+ T cells than did single peptides. We do not know 
if the specificities of the T cells that mature are related 
to the peptides that induced their maturation. 

The conclusion of such experiments is that peptides 
bound to MHC molecules are required for positive 
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H-2Db-restricted 

. H-2Db T Cell line Cloned TCR genes 

-peptide H-Y 
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i I  : KIM+. Yes H-Y I /  
Fetal thymic 
organ culture 

4ntigen presentation 
to double-positive development 

thymocytes 1 1  C 0 i z b 4 -  During the transition from double-positive to 
single-positive cells, thymocytes wi th class Z- 
restricted TCRs become CD8+CD4, and cells with 
class ZI-restricted TCRs become CD4'CD8-. CD4 and 
CD8 function as coreceptors with TCRs during positive 
selection and recognize the MHC molecules when the 
TCRs are recognizing peptide-MHC complexes. Signals 
from the TCR complex and the coreceptors function 
together to promote survival of thymocytes. This func- 
tion of CD4 and CD8 is similar to their role in the acti- 
vation of mature T cells (see Chapter 8). At this stage 
in maturation, there may be a random loss of either 
CD4 or CD8 gene, and only cells expressing the 
"correct" coreceptor (i.e., CD4 on a class 11-restricted 
T cell or CD8 on a class I-restricted T cell) will con- 
tinue to mature. It is also possible that the expression 
of the wrong coreceptor is actively suppressed, although 
how this is accomplished is unknown. 

0 Knockout mice that lack class I MHC expression in 
thymic epithelial cells do not develop mature CD8+ T 
cells but do develop CD4+CD8+ thymocytes and mature 
CD4+ T cells. Conversely, class I1 MHC-deficient mice 
do not develop CD4+ T cells but do develop CD8+ cells. 

These results demonstrate that thymic epithelial cells 
must express class I or class I1 MHC molecules to pos- 
itively select thymocytes to become CD8+ or CD4+ 
single-positive cells, respectively. 

0 In transgenic mice expressing a class I1 MHG 
restricted TCR, the mature T cells that develop are 
almost exclusively CD4', even though there are normal 
numbers of CD4+CD8+ thymocytes. Conversely, if the 
transgenic TCR is class I-restricted, the T cells that 
mature are CD8'. Thus, the coreceptor and the MHC 
specificity of the TCR must match if a thymocyte is to 
develop into a mature T cell. 

Peptides bound to MHC molecules on thymic 
epithelial cells play an essential role i n  positive selec- 
tion. In Chapters 4 and 5, we described how cell surface 
class I and class I1 molecules always contain bound 
peptides. These MHC-associated peptides on thymic 
antigen-presenting cells probably serve two roles in pos- 
itive selection-first, they promote stable cell surface 
expression of MHC molecules, and second, they may 
influence the specificities of the T cells that are 
selected. Obviously, the thymus cannot contain all the 
antigens to which an individual can respond. There- 

Wild-type (normal) 

Figure 7-22 Role of peptides in positive selection. 
In the experiment shown, thymuses are removed from 

fetal mice and cultured in vitro (fetal thymic organ cultures). 
If the thymuses are removed early enough in gestation, they 
contain only immature thymocytes that have not yet under- 
gone positive selection, and therefore subsequent maturation 
events can be followed under varying in vitro conditions. In 
thymuses from wild-type (normal) mice, both CD4+CD8- and 
CD8+CD4- T cells will develop. TAP-I-deficient mice cannot 
form peptide-class I MHC complexes on thymic epithelial 
cells (see Chapter 5), and there is little development of 
CD8+CD4- T cells in the thymuses from these mice because 
of a lack of positive selection of class I-restricted thymocytes. 
However, the addition of peptides to the culture medium sur- 
rounding the TAP-I-deficient thymuses permits the formation 
of peptide-class I MHC complexes on the surface of thymic 
epithelial cells, and this restores maturation of CD8+CD4- 
T cells. 

TAP-deficient '. 

Add 



immune respqnses. AS we discuss next, strong recogni- 
tion of self antigens in the thymus results in negative 
selection of developing T cells. 

Negative Selection of Thymocytes: Development of 
Central Tolerance 

Negatiue selection of thymocytes works by inducing 
apoptotic death bf cells whose receptors recognize 
abundant pept2de-MHC complexes i n  the thymus with 
high avidity (see Fig. 7-20C). Among the double- 
positive T cells that are generated in the thymus, some 
may express TCRs that recognize self antigens with high 
affinity. If these self antigens are also present at high 
concentrations in the thymus, the T cells will see the 
antigens with high avidity because the avidity of antigen 
recognition depends on the affinity of the TCR and the 
concentration of the peptide that the T cell recognizes. 
The peptides present at high concentration in the 
thymus are self peptides that are mainly derived from 
protein antigens widely expressed in the body (i.e., they 
are ubiquitous). In immature T cells, the consequence 
of high-avidity antigen recognition is the triggering of 
apoptosis, leading to death, or deletion, of the cells. 
Therefore, the immature thymocytes that express high- 
affinity receptors for ubiquitous self antigens are elim- 
inated, resulting in negative selection of the T cell 
repertoire. This process eliminates the potentially most 
harmful self-reactive T cells and is one of the mecha- 
nisms ensuring that the immune system does not 
respond to many self antigens, a property called self- 
tolerance. Tolerance induced in immature lymphocytes 
by recognition of self antigens in the generative (or 
central) lymphoid organs is also called central toler- 
ance, to be contrasted with peripheral tolerance 
induced in mature lymphocytes by self antigens in 
peripheral tissues. We will discuss the mechanisms and 
physiologic importance of immunologic tolerance in 
more detail in Chapter 10. 

Formal proof for deletion of T cell clones reactive 
with antigens in the thymus (also called clonal dele- 
tion) has come from several experimental approaches 
that allowed investigators to observe the effects of self 
antigen recognition by a large number of developing T 
cells. 

0 When TCR transgenic mice are exposed to the peptide 
for which the TCR is specific, a large amount of cell 
death is induced in the thymus and a block occurs in 
the development of mature transgenic TCR-expressing 
T cells. In one such study, a transgenic mouse line was 
created that expressed a class I MHGrestricted TCR 
specific for the Y chromosome-encoded antigen H-Y, 
which is expressed by many cell types in male mice but 
not in female mice (see Fig. 7-21). Female mice with 
this transgenic TCR have normal numbers of thymo- 
cytes in the thymic medulla and large numbers of CD8+ 
T cells in the periphery because they do not express 
the H-Y antigen that may induce negative selection. In 
contrast, male transgenic mice have few TCR-express- 
ing, single-positive thymocytes in the medulla and few 
mature peripheral CDBC T cells because of deletion of 

the H-Y-specific thymocytes induced by H-Y antigen in 
the thymus. 

0 The same deletion of immature T cells is seen if trans- 
genic mice expressing a TCR specific for a known 
peptide antigen are bred with mice expressing that 
antigen or if the mice are injected with large doses of 
the antigen. This can also be mimicked in vitro by cul- 
turing intact thymuses from TCR transgenic mice with 
high concentrations of the peptide for which the TCR 
is specific. In all these examples, there is a block of T 
cell maturation after the cortical double-positive stage, 
presumably because immature thymocytes express the 
transgcnic TCR, recognize the antigen on thymic 
antigen-presenting cells, and are deleted before they 
can mature into single-positive cells. 

The deletion of immature self-reactive T cells occurs 
when the TCR on a CD4+CD8+ thymocyte binds strongly 
to a self peptide presented by another thymic cell. Most 
evidence indicates that any thymic antigen-presenting 
cell can induce negative selection, including bone 
marrow-derived macrophages and dendritic cells and 
thymic epithelial cells, whereas epithelial cells are espe- 
cially (and perhaps uniquely) effective at inducing 
positive selection. The key factor determining the 
choice between positive and negative selection is the 
strength of antigen recognition, with low-avidity recog- 
nition leading to positive selection and high-avidity 
recognition inducing negative selection. CD4 and CD8 
molecules probably play a role in negative selection, as 
they do in positive selection, because these coreceptors 
participate in recognition of MHC molecules present- 
ing self peptides. The cellular basis of negative selection 
in the thymus is the induction of death by apoptosis. 
Unlike in death by default (or neglect), which occurs 
in the absence of positive selection, in negative selec- 
tion, active death-promoting signals are generated 
when the TCR of immature thymocytes binds with high 
affinity to antigen. The nature of these active death- 
inducing signals in thymocytes is not known. 

Studies suggest that recognition of self antigens in 
the thymus can also generate a population of regula- 
tory T cells, which function to prevent autoimmune 
reactions (see Chapter 10). It is not known why some 
self antigens cause deletion of T cells and others induce 
regulatory T cells. 

y6 Subset of T Lymphocytes 

TCR @- and @-expressing thymocytes are separate 
lineages with a common precursor. In fetal thymuses, 
the first TCR gene rearrangements involve the y and 6 
loci. Recombination of TCR y and 6 loci proceeds in a 
fashion similar to that of other antigen receptor gene 
rearrangements, although the order of rearrangement 
appears to be less rigid than in other loci. 

T cells that express functional y and 6 chains do not 
express ap TCRs and vice versa. The independence of 
these lineages is indicated by several lines of evidence. 

@ Mature ap-expressing T cells often show out-of-frame 
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0 TCR 6 gene knockout mice develop normal numbers 
of ap T cells, and p gene knockout mice develop 
normal numbers of y6 T cells. 

The diversity of the y6 T cell repertoire is theoretically 
t of the ap T cell repertoire, in 
heptamer-nonamer recognition 
D segments permit D-to-D joining. 

owever, the actual diversity of expressed 
d because only a few of the available V, 
ts are used in mature y6 T cells, for 
. This limited diversity is reminiscent 

of the limited diversity of the B-1 subset of B lymphocytes 
and is in keeping with the concept that y6 T cells serve 

se against a limited number of com- 
d microbes at epithelial barriers. 
we also mentioned another small 

cells, which are not MHC 
stricted and do not recognize peptides displayed by 

cells. The maturation of NK-T cells 

. B and T lymphocytes arise from a common bone 
ived precursor that becomes cornrnil~ed 
hocyte lineage. B cell maturation pro- 
bone marrow, whereas early T cell pro- 

genitors migrate to and complete their maturation in 
the thymus. Early maturation is characterized by cell 
proliferation induced by cytokines, mainly IL7, 
leading to marked increases in the numbers of 
immature lymphocytes. 

nvolves the somatic recom- 
bination of antigen receptor gene segments and the 
expression of Ig molecules in B cell precursors and 
TCR molecules in T cell precursors. The expression 
of antigen receptors is essential for survival and mat- 
uration of developing lymphocytes and for selection 
processes that lead to a diverse repertoire of useful 
antigen specificities. 

The antigen receptors of B and T cells are encoded 
by genes formed by the somatic recombination of a 
limited number of gene segments that are spatially 
segregated in the germline antigen receptor loci. 
There are separate loci encoding the lg heavy chain, 
Ig K light chain, Ig h light chain, TCR P chain, TCR 
a and y chains, and TCR 6 chain. These loci contain 
V, J, and, in the Ig heavy chain and TCR P and 6 loci 
only, D gene segments. Somatic recombination of 
both Ig and TCR loci involves the joining of D and J 
segments in the loci that contain D segments, fol- 
lowed by the joining of the V segment to the recom- 
bined DJ segments in these loci, or direct V-to-J 
joining in the other loci. This process of somatic gene 
recombination is mediated by a recombinase enzyme 
complex that includes lymphocyte-specific compo- 
nents RAG1 and RAG2. - 

rearrangements of 6 genes, indicating that these cells The diversity of the antibody and TCR repertoires is 
could never have expressed y6 receptors. generated by the combinatorial associations of mul- 
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tiple germline V, D, and J genes and junctional diver- 
sity generated by the addition of random nucleotides 
to the sites of recombination. These mechanisms 
generate the most diversity at the junction of the V 
and C regions that form the third hypervariable 
regions of both antibody and TCR polypeptides. 

B cell maturation occurs in stages characterized by 
different patterns of Ig gene recombination and 
expression. In the earliest B cell precursors, called 
pro-B cells, Ig genes are in the germline configura- 
tion. In the pre-B cell stage, V-D-J recombination 
occurs in the Ig H chain locus. A primary RNA tran- 
script containing the VDJ complex and Ig C gene seg- 
ments is produced, and the p C region exons of the 
heavy chain RNA are spliced to the VDJ segment to 
generate a mature mRNA that is translated into p 
heavy chain protein. A pre-BCR is formed by pairing 
of the p chain with a nonvariable surrogate light 
chain and by association with the signaling molecules 
Iga and IgP. This receptor mediates signals that 
inhibit rearrangement on the other heavy chain 
allele (allelic exclusion) as well as stimulate prolifer- 
ation. In the immature B cell stage, V-J recombina- 
tions occur in the K or h loci, and light chain proteins 
are expressed. Heavy and light chains are then assem- 
bled into intact IgM moleculcs and cxprcsscd on thc 
cell surface. Immature B cells leave the bone marrow 
to populate peripheral lymphoid tissues, where they 
complete their maturation. In the mature B cell 
stage, synthesis of both p and 6 heavy chains occurs 
in the same B cells mediated by alternative splicing 
of primary heavy chain RNA transcripts, and mem- 
brane IgM and IgD are expressed. 

During B lymphocyte maturation, selection processes 
eliminate or inactivate B cell precursors that express 
antigen receptors specific for ubiquitous self antigens 
present in the bone marrow. 

T cell maturation in the thymus also progresses in 
stages distinguished by expression of antigen recep- 
tor genes, CD4 and CD8 coreceptor molecules, and 
location in the thymus. The earliest T lineage immi- 
grants to the thymus do not express TCRs or CD4 or 
CD8 molecules. The developing T cells within the 
thymus, called thymocytes, initially populate the . - -  
outer cortex, where they undergo proliferation, 

- - 

rearrangement of TCR genes, and surface expression 
of CD3, TCR, CD4, and CD8 molecules. As the cells 
mature, they migrate from the cortex to the medulla. 

The least mature thymocytes, called pro-T cells, are 
CD4-CD8 (double negative), and the 'TCK genes are 
in the germline configuration. In the pre-T stage, thy- 
mocytes remain double negative, but V-D-J recombi- 
nation occurs in the TCR P chain locus. Primary P 
chain transcripts are expressed and processed to 
bring a Cp segment adjacent to the VDJ complex, and 
p chain polypeptides are produced. The P chain asso- 
ciates with the invariant pre-Ta protein to form a pre- 
TCR. The pre-TCR transduces signals that inhibit 
rearrangemkt on the other p chvain allele (allelic 
exclusion) and promote CD4 and CD8 expression 
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and further proliferation of immature thymocytes. In 
the CD4'CDB' (double-positive) stage of T cell devel- 
opment, V-J recombinations occur in the a locus, a 
chain polypeptides are produced, and low levels of 
TCRs are expressed on the cell surface. 

Selection processes drive maturation of TCR- 
expressing, double-positive thymocytes and shape 
the T cell repertoire toward self MHC restriction and 
self-tolerance. Positive selection of CD4'CD8+ 
TCRaP thymocytes requires low-avidity recognition 
of peptide-MHC complexes on thymic epithelial 
cells, leading to a rescue of the cells from pro- 
grammed death. Negative selection of CD4+CD8' 
TCRaP double-positive thymocytes occurs when 
these cells recognize, with high avidity, antigens that 
are present at high concentrations in the thymus. 
This process is responsible for tolerance to many self 
antigens. Most of the cortical thymocytes do not 
survive these selection processes. As the surviving 
TCRaP thymocytes mature, they move into the 
medulla and become either CD4+CD8- or CDBCCD4- 
. Medullary thymocytes acquire the ability to differ- 
entiate into either helper or cytolytic effector cells 
and finally emigrate to peripheral lymphoid tissues. 
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r Lymphocytes 

ct~vation and effector phases of T cell-mediated 
adaptive immune responses &are triggered by antigen 
recognition by T lymphocytes. In Chapter 5, we 
described the specificity of T cells for peptide frag- 
ments, derived from protein antigens, that are dis- 
played bound to self major histocompatibility com- 
plex (MHC) molecules. In Chapter 6, we described the 
antigen receptors and accessory molecules of T cells 
that are involved in responses to antigens. In this 
chapter, we describe the biology and biochemistry of T 
cell activation by antigens and by additional signals pro- 
vided by antigen-presenting cells (APCs) . We start with 
a description of the biologic responses of T cells and 
proceed to a discussion of the biochemical mechanisms 
of T cell activation. 

General Features of T 
Lymphocyte Activation 

The expansion and differentiation of naive T cells and 
the effector functions of differentiated T cells are trig- 
gered by the binding of antigens to antigen receptors 
in combination with other stimuli. Different popula- 
tions of T cells differ in their requirements for activa- 
tion and in the patterns of their responses. We will 
summarize the general features of T cell activation 
before we discuss the individual responses and their 
functional importance. 

Naive T lymphocytes recognize antigens and are 
activated in peripheral lymphoid organs, resulting 
in the expansion of the antigen-specijic lymphocyte 
pool and the differentiation of these cells into effec- 
tor and memory lymphocytes (Fig. 8- 1).  Protein 
antigens that enter through epithelia and into the 
circulation are captured by "professional APCs," 
mainly dendritic cells, and transported to lymph 
nodes and spleen. Naive T cells continuously re- 
circulate through lymph nodes. When a T cell of 
the correct specificity finds antigen, in the form of 
peptide-MHC complexes, that T cell is activated. 
Antigen-stimulated T cells proliferate and differenti- 
ate into effector and memory cells, some of which 
leave the lymphoid organs and enter the circulation. 
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Effector T cells recognize antigens in  lymphoid 
organs or in  peripheral nonlymphoid tissues and 
are actiuated to perform their effector functions 
(see Fig. 8-1). Effector T cells are able to migrate to 
any site of infection or inflammation. Here the cells 
again encounter the antigen for which they are spe- 
cific and respond in ways that serve to eliminate the 
antigens. Effector T cells of the CD4' helper subset 
express membrane molecules and secrete cytokines 
that activate (help) macrophages to kill phagocy- 
tosed microbes and help B cells to differentiate into 
cells that secrete antibodies that bind to the antigens. 
CD8' cytolytic T lymphocytes (CTLs) , the effector 
cells of thc CD8' subset, kill infected cells and tumor 
cells that display class I MHC-associated antigens. 
We will return to the effector functions of T cells in 
Chapters 9 and 13. Memory T cells are an expanded 
population of T cells specific for antigen that can 
respond rapidly to subsequent encounter with the 
antigen and differentiate into effector cells that 
eliminate the antigen. 

W The actiuation of T cells requires recognition of anti- 
gens displayed on APCs, costimulators ("second 
signals"), and cytokines produced by the APCs and 
by the T cells themselves. These stimuli work 
together to induce the sequential phases of T cell 
resp~nws, namely, the initial activation, prolifera- 
tion, and differentiation (Fig. 8-2). Recognition of 
peptide-MHC complexes by the T cell receptor 
(TCR) is the first signal for activation and provides 
specificity to the subsequent T cell response. The 
activation of the T cells is dependent on different 
accessory molecules that serve distinct functions (see 
Chapter 6). To reiterate the key points, the co- 
receptors CD4 and CD8 recognize class I1 and class 
I MHC molecules, respectively, and transduce acti- 
vating signals to the T cells. The specificity of the 
coreceptors for different MHC molecules accounts 
for the fact that CD4' T cells are restricted to recog- 

Figure 8-1 Activation of naive and effector T 
cells by antigen. 

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

nizing class I1 MHC-associated peptides (derived 
mainly from endocytosed proteins), and CD8' cells 
recognize class I MHC-associated peptides (derived 
from cytosolic, usually endogenously synthesized, 
proteins). Adhesion molecules on the T cells, pri- 
marily the integrins, stabilize the attachment of 
the T cells to APCs, thus ensuring that the T cells 
are engaged for long enough to trigger functional 
responses. T cell receptors for costimulators on 
APCs provide second signals for T cell activation; the 
nature and significance of these costimulatory signals 
are discussed later in the chapter. Cytokines drive the 
proliferation and differentiation of T cells and will 
also bc discussed later and in Chapter 11. 

W Naive T cells require actiuation by dendritic cells, 
whereas effector T cells can respond to antigens pre- 
sented by a wider variety of APCs. Mature dendritic 
cells are the APCs that are most potent at activating 
naive T cells and initiating responses, for several 
reasons. Dendritic cells are strategically located to 
capture antigens and transport them to lymph 
nodes; this is why T cell responses are initiated in 
lymph nodes. Mature dendritic cells also express 
high levels of the MHC molecules that display 
peptides and high levels of the costimulators that 
provide second signals to naive T cells. Other APCs 
that activate T lymphocytes include macrophages 
and B cells, both of which are more efficient activa- 
tors of differentiated effector and memory cells 
than of naive T cells. Thus, macrophages and B 
lymphocytes are important APCs in the effector 
phase of T cell responses. Both effector and memory 
T cells are less dependent on costimulators and 
require less antigen to be activated than do naive T 
cells. This is why effector and memory cells are able 
to react to antigens displayed by APCs other than 
dendritic cells in nonlymphoid organs. The nature 
of the APCs also influences the differentiation 
pathway of T cells and the choice between activation 

recognition Differentiation functio~s 
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Figure 8-2 Phases of T cell responses. 
Antigen recognition by T cells induces cytokine (e.g., IL-2) secretion, clonal expansion as a result 

of IL-2-induced autocrine cell proliferation, and differentiation of the T cells into effector cells or 
memory cells. In the effector phase of the response, the effector CD4'T cells respond to antigen by 
producing cytokines that have several actions, such as the activation of macrophages and B lympho- 
cytes, and CD8' CTLs respond by killing other cells. APC, antigen-presenting cell; CTL, cytolytic T 
lymphocyte. 

and tolerance. We will discuss these roles of AF'Cs in 
later chapters. 

Functional Responses of 
T Lymphocytes 

The responses of T lymphocytes to antigen recogni- 
tion, costimulation, and other signals consist of 
cytokine secretion, proliferation, and differentiation 
(see Fig. 8-2). Many methods have been used to analyze 
the activation of T cells in vivo and in vitro, and these 
techniques are providing a wealth of valuable informa- 
tion (Box 8-1). We describe the different functional 
responses of T cells here. 

Secretion of Cytokines 

Among the earliest detectable responses of T cells to 
antigen recognition is the secretion of proteins called 

cytokines. Cytokines are proteins secreted by many 
cells in the immune system, and they mediate many of 
the responses and functions of immune cells; we will 
discuss these proteins in more detail in Chapter 11. 

In T cells, signals delivered by antigens and costim- 
ulators trigger the transcription of several cytokine 
genes and the synthesis of these proteins. The princi- 
pal cytokine produced by naive T cells is interleukin 
(1L)-2, which functions as a growth factor for the 
T cells. Under different activation conditions, naive 
T cells that are stimulated by antigens may differentiate 
into subsets that secrete distinct sets of cytokines and 
perform different effector functions. The best defined 
of these subsets are the THl and TH2 populations of 
CD4' helper T cells (see Chapter 13). The cytokines 
produced by these differentiated effector CD4' T cells 
function to activate macrophages and B lymphocytes 
in the effector phases of cell-mediated and humoral 
immunity. On antigen stimulation, T cells also increase 
their expression of receptors for many cytokines. 
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,OX 8-1 

Methods for Studying T Cell Activation 1 
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and molecular analyses. Tne limitation of these mono- 

receptors and have been selected for growth in response 
to a known antigen-MHC complex. Both helper and CTL 
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a ation of T cells in uivo. T cells are first labeled with chem- 
ically reactive,&pophilic fluorescent esters and then adop- 
tively transferred into experimental atlimals. The dyes 
enter cells, form covalent bonds with cytoplasmic proteins, 
and then cangot leave the cells. One commonly used dye 

-' of this type is 5,6-carboxyfluorescein diacetate succinimidyl 
ester (CFSE), vGhich can be detected in cells by standard 
flow cytometric techniques. Every time a T cell divides, its 
dye content is halved, and therefore it is possible to deter- 
mine whether'thF'adoptively transferred T cells present in 

. lymphoid tissues of the recipient mouse have divided in 
: viva and to estimate the number of doublings each T cell 

has gone through. 
Peptide-MHC tetramers are used to enumerate T cells 

' ,  with a single antigen specificity isolated from blood or lym- 
' 

phoid tissues of experimental animals or humans. These 
tetramers contain four of the peptide-MHC complexes 

' 
that the T cell would normally recognize on the surface of 
APCs. The tetrainer is made by producing a clriss I MHC 

4 molecule to which is attached a small molecule called 
biotin by use of recombinant DNA technology. Biotin 

a binds with high affinity to a protein called avidin, and each 
. ' avidin molecule binds four biotin molecules. Thus, avidin 

forms a substrate for assembling four biotin-conjugated 
MHC proteins. The MHC molecules can be loaded with a 

, , peptide of interest and thus stabilized, and the avidin mol- 
ecule is labeled with a fluorochrome, such as FITC. This 
tetramer binds to T cells specific for the peptide-MHC 

a complex with high enough avidity to label the T cells even 
in suspension. This method is the only feasible approach 
for identifying antigen-specific T cells in humans. For 
instance, it is possible to identify and enumerate circulat- 
ing HLA-A2-restricted T cells specific for an HIV peptide 

, by staining blood cells with a tetramer of HLA-A2 mole- 
s 

cules loaded with the peptide. The same technique is 
, being used to enumerate and isolate T cells specific for self 
, antigens in normal individuals and in patients with autoim- 

mune diseases. Peptide-MHC tetramers that bind to a 

particular transgenic TCR can also be used to quantify the 
transgenic T cells in different tissues after adoptive trans- 
fer and antigen stimulation. The technique is now widely 
used with class I MHC molecules; in class I molecules, only 
one polypeptide is polymorphic, and stable molecules can 
be produced in vitro. This has proved to be much more dif- 
ficult for class I1 molecules, in which both chains are poly- 
morphic and required for proper assembly. The use of 
peptide-MHC tetramers to analyze the expansion of CD8' 
T cells is mentioned in the text. 

Cytokine secretion assays can be used to quanhij 
cytokine-secreting effector T cells within lymphoid tissues. 
The most commonly used methods are cytoplasmic stain- 
ing of cytokines and single-cell enzymelinked immuno- 
sorbent assays (ELISPOT). In these types of studies, 
antigen-induced activation and differentiation of T cells 
take place in vivo, and then T cells are isolated and tested 
for cytokine expression in nitro. Cytoplasmic staining 
of cytokines requires permeabilizing the cells so that 
fluorochrome-labeled antibodies specific for a particular 
cytokine can gain entry into the cell, and the stained cells 
are analyzed by flow. cytometry. Cytokine expression by T 
cells specific for a particular antigen can be determined by 
additionally staining T cells with peptide-MHC tetramers 
or, in the case of TCR-transgenic T cells, antibodies spe- 
cific for the transgenic TCR. By use of a combination of 
CFSE and anticytokine antibodies, it is possible to examine 
the relationship between cell division and cytokine expres 
sion. In the ELISPOT assay, T cells freshly isolated from 
blood or lymphoid tissues are cultured in plastic wells 
coated with antibody specific for a particular cytokine. As 
cytokines are secreted from individual T cells, they bind 
to the antibodies in discrete spots corresponding to the 
location of individual T cells. The spots are visualized by 
adding secondary enzyme-linked anti-immunoglobulin, as 
in a standard ELISA (see Appendix 111), and the number 
of spots is counted to determine the number of cytokine- 
secreting T cells. 

Activated T cells are often identified by the expression 
of newly synthesized surface proteins, called activation 
markers, that are synthesized concomitantly with 
cytokines. One such activation marker is the a chain of 
the IL2 receptor (also called CD25, see Chapter 11). 

Proliferation 

T cell prolveration in  response to antigen recognition 
is mediated p r i m a ~ i l y  by an autocrine growth path- 
way,  in which the responding T cell secretes i t s  own 
growth-promoting cytokines and also expresses cell 
surface receptors for these cytokines. The principal 
autocrine growth factor for most T cells is IL2. Both 
the production of IL2 and the expression of high- 
affinity receptors for IL2 require antigen recognition by 
specific T cells. Therefore, the cells that recognize 
antigen bind the IL-2 they secrete and thus proliferate 
in response to this cytokine. IL2 is not the only growth 
factor for T cells. A cytokine called IL15, which is 
similar to IL2 but produced mainly by APCs and other 
nonlymphoid cells, stimulates the proliferation of CD8' 
T cells, especially memory cells of the CD8' subset. The 

result of the proliferation of naive T cells is clonal 
expansion, which generates from a small pool of naive 
antigen-specific lymphocytes the large number of cells 
required to eliminate the antigen. Before antigen ex- 
posure, the frequency of naive T cells specific for any 
antigen is 1 in lo5 to lo6 lymphocytes. After antigen 
exposure, the numbers of T cells specific for that 
antigen may increase to about 1 in 10 for CD8' cells and 
1 in 100 to 1000 for CD4' cells. These numbers rapidly 
decline as the antigen is eliminated, and after the 
immune response subsides, the surviving memory cells 
specific for the antigen number on the order of 1 in lo4. 

@ Studies in mice have revealed an unexpectedly large 
expansion of CD8' T cells during the acute phase of 
infections with intracellular microbes. In one such 
study, '1' cells specific for a dominant epitope of the lym- 
phocytic choriomeningitis virus (LCMV) were identi- 
fied by staining cell populations with a fluorescent 
tetramer of an appropriate MHC molecule loaded with 
the viral peptide (see Box 8-1). It was estimated that 
the frequency of LCMV-specific T cells in uninfected 
mice is about 1 in lo5 CD8+ cells. After infection with the 
virus, at the peak of the immune response, there was 
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Some of the progeny of antigen-stimulated T cells 
develop into long-lived, functionally quiescent mem- 
ory cells. Although the responses of T cells to antigen 

a twofold to threefold expansion in the total number of 
CD8' T cells in the spleen, and as many as one in five of 
these cells was specific for the viral peptide. In other 
words, in this infection, there was a greater than 50,000- 
fold expansion of antigen-specific CD8' T cells, and 
remarkably, this occurred within 1 week after infection. 
Equally remarkable was the finding that during this 
massive antigen-specific clonal expansion, "bystander" 
T cells not specific for the virus did no1 prolicerate. The 
expansion of T cells specific for Epstein-Barr virus 
and human immunodeficiency virus (HIV) in acutely 
infected humans is also on this order of magnitude. 
Although it has been more difficult to quantitate the 
antigenstimulated expansion of CD4' cells, it appears 
to be much less than the clonal expansion of CD8' cells. 
This may be expected because CD8' CTLs perform 
their effector functions by directly attacking infected 
cells, whereas a single CD4+ helper cell may secrete 
cytokines that activate many effector cells such as 
macrophages, and therefore a greater number of CTLs 
may be needed for protective immunity. 

0 The kinetics of 'l' cell expansion have been determined 
by injecting T cells expressing a transgrnir TCR spe- 
cific for a known antigen into mice that produce the 
antigen and then identifymg the specific T cells and 
measuring their responses. From such studies, it is 
estimated that T cells begin to divide within 18 hours 
after encountering antigen, and their doubling time 
is about 6 hours. This rapid proliferative capacity pre- 
sumably accounts for the enormous expansion of T 
cells mentioned before. 

Differentiation into Effector Cells 

On antigen stimulation, some of the progeny of the 
proliferating T cells differentiate into effector cells 
that eliminate antigens and may activate other 
immune cells. This process depends both on antigen- 
induced activation of the T cells and on other stimuli, 
principally costimulators and cytokines produced at the 
site of antigen recognition. The progeny of antigen- 
stimulated CD4' T lymphocytes differentiate into effec- 
tor cells whose function is to activate phagocytes and B 
lymphocytes. Effector CD4' cells consist of subsets that 
produce distinct sets of cytokines and perform differ- 
ent functions, such as TH1 and TH2 subsets (see Chapter 
13). CD8' T cells differentiate into functional CTLs, 
with the ability to kill target cells that express the 
peptide-MHC complexes these T cells recognize (see 
Chapter 13). The differentiation of T cells is associated 
with the transcriptional activation of genes encoding 
effector molecules. Some of these effector molecules, 
such as cytokines and CTL granule proteins, are 
released from the T cell, and others, such as CD40 
ligand (CD40L) and Fas ligand, are cell surface mole- 
cules that are involved in effector functions. 

Differentiation into Memory Cells 

stimulation last for only days or a few weeks, memory T 
cells survive for long periods even after the antigen is 
eliminated. The memory T cell population is responsi- 
ble for enhanced and accelerated secondary immune 
responses on subsequent exposures to the same 
antigen. The mechanisms of memory cell generation 
and survival are not known. It is not even clear if 
memory T cells develop from differentiated effector 
cells or if effector and memory cells are divergent pop- 
ulations arising from antigen-stimulated lymphocytes. 
The mechanisms that determine whether the progeny 
of antigen-stimulated T cells will differentiate into 
functionally active, short-lived effector cells or func- 
tionally quiescent, long-lived memory cells are not 
known. The survival of memory cells does not require 
antigen recognition (see Chapter 2). As mentioned, the 
cytokine IL-15 appears to be important in maintaining 
the pool of memory CD8' cells, but no comparable 
stimulus for CD4' memory cells has been identified. 
Memory cells accumulate with age, having been gener- 
ated by encounters with environmental microbes and 
other antigens. For instance, in human neonates, vir- 
tually all blood T cells are naive, whereas in the adult 
human, half or more of T cells appear to be memory 
cells. Memory cells also tend to accumulate in particu- 
lar tissues, notably the mucosal immune system. 

Several surface markers have been used to distin- 
guish memory cells from naive and recently activated 
effector T cells (see Chapter 2). Memory T cells, like 
effector T cells, express high levels of some surface mol- 
ecules, notably integrins and CD44, that promote their 
migration to peripheral sites of infection and inflam- 
mation and their retention at these sites. This property 
enables memory cells to rapidly locate and eliminate 
antigen at any site of infection or inflammation. 
However, memory cells do not express activation 
markers, such as the a chain of the IL-2 receptor, which 
is consistent with the fact that these cells are function- 
ally quiescent and are neither proliferating rapidly nor 
performing effector functions until they are induced to 
do so on re-exposure to the antigen. 

Memory T cells appear to be heterogeneous in their 
migration and functional capabilities. In humans, 
memory T cells consist of subsets that differ in the 
expression of the chemokine receptor CCR7. (Recall 
that CCR7 is the chemokine receptor that is also 
responsible for the migration of naive T cells and den- 
dritic cells into the T cell zones of lymphoid organs; see 
Chapter 2.) It is believed that CCR'7-high memory cells 
preferentially migrate to lymph nodes and proliferate 
rapidly on repeated encounter with antigen, providing 
a large pool of T cells in secondary immune responses. 
CCR7-low memory cells produce effector cytokines, 
and they may migrate preferentially to peripheral sites 
of infection and inflammation, where they function to 
eliminate antigens. 

Decline of T Cell Responses 

T cell responses decline after the antigen i s  eliminated 
by effector cells. This decline is important for return- 
ing the immune system to a state of rest, or homeosta- 

sis. T cell responses decline mainly because the major- 
ity of antigen-activated T cells die by apoptosis. The 
reason for this is that as the antigen is eliminated, lym- 
~hocytes are deprived of survival stimuli that are nor- 
mally provided by the antigen and by the costimulators 
and cytokines produced during inflammatory reactions 
to the antigen. It is estimated that in the example of the 
viral infection mentioned earlier, more than 95% of the 
virus-specific CD8' T cells that arise by clonal expansion 
die by apoptosis as the infection is cleared. We will 
return to the mechanisms of homeostasis in the 
immune system in Chapter 10. 

Role of Costimulators in 
T Cell Activation 

The proliferation and differentiation of T cells require 
signals provided by molecules on APCs, called co- 
stimulators, in addition to antigen-induced signals 
(Fig. 8-3). In Chapter 1, we introduced the concept 
that naive lymphocytes, both T cells and B cells, require 
two distinct sets of extracellular signals to induce their 
proliferation and differentiation into effector cells. The 
first signal is provided by antigen binding to antigen 
receptors. In the case of T cells, binding of peptide- 
MHC complexes to the TCR (and to the CD4 or CD8 
coreceptor) provides signal 1. The second signal for T 
cell activation is provided by molecules on APCs, which 
are called costimulators because they function together 
with antigen to stimulate T cells. In the absence of co- 
stimulation, T cells that encounter antigens either fail 
to respond and die by apoptosis or enter a state of unre- 
sponsiveness called anergy (scc Chapter 10). 

The best characterized costimulatory pathway in T 
cell activation involves the T cell surface molecule 
CD28, which binds the costimulatory molecules B7-1 
(CD80) and B7-2 (CD86) expressed on activated APCs 
(Box 8-2). CD28 delivers signals that enhance many T 
cell responses to antigen, including cell survival, pro- 

Figure 8-3 Functions of costlmula- 
tors in T cell activation. 

The resting antigen-presenting cell 
(APC) expresses few or no costimulators 
and fails to activate naive T cells (A). 
(Sometimes antigen recognition with- 
out costimulation may make the T cells 
anergic; this phenomenon will be dis- 
cussed in Chapter 10.) Microbes and 
cytokines produced during innate im- 
mune responses activate the APCs to 
express costimulators, such as 87 mole- 
cules (B). The APCs then become capable 
of activating naive T cells. Activated APCs 
also produce cytokines such as IL-12, 
which stimulate the differentiation of 
naive T cells into effector cells. 
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duction of cytokines such as IG2, and differentiation of 
naive T cells into effector and memory cells. The struc- 
ture and expression of CD28 were described in Chapter 
6. B7-1 and B7-2 are structurally similar single-chain gly- 
coproteins, each with two extracellular Ig-like domains, 
a transmembrane segment, and a cytoplasmic tail. The 
B7 molecules are expressed mainly on AF'Cs, including 
dendritic cells, macrophages, and B lymphocytes. They 
are absent or expressed at low levels on resting AF'Cs 
and are induced by various stimuli (discussed later). 

The essential role of the B7 costimulators in T 
cell activation has been established by several types of 
experiments. 

@ In vitro, purified populations of CD4' T cells respond 
to antigen by cytokine secretion and proliferation 
when the antigen is presented by APCs that express B7 
molecules but not when the antigen is presented by 
APCs that lack B7 expression. An activating antibody 
that binds to CD28 can provide an artificial costimula- 
tory signal and induce T cell responses even if the 
APCs lack B7 molecules (Fig. 8-4). 

" If a pure population of CD4' T cells is cultured with 
agents that cross-link the TCR, such as anti-CD3 anti- 
bodies, the T cells produce very little cytokine and do 
not proliferate. Again, if an additional costimulatory 
signal is provided by antibodies that bind to CD28, the 
T cells are able to respond (see Fig. 8-4). The costim- 
ulatory signal provided by anti-CD28 antibody in the 
absence of the TCR signal does not by itself induce T 
cell responses. 

Knockout mice lacking B7-1 and B7-2 are deficient 
in T cell-dcpcndcnt responses to immunization with 
protein antigens. 

The expression oj- costimulators is regulated and 
ensures that T lymphocyte responses are initiated at  
the correct time and place. The expression of B'7 cos- 
tirriulators is increased by microbial products, such as 
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The B7 and CD28 Families of Costimulators and Receptors 

The best defined costirnulators for T lymphocytes are the 
B7 family of molecules on APCs that bind to members of 
the CD28 family of receptors on T cells. The first proteins 
to be discovered in these families were CD28 and B7-1. The 
existence and functions of B'7-1 and CD28 were originally 
surmised from experiments with monoclonal antibodies 
specific for these molecules. The cloning of the genes 
encoding B7-1 and CD28 opened the way for a variety of 
experiments in mice @at have clarified the role of these 
molecules and led to the identification of additional 
homologous proteins involved in T cell costimulation. For 

:ample, residual costimulatory activity of APCs from B7- 
l-lockout mice suggested the existence of additional 

mulatory molecules, and homology-based cloning 
strategies led to the identification of the B7-2 molecul~ 
B7-1 and B7-2 both bind to CD28 and together account 
for the majority of costimulatory activity provided by APCs 
for the activation of naive T cells. This is evident from the 
phenotype of B7-1/B7-2 double knockout mice, which 
have profound defects in adaptive immune responses to 
protein antigens. 

Although costimulatory pathways were discovered as 
mediators of T cell activation, it is now clear that homolo- 
gous molecules are involved in inhibiting T cell responses. 
The first and best defined example of an inhibitory recep 
tor on T cells is CTLA4, a member of the CD28 family, 
which was discoyered and characterized by the use of 
monoclonal antibodies. The name CTLA-4 is based on the 
fact that this molecule was the fourth receptor identified 
in a search for molecules expressed in CTLs, but its expres- 
sion and function are not restricted to CTLS. CTLA4 is 
structurally homologous to CD28 and is a receptor for 
both B7-1 and B7-2. Unlike CD28, CTLA4 serves as a neg- 
ative regulator of T cell activation. CTLA4 knockout mice 
show excessive T cell activation, proliferation, and systemic 
autoimmunity. 

Several other proteins structurally related to B7-1 and 
B7-2 or to CD28 and CTLA-4 have recently been identified 
by homology-based cloning strategies, and their functions 
are now being studied. These proteins can be considered 
members of the B7 and CD28 families, respectively. The 
two recently discovered members of the family that are 
described here were identified first by the cloning of the 
receptors on T cells, and these receptors were called ICOS 
(inducible costimulator) and PD-1 (programmed death-1, 
because this molecule was thought to regulate pro- 
grammed cell death of T cells). An emerging picture of T 
cell costimulation includes the actions of several costimu- 
latory signals and negative ~~~~~~~y signals, involving 
multiple members of the B7 and CD28 families whose 
actions are regulated with respect to location and timing 
of expression. 

Members of the B7 family incluae d7-1, B7-L, ICOS- 
ligand (L), and PD-L1 and PD-L2 (see Figure). All these 
proteins are transmembrane proteins consisting of two 
extracellular Ig-like domains, including an N-terminal V- 
like domain and a membrane proximal Glike domain. 
Another member of the family, B7-H3, may be expressed 
in alternative forms, with' either one pair of V and C 
domains like the other B7 family members or two tandem 
pairs of V and C domains. The main function of these 

molecules is to bind to CD28 family receptors on T cells, 
thereby stimulating signal pnsduction pathways in the T 
cells. There is no compelling evidence that the cytoplas- 
mic tails of the B7 family members transduce activating 
signals in the cells on which they are expressed, B7-1 and 
B7-2 are mainly expressed on APCs, including dendritic 
cells, macrophages, and B cells. Although there is some 
constitutive expression on dendritic cells, expression of 
both molecules is strongly induced by various signals 
including endotoxin, inflammatory cytokines (e.g., IL12, 
IFN-y), and CD40-CD40 ligand interactions. The tempo- 
ral patterns of expression of B7-1 and B7-2 differ; B7-2 is 
expressed constitutively at low levels and induced early 
after activation of APCs, whereas B7-1 is not expressed con- 
stitutively and is induced hours or days later. The other 
members of the B7 family, ICOS ligand and PD-Ll and PD- 
L2, are also expressed on APCs, but in addition, there is 
significant expression on a variety of nonlymphoid tissues. 
PD-L1 and PD-L2, for example, are expressed on endothe- 
lial cells and cardiac myocytes. The nonlymphoid expres- 
sion of these molecules suggests they play a role in 
regulating T cell activation in peripheral tissues and 
perhaps in the maintenance of self-tolerance. 

The CD28 family of receptors are all expressed on I 

cells, but PD-1 is also expressed on B cells and myeloid 
cells. These receptors are transmembrane proteins, all of 
which include a single Ig V-like domain and a cytoplasmic 
tail with tyrosine residues. CD28, CTLA4, and ICOS exist 
as disulfide-linked homodimers; PD-1 is expressed as a 
monomer. Both CD28 and CTLA4 b i d  both B7-1 and B7- 
2, with different affinities, and share a sequence motif, 
MYPPPY, in the V domain, which is essential for B7 
binding. ICOS has an FDPPPF motif in the corresponding 
position, which mediates binding to ICOSligand but not 
to B7-1 or B7-2. PD-1 has neither motif and binds to PD- 
L1 or PD-L2 but not to B7-1, B7-2, or ICOSligand. The 
cytoplasmic tails of the CD28 family molecules contain 
structural motifs that mediate interaction with signaling 
molecules, although the signal pathways that are engaged 
are incompete~tly understood. Tyrosine residues in the 
tails of CD28 become phosphorylated on B7-1 or B7-2 
binding, and they serve as docking sites for PI-3 kinase and 
Grb-2. PI-3 kinase activation is linked to the activation of 
the serine/threonine kinase Akt. PI-3 kinase binding and 
activation also occur on the cytoplasmic tail of CllA4,  
and perhaps ICOS. Consistent with their roles in negative 
regulation of cellular activation, both CTLA4 and PD-1 
have variations of the immunoreceptor tyrosine inhibitory 
motifs (ITIMs) in their cytoplasmic tails (see Box 8-3) and 
recruit the tyrosine phosphatase SHP-2. CD28 is constitu- 
tively expressed on CD4+ and CD8' T cells. ICOS is 
expressed on CD4' and 0 8 '  T cells only after TCR 
binding to antigen, and its induction is enhanced by CD28 
signals. 

X-ray crystallographic analyses of B7-1 and B7-2 inter- 
actions'wi& CTU-4-suggest that these molecules form a 
repeating lattice structure in the immunological synapse. 
B7-1 or B7-2 may dimerize in the APC membrane, and 
each monomeric subunit would bind to one chain of a dif- 
ferent CTLA4 dimer. This arrangement would enhance 
the local concentration of the ligands and receptors and 

Continued on following page 
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I Expression APCs; APCs; APCs, B cells, APCs, B cells, 
I inducible inducible other tissues; other tissues; 

inducible inducible 
I 

~ B7-1 
Name I (CD8O) 

B7-2 ICOS-L PD-Ll PD-L2 87-H3 1 
(CD86) 

APCs and 

\ 

Y Tyrosine residue c c C C C C C 

Name I CD28 CTLA-4 ICOS PD-1 ? I 
Expression T cells; T cells; T cells; T cells, B cells, 

constitutive inducible inducible myeloid cells; 
inducible I 
- 

Major Costimulation Negative Costimulation Negative 
function of naive T cells regulation of effector regulation 

of immune T cells of T cells 
responses; in peripheral 

self-tolerance tissues 

presumably enhance signaling. It is not known if such an 
arrangement also applies to other B7:CD28 family ligand- 
receptor interactions. 

The functional consequences of signaling by CD28 
family members differ for each molecule. CD28 signaling 
promotes T cell IL2 production and clonal expansion of 
naive T cells and increased BCLXL expression resulting in 
enhanced T cell survival. As a built-in positive amplifica- 
tion mechanism, CD28 signals also up-regulate CD40 
ligand expression, which leads to CD40 signaling in APCs, 
which in turn upregulates the expression of the CD28 
ligands B7-1 and B7-2. In contrast, ICOS signaling pro- 
motes expression of effector cytokines such as ILlO and 

endotoxin, and by cytokines such as interferon (1FN)-y 
produced during innate immune reactions to microbes. 
The induction of costimulators by microbes and by the 
cytokines of innate immunity promotes T cell responses 
to microbial antigens (see Chapter 12) .  In addition, 
when T cells are activated, they express a molecule 
called CD40 ligand (CD40L), which binds to CD40 
expressed on APCs and delivers signals that cnhancc 

I N ,  but not of the T cell growth factor IL2. It appears 
that ICOS is more important for costimulation of effector 
T cell responses, particularly TH2 responses, than for 
clonal expansion of antigen-stimulated T cells. It is not 
known whether CTLA4 and PD-1 play distinct or over- 
lapping roles in inhibiting immune responses. The 
CTLA4 knockout mouse develops severe enlargement of 
lymphoid organs and infiltration of many tissues by 
activated lymphocytes, whereas the PD-1 knockout devel- 
ops an unusual dilated cardiomyopathy thought to be 
antibody mediated. These findings suggest that CTLA4 
and PD-1 do indeed inhibit different tmes of immune 
responses. : f -f 2 9 3  -':% Fi5jt-Wf :.: i ;  i3,4;1y i$+<g_? 

$+ && ~s.&J$y+ .,. +- , I= ;~,-&;;g-~; a% , 

the expression of B7 costimulators on the APCs. In B 
lymphocytes, engagement of the antigen receptor stim- 
ulates B7 expression, so that B cells that encounter 
antigen are able to activate and be helped by CD4' 
helper T cells. Of all potential APCs, mature dendritic 
cells express the highest levels of costimulators and, as 
a result, are the most potent stimulators of naive T cells 
(which are completely dependent on costimulation for 
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Figure 8 4  Role of 67 and CD28 in T 
cell activation. 

A costimulator-deficient antigen-pre- 
senting cell (APC) does not stimulate re- 
sponses of CD4' T cells or may induce T cell 
anergy (A). The expression of 67 molecules 
in the APCs by gene transfection (6) or the 
provision of a costimulatory signal with an 
anti-CD28 antibody (C) leads to T cell acti- 
vation. Similarly, cross-linking of the TCR 
complex with an antibody specific for the 
TCRlCD3 complex does not activate the T 
cells (D), but the addition of an activating 
anti-CD28 antibody elicits T cell responses 
(E). Such experiments show that the 
B7:CD28 pathway is a costimulatory path- 
way for naive T cells. 

ing 
, anc 

ihe 
for 

production 
the activati [ Antigen recognitioQd 

, 
responses of these cells (Fig. 8-6). The signaling cas- 
cades triggered by the TCR have been defined largely 
by in vitro analyses of various T cell populations that can 
be activated by the engagement of their antigen recep- 
tors (see Box 8-1). From such studies, several impor- 
tant general features of T cell signal transduction are 
now well established. 

if previously differentiated effector T cells. A protein 
called CTLA-4 (CD152) is also homologous to CD28, 
binds to B7-1 and B7-2, and is expressed on activated T 
cells. Unlike CD28, CTLA-4 functions to terminate 
T cell responses and plays a role in self-tolerance 
(Chapter 10). 

The interaction of CD40L on T cells with CD40 on 
APCs enhances T cell activation. The likely mechanism 
of this effect is that the engagement of CD40 on the 
APCs activales the APCs lo increase their expression of 
B7 molecules and to secrete cytokines such as IL-12 that 
promote T cell differentiation (Fig. 8-5). Thus, the 
CD40 pathway indirectly amplifies T cell responses and 
probably does not function as a costimulatory pathway 
by itself. On the basis of many experimental studies 
of costimulators, antagonists against B7 molecules and 
CD4OL are in clinical trials to prevent the rejection 
of organ allografts and other pathologic immune 
responses. Many other T cell surface molecules, includ- 
ing CD2 and integrins, have been shown to deliver co- 
stimulatory signals in vitro, but their physiologic role in 
mice and humans is unclear. 

or anergy 
Costimulator- I cell 
deficient APC rT- 

I 

Signal transduction by the TCR is  triggered by lig- 
ation of multiple antigen receptors and coreceptors. 
The outcome of T cell antigen recognition is deter- 
mined by the duration and affinity of the TCR- 
antigen interaction. The affinity of most TCRs for 
peptide-MHC complexes is low, with dissociation 
constants (& values) on the order of lo-' to 10-7M, 
which is much lower than the affinity of most anti- 
bodies for antigens (see Chapter 3, Table 3-1). The 
off-rate of the TCR-antigen interaction is rapid, and 
it is estimated that a single TCR engages an MHC- 
associated peptide for less than 10 seconds. Further- 
more, on any APC, fewer than 1000 of the -10' 
available MHC molecules are likely to be displaying 
any one peptide at any time. Therefore, one APC can 
engage a small fraction of the lo4 to 10' antigen 
receptors on a single T cell. For all these reasons, 
the antigen receptors of a T cell are likely to bind to 
antigen-bearing APCs weakly and briefly. Activation 
of an individual T cell may require multiple sequen- 
tial engagements of that cell's antigen receptors 
by peptide-MHC complexes on APCs. Thus, the T 
cell behaves like a signal integrator, adding up 
the number of times that TCR molecules bind to 
peptide-MHC complexes and the duration of each 
encounter. Full activation of the T cell, resulting 
in all the possible biologic responses, occurs when 
the TCR-induced signals reach a critical threshold. 
(There is, as yet, no accurate quantitative estimate of 
this threshold.) Incomplete signaling may result in 
no response; in partial activation, in which somc but 
not all responses ensue; or even in functional inacti- 
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proliferation 

differentiation 

Costimulator- 
T cell 
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Anti-CD28 differentiation 
antibody 

Signal Transduction by the 
TCR Complex 

The goal of T cell signaling pathways i s  to coordi- 
nately actiuate the transcription of genes that are 
silent i n  naiue cells and whose products mediate the 
responses and functions of activated T cells. The 
recognition of antigen by the TCR initiates a sequence 
of biochemical signals in T cells that result in tran- 
scriptional activation of particular genes and the entry 
of the cells into the cell cycle. The genes that are 
expressed in T cells after antigen recognition encode 
many of the proteins that mediate the biologic 

Anti-CD28 
antibody 

Anti-TCR 
antibody 

T cell 
proliferation 

and 
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activation). In Chapter 5, we mentioned the essential 
role of adjuvants in inducing primary T cell responses 
to protein antigens such as vaccines. Many adjuvants are 
products of microbes, or mimic microbes, and one of 
their major functions in T cell activation is to stimulate 
the expression of costimulators on APCs. The absence 
of costimulators on unactivated, or "resting," APCs in 
normal tissues contributes to the maintenance of tol- 
erance to self antigens. Because such tissue APCs are 
capable of presenting self antigens to T cells, the lack 
of costimulator expression ensures that potentially self- 
reactive T cells are not activated and may be rendered 
anergic (see Chapter 10). 

Previously activated effector and memory T cells 
are less dependent on costimulation by the B7:CD28 
pathway than are naive cells. This property of effector 
and memory cells enables them to respond to antigens 
presented by various APCs that may reside in nonlym- 
phoid tissues and may express no or low levels of B7. 
For instance, the differentiation of CD8' T cells into 
effector CTLs requires costimulation, but effector CTLs 

can kill other cells that do not express costimulators 
(see Chapter 13). 

The biochemical mechanism by which CD28:B7 
interactions promote T cell activation is incompletely 
understood. CD28-mediated signals increase the pro- 
duction of cytokines, especially the T cell autocrine 
growth factor IL-2. This may occur by a combination 
of enhanced transcription and stabilization of IL-2 
messenger RNA. In addition, CD28 signals promote the 
survival of T cells, in part by increasing expression of 
the anti-apoptotic protein Bcl-x (see Chapter 10, Box 
10-2). We will describe signaling responses to costimu- 
lators later in the chapter, after we discuss the bio- 
chemistry of T cell activation. 

The CD28:B7 pathway of costimulation is the proto- 
type of a much larger family of receptors and ligands 
that both stimulate and inhibit T cells (see Box 8-2). A 
protein called ICOS (inducible costimulator) is homol- 
ogous to CD28 and is so named because it is induced 
on '1' cells after activation. 'l'he ligand for ICOS is 
homologous to B7-1 and B7-2. ICOS appears to be par- 

T cells recognize I I Activated T cells I I APCs express more 
antigen (with or without express CD40L, which 87 and secrete T cell- 

87 costimulators) binds to CD40 on APC activatina cvtokines 

Signal leading to I expression of CD40L I Signal leading to I expression of EV; I 

1 proliferation 
and differentiation 

-11 Enhanced T cell I 

Figure 8-5 Role of CD40 in T cell activation. 
Antigen recognition by T cells induces the expression of CD40 ligand (CD40L). CD40L engages 

CD40 on the antigen-presenting cell (APC) and stimulates the expression of 67 molecules and the 
secretion of cytokines that activate T cells. Thus, CD40L on the T cells makes the APCs "better" APCs. 
T cells can express CD40L on antigen recognition even without costimulation, but sustained expres- 
sion of CD40L requires 67:CD28 costimulation as well as antigen. Thus, the 67 and CD40 pathways 
stimulate each other. 
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Figure 8-6 Kinetics of gene 
expression in antigen-stimu- 
lated T lymphocytes. 

T lymphocytes activated by 
antigens and costimulators express 
new genes. The approximate time 
course of the expression of selected 
genes is shown; the actual kinetics 
may vary in different T cell popula- 
tions exposed to different stimuli. 

CD40 I L-2 DNA 
liaand IL-2 rece~tor a svnthesis 

vation of the T cells. At the end of the chapter, we 
will return to a discussion of how altered versions of 
a peptide antigen may elicit these distinct responses. 

cules that are involved in signal transduction in T 
cells. 

Formation of the lrnmunological Synapse The early biochemical response to antigen recogni- 
tion consists of clustering of membrane receptors, 
tyrosine phosphoylation of several proteins, and 
recruitment and activation of adapter proteins (Fig. 
8-7). The TCR does not have intrinsic enzymatic 
activity, but it is associated with other proteins that 
bind enzymes and adapter molecules that form a 
scaffold for the assembly of signaling intermediates. 
These events occur within seconds after the engage- 
ment of antigen receptors, and they result in the 
assembly of signaling complexes in the plasma mem- 
brane, at the site of receptor clustering. The subse- 
quent events in signal transduction are generated 
from the membrane-associated complexes of recep- 
tors and adapter proteins. 

When the TCR complex recognizes MHC-associated 
peptides on an APC, several T cell surface proteins 
and intracellular signaling molecules are rapidly 
mobilized to the site of T cell-APC contact (Fig. 8-8). 
This region of physical contact between the T cell and 
the APC has been called the immunological synapse (or 
the supramolecular activation cluster). The T cell mol- 
ecules that are rapidly mobilized to the center of the 
synapse include the TCR complex (the TCR, CD3, and 
6 chains), CD4 or CD8 coreceptors, receptors for co- 
stimulators (such as CD28), and enzymes and adapter 
proteins that associate with the cytoplasmic tails of the 
transmembrane receptors. Integrins remain at the 
periphery of the synapse, where they function to stabi- 
lize the binding of the T cell to the APC. Many signal- 
ing molecules found in synapses are localized to regions 
of the plasma membrane that have a lipid content dif- 
ferent from the rest of the cell membrane and are 
called lipid rafts or glycolipid-enriched microdomains. 
The regulated movement of membrane molecules into 
the synapse is triggered by antigen recognition and 
involves signaling pathways that activate proteins of 
the cytoskeleton. The formation of the synapse brings 
signaling molecules into proximity to one another and 
to the receptors that activate these molecules. These 
molecules initiate and amplify TCR-induced signals. 
However, some signals may be triggered by antigen 
recognition before the formation of the synapse and 
may even be required for membrane molecules to move 
into the synapse. In addition, the formation of the 
synapse ensures that the molecules that T cells use to 
communicate with APCs are brought close to the target 
molecules on the APCs. For instance, as we shall see 
in Chapter 9, T cells activate B lymphocytes by using 
CD4OL to interact with CD40, and this 1igand:receptor 
pair is concentrated in the synapse after antigen recog- 
nition, with CD40L on the T cell side and CD40 on the 
B cell. 

Distal signaling 
enzymes I 

I MAP kinases I 
I 

Transcription I factors II ~NFAT~ 
Figure 8-7 Intracellular signaling events during T cell activation. 

Binding of the TCR and coreceptors to peptide-MHC complexes on the antigen-presenting cell 
(APC) initiates proximal signaling events, which result in phosphorylation of the < chain, binding and 
activation of ZAP-70, phosphorylation of adapter proteins, and activation of various cellular enzymes. 
These enzymes then activate transcription factors that stimulate the expression of various genes 
involved in T cell responses. 

Signals from the antigen receptor coordinately 
activate a number of important biochemical path- 
ways, the main ones being the Ras-MAP kinase 
pathway, the protein kinase C pathway, and the 
calcium-calcineurin pathway (see Fig. 8-7). Activa- 
tion of these enzymes occurs in minutes after antigen 
recognition. The enzymes activated by each of these 
pathways induce transcription factors that stimulate 
the expression of various genes in the T cells, a 
process that takes several hours. 

Activation of Tyrosine Kinases 

The earliest biochemical events wit 

chains. Lck may be activated by autophosphorylation, 
and the active Lck then phosphorylates the tyrosines 
in the ITAMs of the CD3 and < chains. Thus, within 
seconds of TCR clustering, many of the tyrosine 
residues within the ITAMs of the CD3 and < chains 
become phosphorylated. Another cytoplasmic tyrosine 
kinase that is found in physical association with the TCR 
complex is CD3-associated Fyn, and it may play a role 
similar to that of Lck. Mice lacking Lck show some 
defects in T cell development, and double knockout 
mice lacking both Lck and Fyn show even more severe 
defects. 

The tyrosine phosphorylated ITAMs in the [ chain 
become "docking sites" for the tyrosine kinase called 
ZAP-70 (for [-associated protein of 70-kD). ZAP-70 is 
a member of a family of tyrosine kinases distinct from 
the Src family. (Another member of the ZAP-70 family 
is Syk, which plays an important role in signal trans- 
duction in B cells and in some populations of T cells, 
such as y6 T cells from the intestine.) ZAP-70 contains 
two conserved domains called Src homology 2 (SH2) 
domains that can bind to phosphotyrosines (see Box 

:bin the T cell that 
follow clustering of the TCR complex and coreceptor 
are the activation of protein tyrosine kinases associ- 
ated with the cytoplasmic domains of the clustered 
CD3 and coreceptor proteins and phosphorylation of 
tyrosines in CD3 and [ chains. Protein tyrosine kinases 
are enzymes that catalyze the phosphorylation of tyro- 
sine residues in various protein substrates (Box 8-3). In 
T cells, several components of the TCR complex, as well 
as downstream intermediates, are targets of protein 
tyrosine kinases. The cytoplasmic portions of the CD3 
chains and the < chains contain a total of nine con- 
served peptide sequences called immunoreceptor tyro- 
sine-based activation motifs (ITAMs) (see Chapter 6 ) .  
When TCRs bind to peptide-MHC complexes, CD4 or 
CD8 binds at the same time to nonpolymorphic regions 
of the class I1 or class I MHC molecule on the APC (Fig. 
8-9). Lck, a Src family tyrosine kinase that is associ- 
ated with the cytoplasmic tails of CD4 and CD8, is thus 
brought into proximity of the I T M s  in the CD3 and 5 

In the following sections, we describe the major steps 
in signaling by the TCR, starting with the earliest 
responses at the plasma membrane and culminating in 
the transcriptional activation of many T cell-specific 
genes. 

Early Membrane Events: Formation of the 
lmmunological Synapse and Recruitment 
and Activation of Protein Tyrosine Kinases 
and Adapter Proteins 

The earliest events tliat occur after antigen recogni- 
tion are designed to bring together many of the mole- 
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Figure 8-8 Formation of the immunological synapse. 
A. This schematic diagram illustrates the steps in the formation of the immunological synapse. 

Before antigen recognition, various receptors on T cells and their ligands on APCs are dispersed in the 
plasma membranes of the two cells. When the T cell recognizes antigen presented by the antigen- 
presenting cell (APC), selected receptors on the T cell and their respective ligands are redistributed to 
a defined area of cell-cell contact, forming the synapse. The molecules in the central portion of the 
synapse form the central supramolecular activation cluster (cSMAC), and the molecules in the periph- 
ery form the peripheral supramolecular activation cluster (pSMAC). 

Chapter 8 -Activation of T Lymphocytes 

T cell APC LFA- I 
Figure 8-8 (Continued) 

B. The formation of the synapse can be demonstrated by labeling selected molecules of T cells and 
APCs with fluorescent antibodies and imaging the distributions of these molecules by confocal 
microscopy. A T  cell specific for a peptide binds to an APC presenting that peptide (a). CD3, a com- 
ponent of the TCR complex (b), becomes localized to the cSMAC, and leukocyte function-associated 
antigen (LFA-I), an accessory molecule (c), is clustered in the pSMAC. In the three-dimensional view 
(d), CD3 is in the center and LFA-1 is at the periphery of the T cell-APC contact site. (From Monks 
CRF, BA Freiberg, H Kupfer, N Sciaky, and A Kupfer. Three dimensional segregation of supramolecu- 
lar activation clusters in T cells. Nature 395:82-86, 1998. Copyright 1998 Macmillan Magazines 
Limited.) 

Continued on following page 
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e& p ~ t e i n s .  For example, the 
?& Gck protein is the contact 

cytoplasmic taus of CD4 and 
have two internal domains 

) and Src homology 3 (Sk3) 
a distinct three-dimensional 

structuc~ &at permits specific noncovalent interactions 
with o@er proteins. SH2 domains are about 100 amino 
acids long and bind to phosphotyrosines on other pro- 
teins. Each SH2 domain has a unique binding specificity, 
which is determined by the three residues amino terminal 
to the phosphotyrosine on the target protein. SH2 
domains are also found on many signaling molecules 
outside the Src family. SH3 domains are approximately 60 
amino acids long and also mediate protein-protein 
binding. It is believed that SH3 domains bind to proline 
residues and may function cooperatively with the SH2 
domains of the same protein binding to phosphotyrosines. 
The critical role of SH3 domains in PTK function is illus 
trated by mutations in the SH3 domain of Bruton's tyro- 
sine kinase; these mutations do not alter the protein's 
stability or kinase activity but result in defective B cell 
receptor signaling and agammaglobulinemia. The car- 
boxyl terminal SH1 domain in Src FTKs is usually the tyro- 
sine kinase enzymatic domain. It contains binding sites for 
the substrate and for the ATP phosphate donor and an 
autophosphorylation site (a tyrosine residue) whose phos 
phorylation is needed for kinase activity. The carboxyl ter- 
minal domain has a second tyrosine that serves as a 
regulatory switch for the PTK When it is phosphorylated, 
the PTK. is inactive, and when the phosphate is removed 
by tyrosine phosphatases, the enzyme activity is turned on. 
The PT& that phosphorylate Src family PTKs at this 
inhibitory site form yet another subfamily of PTKs, the best 
described member being cSrc kinase-l (Csk-1). 

The Syk/ZAP-70 family of PTKs includes only two iden- 
tified members so far. Syk is abundantly expressed in B lym- 
phocytes but is also found in lower amounts in other 
hematopoietic cells including some T cells. ZAP-70 is 
expressed in only T lymphocytes and NK (natural killer) 
cells. Syk and ZAP-70 play similar roles in membrane Ig 
and TCR signaling cascades, respectively. There are two 
SH2 domains in the Syk/ZAP-'70 PTKs, but no SH3 domain 
and no inhibitory tyrosine. Syk and ZAP-70 are inactive 
until they bind, through their two SH2 domains, to paired 
phosphotyrosines within immunoreceptor tyrosine-based 
activation motifs ( I T ' S )  of antigen-receptor complex 
proteins (see text). Furthermore, activation of ZAP-70 
probably requires Src family PTK (e.g., Lck)-mediated 
phosphorylation of one or more tyrosine residues. 

The Tec FTKs are a third group of nonreceptor kinases 
tl are activated by antigen receptors in B and T cells as 
well as by many other signals in other cell types. This family 
includes Btk, Tec, Itk, DSrc29, Etk, and Rlk. Btk is 
expressed in all hematopoietic cells, but mutations of the 
Btk gene primarily affect B cell development in humans, 
cawing X-linked agammaglobulinemia. The major Tec 

kinases expressed by T cells are Itk, Rlk, and Tec. All the 
Tec family members contain a Tec homology (TH) 
domain, which includes sequences unique to this family 
(Btk homology domain) and sequences homologous with 
GTPase-activating protein. The TH domain mediates inter- 
actions with other signaling molecules. In addition, Tec 
kinases share structural similarities with the Src family 
kinases, including SH3 and SH2 domains that mediate 
interactions with other signaling molecules and a catalytic 
SHl domain. Unlike the Src kinases, the Tec kinases 
do not have N-terminal myristoylation sites, In contrast, I 
most Tek family kinases contain a pleckstrin homology 
(PH) domain, which promotes membrane localization 
by binding to PIP3 generated by PI-3 kinase. The Tec I 
kinases also do not contain a Gterminal regulatory 
tyrosine. Activation of a Tec kinase requires membrane 
localization, phosphorylation by a Src kinase, and auto- 
phosphorylation of the SH3 domain. The SH2 domains of 
Btk and Itk bind the phosphorylated adapter proteins 
BLNK/SLP-65 and SLP-'76, in B and T cells, respectively, 
shortly after antigen recognition. Once bound to these 
adapter proteins, Btk and Itk can phosphorylate and acti- 
vate phospholipase C. 

Protein tyrosine phosphatases (PTPs) are enzymes that 
remove phosphate moieties from tyrosine residues, coun- 
tering the actions of FTKs. PTPs may be membrane recep- 
tors or cvto~lasmic  rotei ins. One important receptor PTr I 

I 1  

which has a role in iymphocyte activation, is ~ ~ 4 . 6 ,  a men 
brane-bound protein that removes autoinhibitory G 
terminal phosphates from Src family kinases, such as Lck 
and Fyn, and is essential for T and B cell activation. The 
phosphatase activity of CD45 appears to require dimeriza- 
tion for activation, and mutations that prevent dimeriza- 
tion result in dysregulated activation of lymphocytes. 
Cytoplasmic PTPs are loosely associated with receptors or 
are recruited to tyrosine phosphorylated recepto- 
through SH2 domains. These enzymes include twa PTI 
commonly called SH2-containing phosphatase-1 and SH' 
containing phosphatase-2 (SHP-1 and SHP-2). SHP-1 , 
particularly abundant in hematopoietic cells. SHP-1 is 
negative regulator of lymphocytes and contributes to th 
inhibitory signals mediated by inhibitory receptors of tb 
immune system, such as killer inhibitory receptors of h 
cells (see Chapter 12). These inhibitory receptors bind 
SHP-1 through special motifs called immunoreceptor tyro- 
sine inhibitory motifs (ITIMs) by analogy to the IT'S of 
the TCR and other activating receptors. The central roe 
of SHP-1 in regulating lymphocyte function is illustratt - 
by the "moth-eaten" mouse strain, which carries a muta- 
tion in the SHP-1 gene and is characterized by severe 
immunodeficiency and autoimmunity. SHP-2 plays a posi- 
tive role in signaling by certain receptors, such as the EGF 
receptor, but may also be involved in negative regulatic 
in CI'LA-4 signaling. 

Other phosphatases act on phosphorylated inositol 
lipids and inhiliit cellular responses; an example is SHIP- 
1, an inositol phosphatase that is associated with & Fc 
receptor of B cells and serves to terminate B cell responses ' 

(see Chapter 9, Fig. 9-19). .i . B 
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Figure 8-9 Early tyrosine phosphorylation events in T cell activation. 
On antigen recognition, there is clustering of TCR complexes and coreceptors (CD4, in this case). 

CD4-associated Lck becomes active and phosphorylates tyrosines in the ITAMs of CD3 and 5 chains 
(A). ZAP-70 binds to the phosphotyrosines of the 5 chains and is itself phosphorylated and activated. 
(The illustration shows one ZAP-70 molecule binding to two phosphotyrosines of one ITAM in the 5 
chain, but it is likely that initiation of a T cell response requires the assembly of multiple ZAP-70 mol- 
ecules on each 5 chain.) Active ZAP-70 then phosphorylates tyrosines on various adapter molecules, 
such as LAT (B). The adapters become docking sites for cellular enzymes such as PLCyl and proteins 
that activate Ras and MAP kinases (C), and these enzymes activate various cellular responses. 



threshold is achieved by the recruitrflent of multiple 
ZAP-70 molecules to the multiple phosphorylated 
ITAMs of the 6 chains. In fact, the need for a single T 
cell to bind antigen multiple times, which was mcn- 
tioned earlier, may be because each binding event phos- 
phorylates more ITAMs on the chains, recruiting and 
activating additional ZAP-70 molecules. 

The activation of ZAP-70 plays a critical role in sus- 
taining the signaling cascade set in motion by TCR 
recognition of antigen. 

0 T cell lines and knockout mice lacking functional 
ZAP-70 show profound defects in TCR-induced 
responses. Mutations in the ZAP-70 gene are responsi- 
ble for some rare immunodeficiency diseases also char- 
acterized by defective T cell maturation and activation 
(see Chapter 20). 

0 There is a strong correlation between the level of 5 
chain phosphorylation and ZAP-70 activation and the 
subsequent T cell response. Peptides that have been 
mutated in their TCR contact residues often induce 
partial or no activation of T cells. The magnitude of T 
cell responses to these peptides, which are called 
altered peptide ligands (APLs), correlates with the 
extent of 5 chain phosphorylation. We will return to a 
discussion of APLs later in this chapter. 

Another kir~ase pathway in T cells involves PI-3 
(phosphatidylinositol-3) kinase, which phosphorylates 
membrane-associated inositol lipids. This enzyme is 
recruited to the TCR complex and associated adapter 
proteins and generates phosphatidylinositol triphos- 
phate (PIPB) from the biphosphate membrane lipid. 
PIPs is a binding site for signaling intermediates that 
contain pleckstrin homology domains, including phos- 
pholipase Cy and kinases such as Itk (and Btk in B 
cells). PI-3 kinase is also involved in CD28 signaling, as 
we will disruss later. 

The activity of kinases in T cell signaling pathways 
may be regulated by protein tyrosine phosphatases. 
These phosphatases can remove phosphates from tyro- 
sine residues of the kinases, and depending on which 
tyrosine residue is involved, the effect may be to acti- 
vate or to inhibit the enzymatic function of the kinases. 
Two phosphatases that are recruited to the TCR 
complex are SHP-1 and SHP-2 (for SH2 domain-con- 
taining phosphatases). These phosphatases serve to 
inhibit signal transduction by removing phosphates 
from key signaling molecules. Another inhibitory 
phosphatase is specific for inositol phospholipids and 
is called SHIP. In Chapter 6, we described the CD45 

p-otein, which has an intrinsic tyrosine phosphatase in 
its cytoplasmic tail. CD45 may dephosphorylate 
inhibitory tyrosine residues in Lck that are present 
before antigen recognition, and this may allow Lck to 
become active. Mice in which CD45 is mutated so that 
it cannot be down-regulated develop excessive T cell 
activity and autoimmunity. Much of our knowledge of 
the function of CD45 is based on studies with T cell 
tumor lines. How CD45 is recruited to the TCR 
complex and its role in antigen-induced responses of 
normal T cells are not known. 

Recruitment and Activation of Adapter Proteins 

Activated ZAP-70 fihosphorylates several adapter 
proteins that are able to bind signaling molecules (see 
Fig. 8-7). Adapter proteins serve to bring many signal- 
ing molecules into specific cellular compartments and 
thereby promote the activation of signal transduction 
pathways. Adapter proteins contain structural motifs, 
or domains, that bind other proteins. These domains 
include motifs that bind Src homology 2 and 3 (SH2 
and SH3) domains, phosphotyrosine-binding (PTB) 
domains, and pleckstrin homology (PH) domains. Both 
transmembrane and cytoplasmic adapter proteins con- 
tribute to the rapid assembly of scaffolds of signaling 
molecules after T cells recognize antigen on APCs. A key 
early event in T cell activation is the ZAP-70-mediated 
tyrosine phosphorylation of the membrane-anchored 
adapter protein LAT (linker of activation of T cells). 
The phosphorylated tyrosines of LAT serve as docking 
sites for SH2 domains of other adapter proteins and 
enzymes involved in several signaling cascades. LAT also 
contains proline-rich regions that bind SH3 domains of 
other proteins. Activated LAT directly binds phospholi- 
pase Cyl, a key enzymc in T cell activation (discussed 
later), and because it localizes within the immunologi- 
cal synapse, it coordinates the recruitment of several 
other adapter proteins, including SLP-'76 (for SH2- 
binding leukocyte phosphoprotein of 76-kD) and 
Grb-2, to the synapse. Thus, LAT serves to bring a variety 
of downstream components of TCR signaling pathways 
close to their upstream activators. Because the function 
of many of these adapters depends on their tyrosine 
phosphorylation by active ZAP-70, only antigen recog- 
nition (the physiologic stimulus for ZAP-70 activation) 
triggers the signal transduction pathways that lead to 
functional T cell responses. 

Ras-MAP Kinase Signaling Pathways in 
T Lymphocytes 

The Ras pathway is actiuated in T cells on TCR clus- 
tering, leading to the activation of kinases called 
MAPkinases and eventually to the activation of tran- 
scription factors. Ras is a member of a family of 21-kD 
guanine nucleotide-binding proteins (small G pro- 
teins) that are involved in diverse activation responses 
in different cell types. Ras is loosely attached to the 
plasma membrane through covalently attached lipids. 
In its inactive form, the guanine nucleotide-binding 
site of Ras is occupied by guanosine diphosphate 
(GDP) . When the bound GDP is replaced by guanosine 

Figure 8-10 The Ras-MAP 
4inase pathway in T cell 
,ctivation. 

ZAP-70 that  is activated by 
antigen recognition (see Fig. 8-9) 
phosphorylates membrane-associ- 
ated adapter proteins (such as 
L~T), which then bind another 
adapter, Grb-2. ZAP-70 phospho- 
lylates Grb-2, making it a docking 
site for the GTPICDP exchange 
factor Sos. Sos converts Ras*GDP 
to Ras*GTP. Ras*GTP activates a 
cascade of enzymes, which culmi- 
nates in the activation of the 
MAP kinase ERK. A parallel 
Rac-dependent pathway, called 
the stress-activated protein (SAP) 
kinase pathway, generates another 
active MAP kinase, INK (not 
shown). 
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triphosphate (GTP) , Ras undergoes a conformational 
change and can recruit or activate various cellular 
enzymes. Activation of Ras by GDP/GTP exchange is 
seen in response to the engagement of many types of 
receptors in many cell populations, including the TCR 
complex in T cells. Mutated Ras pro~eins that are con- 
stitutively active (i.e., assume the GTP-bound confor- 
mation) are associated with neoplastic transformation 
of many cell types. 

The mechanism of Ras activation in T cells involves 
the adapter proteins LAT and another adapter protein, 
Grb-2 (Fig. 8-10). When LAT is phosphorylated by 
ZAP-70 at the site of TCR clustering, it serves as the 
docking site for the SH2 domain of Grb-2. Once 
attached to LAT, Grb-2 recruits to the membrane the 
Ras GTP/GDP exchange factor called Sos (so named 
because it is the mammalian homologue of a Drosophila 
protein called son of sevenless). Sos catalyzes GTP for 
GDP exchange on Ras. This generates the GTP-bound 
form of Ras (written as Ras*GTP) , which then f~mctions 
as an allosteric activator of' enzymes called mitogen- 
activated protein (MAP) kinases, There are three main 
MAP kinases in T cells, the prototype being an enzyme 
called the extracellular receptor-activated kinase 
(ERK) . ERK activation results from Ras*GTP-induced 
sequential activation of at least three different kinases, 
each of which phosphorylates (and thus activates) the 
next enzyme in the cascade. The activated ERK phos- 
phorylates a protein called Elk, and phosphorylated Elk 
stimulates transcription of Fos, a component of the 
activation protein-1 (AP-I) transcription factor. 

In parallel with the activation of Ras through recruit- 
ment of Grb-2 and Sos, the adapters phosphorylated 
by TCR-associated kinases also recruit and activate a 
GTP/GDP exchange protein called Vav that acts on 
another small 21-kD guanine nucleotide-binding 
protein called Rac. The RacoGTP that is generaled 
initiates a parallel enzyme cascade, resulting in the 
activation of the MAP kinase called c-Jun N-terminal 
kinase UNK) . JNK is sometimes called stress-activated 
protein (SAP) kinase because in many cells, it is 
activated by various forms of noxious stimuli such as 
ultraviolet light, osmotic stress, or proinflammatory 
cytokines such as tumor necrosis factor (TNF) and 
IL-1. Activated JNK then phosphorylates c-Jun, the 
second component of the AP-1 transcription factor. 
The third member of the MAP kinase family, in addi- 
tion to ERK and JNK, is p38, and it too is activated by 
Rac*GTP and in turn activates various transcription 
factors. Rac*GTP also induces cytoskeletal reorgani- 
zation and may play a role in the clustering of TCR 
complexes, coreceptors, and other signaling molecules 
into the synapse. Thus, active G proteins induced by 
antigen recognition stimulate at least three different 
MAP kinases, which in turn activate transcription 
factors. 

The activities of ERK and JNK are eventually shut 
off by the action of dual-specificity protein tyrosine/ 
threonine phosphatases. These phosphatases are in- 
duced or activated by ERK and JNK themselves, pro- 
viding a negative feedback mechanism to terminate T 
cell activation. 
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in the activation of different types of enzymes: 
a Ras-MAP kinase pathway leading to activation of 
the kinases such as ERK and JNK, a PLCyl-calcium- 
dependent pathway leading to activation of the phos- 
phatase calcineurin, and a PLCyl-DAG-dependent 
pathway leading to activation of PKC (see Fig. 8-7). 
Each of these pathways contributes to the expression 
of genes encoding proteins needed for T cell clonal 
expansion, differentiation, and cffcctor functions. In 
the following section, we describe the mechanisms by 
which these different signaling pathways stimulate the 
wanscription of various genes in T cells. 

Calcium- and Protein Kinase C-Mediated 
Signaling Pathways in T Lymphocytes 

free calcium acts as a signaling molecule by binding to 
a ubiquitous calcium-dependent regulatory protein 
called calmodulin. Calcium-calmodulin complexes acti- 
vate several enzymes, including a protein serine/threo- 
nine phosphatase called calcineurin that is important 
for transcription factor activation, as discussed later. 

DAG, the second breakdown product of PIPz, acti- 
vates the enzyme protein kinase C (PKC, which has 
several isoforms) that also participates in the gener- 
ation of active transcription factors (see Fig. 8-11). 
DAG is hydrophobic, and it remains in the membrane 
where it is formed. The combination of elevated 
free cytosolic calcium and DAG activates membrane- 
associated PKC by inducing a conformational change 
that makes the catalytic site of the kinase accessible to 
substrate. The PKC4 isoform is known to localize to the 
immunological synapse and is involved in the activation 
of several downstream signaling pathways. However, the 
substrates of PKC enzymes in T cells are not clearly 
defined. 

Activation of Transcription Factors That 
Regulate T Cell Gene Expression 

TCR signaling leads to the activation of the yl isoform 
of the enzyme phospholipase C (PLCyl), and theprod- 
ucts of PLCyl-mediated hydrolysis of membrane 
lipids activate enzymes that generate additional 
active transcription factors in T cells (Fig. 8-11). 
PLCyl is a cytosolic enzyme specific for inositol phos- 
pholipids that is recruited to the plasma membrane by 
tyrosine phosphorylated LAT. Here the enzyme is phos- 
phorylated by ZAP-70 and by other kinases, such as the 
Tec family kinase called Itk (see Box 8-3), and this 
occurs within minutes of ligand binding to the TCR. 
Phosphorylated PLCyl catalyzes the hydrolysis of a 
plasma membrane phospholipid called phosphatidyli- 
nositol 4,5-bisphosphate (PIP,), generating two break- 
down products, inositol 1,4,5-trisphosphate (IP,) and 
diacylglycerol (DAG). IPS and DAG then activate two 
distinct downstream signaling pathways in T cells. 

ZP3 produces a rapid increase in cytosolic free 
calcium within minutes after T cell activation. IPS dif- 
fuses through the cytosol to the endoplasmic reticulum, 
where it binds to its receptor and stimulates release 
of membrane-sequestered calcium stores. The released 
calcium causes a rapid rise (during a few minutes) in 
the cytosolic free calcium ion concentration, from 
a resting level of about 100 nM to a peak of 600 to 
1000 nM. In addition, a plasma membrane calcium 
channel is opened in response to as yet incompletely 
understood TCR-generated signals, producing an 
influx of extracellular calcium. This influx of extracel- 
lular calcium allows the T cell to sustain an increase in 
cytosolic free calcium for more than an hour. Cytosolic 

The enzymes generated by TCR signaling activate 
transcription factors that bind to regulatory regions 
of numerous genes in T cells and thereby enhance tran- 
scription of these genes (Fig. 8-12). Much of our 
understanding of the transcriptional regulation. of 
genes in T cells is based on analyses of cytokine genes. 
The transcriptional regulation of most cytokine genes 
in T cells is controlled by the binding of transcription 
factors to nucleotide sequences in the promoter and 

Phosphorylation, release, I I Dephosphorylation 
and degradation of IKB of cvtoplasmic NFAT 

@ The importance of PKC and calcium signals for 
the functional activation of T cells is supported 
by the observation that pharmacologic activators 
of PKC, such as phorbol myristate acetate, and 
calcium ionophores, such as ionomycin, which 
raise cytosolic free calcium ion concentrations, 
act together to stimulate T cell cytokine secretion 
and proliferation. These pharmacologic agents 
mimic the effects of antigen and induce T cell 
functional responses in the absence of antigen. 

lnactiv 1 N F r B  

So far, we have described several signal transduction 
pathways initiated by ligand binding to the TCR that 
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Figure 8-1 1 T cell signaling 
through membrane inositol 
phospholipid metabolism. 
The LAT adapter protein that is 
phosphorylated on T cell activa- 
tion binds the cytosolic enzyme 
PLCy1, which is phosphorylated 
by ZAP-70 and other kinases, such 
as Itk, and activated. Active PLCyl 
hydrolyzes membrane PIP, to 
generate IP,, which stimulates an 
increase in cytosolic calcium, and 
DAC, which activates the enzyme 
PKC. Increased cytosolic calcium 
and PKC then activate various 
transcri~tion factors. leadina to 

IL-2 gene k 

Figure 8-12 Activation of transcription factors in T cells. 
Multiple signaling pathways converge in antigen-stimulated T cells to generate transcription factors 

that stimulate expression of various genes (in this case, the IL-2 gene). The calcium-calmodulin 
pathway activates NFAT, and the Ras and Rac pathways generate the two components of AP-1. Less 
is known about the link between TCR signals and NF-KB activation. (NF-KB is shown as a complex of 
two subunits, which in T cells are typically the p50 and p65 proteins, named for their molecular sizes 
in kilodaltons.) PKC is important in T cell activation, but it is not clear which transcription factors it 
induces, and its action is shown as a dashed arrow. These transcription factors function coordinately 
to regulate gene expression. Note also that the various signaling pathways are shown as activating 
unique transcription factors, but there may be considerable overlap, and each pathway may play a 
role in the activation of multiple transcription factors. 

1 fi response 1 response I 
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enhancer regions of these genes. For instance, the I G  
2 promoter, located 5' of the gene, contains a segment 
of approximately 300 base pairs in which are located 
binding sites for several different transcription factors. 
All these sites must be occupied by transcription factors 
for maximal transcription of the IL-2 gene. Different 

, transcription factors are activated by different cytoplas- 
mic signal transduction pathways, and the requirement 
for multiple transcription factors accounts for the need 
to activate multiple signal transduction pathways on  
antigen recognition. I t  is likely that the same principles 
are true for many genes in T cells, including genes 
encoding cytokine receptors and effector molecules, 
although different genes may be responsive to different 
combinations of transcription factors. 

Three transcription factors that are activated in 
T cells by antigen recognition and appear to be critical 
for most T cell responses are nuclear factor of activated 
T cells (NFAT), AP-1, and nuclear factor KB (NF-KB) . 

NFAT is a transcription factor required for the 
expression of IL2,  IL4, TNF, and other cytokine genes. 
There are four different NFATs, each encoded by sepa- 
rate genes; NFATl and NFAT2 are the types found 
in T cells. NFAT is present in an  inactive, serine 
phosphorylated form in the cytoplasm of resting T 
lymphocytes. It is activated by the calcium-calmodulin 
-dependent phosphatase calcineurin. Calcineurin 
dephosphorylates cytoplasmic NFAT, thereby uncover- 
ing a nuclear localization signal that permits NFAT to 
translocate into the nucleus. Once in the nucleus, NFAT 
binds to the regulatory regions of IL-2, IG4, and other 
cytokine genes, usually in association with other tran- 
scription factors, such as AP-1. 

The mechanism of activation of NFAT was discov- 
ered indirectly by studies of the mechanism of action 
of the immunosuppressive drugs cyclosporine and 
FK-506 (see Chaptcr 16). These drugs, which are 
natural products of fungi, are the main therapeutic 
agents used to prevent allograft rejection, and they func- 
tion largely by blocking T cell cytokine gcnc transcrip- 
tion. Cyclosporine binds to a cytosolic protein called 
cyclophilin, and FK-506 binds to a structurally homolo- 
gous protein called FK-506-binding protein (FKBP) . 
Cyclophilin and FKBP are also called immunophilins. 
Cyclosporine-cyclophilin complexes and FK-506-FKBP 
complexes bind to and inhibit calcineurin, and there- 
fore they block translocation of NFAT into the nucleus. 

AP-1 is a transcription factor found in many cell 
types; i t  is specifically activated in T lyrnphocytes by 
TCR-mediated signals. AP-1 is actually the name for a 
family of DNA-binding factors composed of dimers of 
two proteins that bind to one another through a shared 
structural motif called a leucine zipper. The  best char- 
acterized AP-1 factor is composed of the proteins Fos 
and Jun. TCR-induced signals lead to the appearance 
of active AP-1 in the nucleus of T cells. Activation of 
AP-1 typically involves synthesis of the Fos protein and 
phosphorylation of preexisting Jun protein. Transcrip- 
tion and synthesis of Fos can be enhanced by the ERK 
pathway, as described before, and also by PKC. JNK 
phosphorylates c-Jun, and AP-1 complexes containing 
the phosphorylated form of Jun have increased tran- 

scriptional enhancing activity. AP-1 appears to physi- 
cally associate with other transcription factors in the 
nucleus, including NFAT, and works best in combina- 
tion with NFAT. Thus, AP-1 activation represents a 
convergence point of several TCR-initiated signaling 
pathways. 

NF-KB is a transcription factor that is activated in 
response to TCR signals and is essential for cytokine 
svnthesis. NF-KB moteins are homodimers or  het- 
I 

erodimers of proteins that are homologous to the 
product of a cellular proto-oncogene called c-re1 and are 
important in the transcription of many genes in diverse 
cell types, particularly in cells of innate immunity (Box 
8-4). In  resting T cells, NF-KB is present in the cyto- 
plasm in  a complex with other proteins called inhibitors 
of KB ( I d s ) ,  which block the entry of NF-KB into the 
nucleus. TCR signals lead to serine phosphorylation of 
IKB. The  enzymes responsible for phosphorylation of 
IKB are called IKB kinases. In  T cells, PKC, the MAP 
kinase pathway, and calcium may all lead to the phos- 
phorylation of IKB, but how these signaling inter- 
mediates activate IKB kinases has not  been defined. The 
phosphorylation of IKB is followed by attachment of 
multiple copies of a small protein called ubiquitin. This 
ubiquitination targets IKB for proteolysis in the cyto- 
solic proteasome, the multienzyme protease complex 
that degrades many cytosolic proteins. Thus, NF-KB is 
released and translocates to the nucleus, where it  con- 
tributes to the transcriptional activation of multiple 
cytokine genes and cytokine receptor genes. 

Although we have described some of the major sig- 
naling pathways in T cells as generating distinct tran- 
scription factors, many experimental results suggest 
that these TCR signaling pathways may not  be 
independent. 

Pharmacologic activators or inhibitors of one pathway 
appear to influence others. For instance, cyclosporine 
and FK-506, which inhibit calcineurin, not only inhibit 
the activation of NFAT but also inhibit the activation 
of NF-KB; and phorbol esters, which activate PKC, acti- 
vate both NF-KB and AP-1. 

Components of one signaling pathway may also activate 
multiple transcription factors. For example, over- 
expression in T cell tumor lines of dominant negative 
forms of Ras (by gene transfection) not only blocks AP-1 
activation, as expected, but also blocks NFAT activation. 

The links between different signaling proteins, acti- 
vation of transcription factors, and functional responses 
of T cells are often difficult to establish because there 
are complex and incompletely understood interactions 
between signaling pathways. Also, we have focused on  
selected pathways to illustrate how antigen recognition 
may lcad to biochemical alterations, but it is likely that 
other signaling molecules are also involved i n  antigen- 
induced lymphocyte activation. 

Biochemistry of Costimulation 

Costimulatory signals delivered by T cell receptors, 
such as CD28, cooperate with TCR signals to augment 

Transcriptional Regulation and NF-KB 
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such as antigen ~d cytokines, result in the initiation of 
transcription of genes that were previously silent or tran- 
scribed at very low rates in the responding cells. The set of 
genes that can be transcribed in any given differentiated 
cell type is determined by numerous mechanisms, includ- 
ing the accessibility of the DNA encoding a gene to soluble 
protein factors (i.e., the "openness of the chromatin"), 
chemical modifications of the DNA in the regulatory 
regions of a gene (e.g., by methylation of particular 
nucleotides), and protein factors that bind to the DNA and 
promote or repress transcription. When a gene is available 
for active transcription, a complex of proteins, including 
the RNA polymerase enzyme, assemble near the site where 
transcription begins. The DNA sequence that binds this 
basal transcription complex of proteins is called the 
promoter. However, binding of the basal transcription 
complex to the promoter is not sufficient by itself to initi- 
ate transcription efficiently, and additional signals are pro- 
vided by interactions with DNA-binding proteins called 
transcription factors. Transcription factors have dual 
functions: they must recognize and bind to specific DNA 
sequences, and they must interact with proteins of the 
basal transcription complex, either directly or through a 
coactivator protein. The specific DNA sequences that bind 
these transcription factors must be located on the same 
segment of DNA as the promoter and are therefore called 
cisacting sequences. In some cases, these sequences must 
be near and in a particular orientation to the transcrip- 
tional start site and are often considered to be part of 
the promoter. In other cases, these cis-acting regulatory 
sequences can be as much as several thousand nucleotides 
away and will work in either orientation. Such movable 
regulatory DNA sequences are called enhancers. The tran- 
scription factors that bind to promoter or enhancer 
sequences are usually encoded by genes that are distant 
from the promoter or enhancer sequences (e.g., on a dif- 
ferent chromosome), and therefore transcription factors 
are sometimes called trans-acting factors, meaning they 
need not be encoded by the same piece of DNA as the reg- 
ulated gene. In fact, many transcription factors are multi- 
meric proteins, and their subunits may be encoded by 
widely separated genes on separate chromosomes. 

Transcription factors may be activated in different ways 
in response to various stimuli. 

. Transcription facto~s may not be present in a resting 
cell, and activation signals induce their de nouo synthe- 
sis. An example of this kind of regulation is the synthe- 
sis of c-Fos, a component of transcription factor AP-1, 
in response to antigenic stimulation of lymphocytes. 

. Transcription factors may require assembly into mul- 
timeric complexes to bind to DNA, and this step may 
be regulated. An example of this kind of regulation 
is the assembly of cytokine-responsive STAT proteins 
into dimers, which is induced by the phosphorylation 
of these proteins by Janus kinases (see Chapter 11, 
Box 11-2). 

-. Transcription factors may require covalent modifica- 
tion to interact with the proteins of the basal tran- 
scription complex, and this step may be regulated. 

For instance, in the case of c-Jun, regulation involves 
phosphorylation of an amino acid side chain in the 
amino terminal transactivating region of the protein 
by the enzyme c-Jun N-terminal kinase. 

4. Transcription factors may preexist in a form that is 
capable of binding DNA and of mediating transacti- 
vation, but the factor may not have access to the cis- 
acting regulatory sequences of the target gene. In the 
case of nuclear factor of activated T cells (NFAT), 
regulation involves removal of a phosphate moiety 
from an amino acid side chain, thereby exposing an 
amino acid sequence required for the NFAT protein 
to enter the nucleus. The protein phosphatase that 
mediates this reaction, calcineurin, is activated in the 
T cell by antigen recognition (see text). 

We discuss the transcription factor called nuclear factor 
KB (NF-KB) as a prototype because of its central role in 
many immunologic reactions. The functional NF-KB tran- 
scription factor is-a dimer of either identical or structurally 
homologous protein subunits of about 50 to 75 kD. The 
common structural motif shared by these proteins is called 
a re1 homology domain because this sequence was first 
identified in the retroviral transforming gene v-rel. The 
mammalian proteins that share this motif are p50 (also 
called NF-KBl), p52 (NF-KB2), p65 (RelA), c-Rel, and 
RelB. Drosophila express a member of this family called 
dorsal. Members of the NF-KB/Rel family are expressed in 
almost every cell type; RelB is expressid in lymphocytes 
and a few other cells. All of these proteins can participate 
in either homodimer or heterodimer formation, except 
for RelB, which only forms heterodimers with p50 or p52. 

In resting cells, functional NFKB dimers are present in 
an inactive state in the cytoplasm, bound to one or more 
inhibitory proteins called inhibitors of KB (IKBs). The acti- 
vation of NF-KB is initiated by the signal-induced degrada- 
tion of IKB proteins. The details of this process are not fully 
known, but it involves phosphorylation of specific serine 
residues in IKB by an enzymatic complex called IKB kinase 
(IKK). How IKK activation is linked to upstream signals 
generated by the TCR or cytokine receptors is not fully 
understood but probably involves additional kinases as well 
as TRAF family adapter molecules (see Box 11-1). IKK is 
composed of at least two kinases called IKK-a and IKK-P 
and a noncatalytic regulatory subunit called NF-KB essen- 
tial modulator (NEMO) or IKK-y. IKK-mediated phospho- 
rylation targets IKB for ubiquitination and, finally, 
degradation of the polyubiquitinated IKB by the cytoplas- 
mic proteasome. Once NF-KB is freed from IKB, it is able 
to enter the nucleus, where it binds to specific DNA 
sequences in target genes and stimulates their transcrip 
tion. NF-KB may interact with other proteins to activate 
transcription optimally. 

NF-KB was so named because the first identified 
binding site for this protein is located within an intronic 
enhancer in the Ig a light chain gene. Although NF-KB is 
not required for Iga chain expression, multiple roles for 
NF-KB in the immune system have been determined by 
molecular studies and the phenotype of several knockout 
mice (see Table). NF-KB is involved in T cell activation, 
contributing to IL2 transcription (see text), and in the 

Continued on following page 
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Transcriptional Regulation and NF-KB ( ( ; o r r / ~ r ~ ~ r c ~ t l )  

Component of NF-K 
transcription factor 

nuclear localization 

responses of many diverse cell types to microbial products totic death and is thus a component of a 1 5 
and proinflammatory cytokines such as TNF and ILl (see mechanism of cells. Knockout of the genes encoding the 
Chapter 11). In fact, many of the cellular responses seen p65 subunit (ReLA) or IKK-P in mice results in embryonic 
in innate immune reactions are dependent on the activity lethality due to massive liver cell apoptosis. This supports 
of this transcription factor. NF-KB also activates the tran- the notion that NFKB plays an important anti-apoptotic 
scription of genes whose products protect cells from apop- role in uiuo. 

the activation of transcription factors. CD28 engage- stimulators can activate PI-3 kinase and facilitate 
ment may enhance signaling by the TCR complex in GTP/GDP exchange in Ras, resulting in activation oj 
part by stabilizing and prolonging the synapse between the MAP kinase pathway as well as activation of the Aki 
T cells and APCs. CD28 may also activate distinct signal- kinase. CD28 also provides an independent pathway for 
ing pathways that work with TCR-induced signals to the activation of the adapter protein Vav and the associ. 
stimulate the biologic responses of T cells. CD28 clus- ated Rac pathway. In some cultured 'I' cell lines, CD2k 
tering induced by antibodies or by binding to B7 co- signals have been shown to activate a form of NF-KB that 

CD28 response element, that is iot activated by TCR- 
mediated signals. All these pathways promote T cell sur- 
vival, cytokine production, and proliferation. CD28 may 

block inhibitory signals in T cells. For instance, 
when the LAT or SLP-76 adapter is activated by TCR 
signaling, another adapter called Cbl-b may be 
recruited to the complex. Phosphorylation and activa- 
tion of Cbl-b inhibit T cell activation, in part by blocking 
TCR-mediated signals that are dependent on PI-3 
kinase. CD28 signals, through activation of Vav and the 
Rac pathway, block the inhibitory activity of Cbl-b and 
thus augment TCR signals. In knockout mice lacking 
Cbl-b, the T cells respond to antigen even without CD28- 
mediated costimulation and produce abnormally high 
amounts of IL-2, and the mice develop autoimmunity as 
a result of hyperactivation of the T cells. Which of these 
multiple CD28-triggered signaling pathways is essential 
for the function of this receptor is not known. 

Even less is known about the biochemical mecha- 
nisms by which the second T cell receptor for B7 mole- 
cules, CTLA-4, inhibits T cell activation. There is some 
evidence that engagement of CTLA-4 blocks normal 
phosphorylation of TCR-associated 5 chains, perhaps by 
recruiting a phosphatase to the synapse. Whether a T 
cell uses CD28 or CTLA-4 to bind to B7 molecules on 
APCs is a key determinant of the outcome of antigen 
recognition, but how this choice is made is riot known. 
One possibility is that because CTLA-4 binds to B7-1 and 
B7-2 with -50-fold higher affinity than does CD28, 
APCs with low expression of B7 may preferentially 
engage CTLA-4. Normal resting APCs, which may be dis- 
playing self antigens but express little B7, engage CTLA- 
4 and induce tolerance in self-reactive T cells. Infections 
up-regulate R7  expression, leading to engagement of 
CD28 and T cell activation. It is also known that naive T 
cells express CD28, but CTLA-4 expression requires T 
cell activation. Therefore, naive T cells may use CD28 to 
initiate responses, but at later times, more CTLA-4 
may be expressed, and its binding to B7 molecules may 
function to terminate the responses. 

Altered Peptide Ligands 

The signaling events and functional consequences of T 
cell antigen recognition may be altered by changing 
some of the TCR contact residues of a peptide antigen. 
As we discussed in Chapter 6, the TCRs on an individ- 
ual T cell contact only a few amino acid residues of a 
particular MHC-bound peptide. Synthetic peptides in 
which one or two TCR contact residues have been 
changed induce only a subset of the functional 
responses, or entirely different rcsponscs, compared 
with the responses to the unaltered (native) peptide. 
For instance, some of these variant peptides may induce 
only some of the many cytokines that are induced by 
the native peptide or may induce quantitatively smaller 
responses than the native peptides do. These responses 
are called partial activation, and the peptides that 
induce them are called partial, or weak, agonists. Yet 
other variant peptides deliver negative signals to spe- 
cific T cells that inhibit responses to na~ive peptides; 
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these are called antagonist peptides, and the phenom- 
enon is referred to as T cell antagonism. Peptides with 
altered TCR contact residues that elicit responses 
different from the responses to the native antigen are 
called altered peptide ligands (APLs) . The qualitatively 
and quantitatively different responses elicited by these 
APLs support the idea, mentioned earlier in the 
chapter, that the outcome of T cell antigen recognition 
is influenced by the quality of the 'I'CK-antigen inter- 
action. Many weak agonists and antagonist peptides 
have a more rapid dissociation from the TCR than do 
the native peptides. This result is consistent with the 
idea that the duration of TCR engagement by antigen 
may be a major determinant of the T cell response, 

APLs are important for two main reasons. First, they 
represent a mechanism by which T cell activation can 
be regulated. It is possible, for example, that microbes 
produce altered versions of their own antigens that 
inhibit host immune responses to the microbe. APLs 
could theoretically be administered to patients to 
inhibit unwanted immune responses against defined 
antigens (e.g., in autoimmune diseases in which the 
pathogenic self antigen is known). Second, the analysis 
of intracellular biochemical events induced by APLs has 
provided further insights into how TCR signaling path- 
ways work. There is already evidence that some APLs 
cause distinct patterns of tyrosine phosphorylation of 
the TCR-associated chains and induce lower sustained 
levels of intracellul-ar calcium than do the wild-type 
peptides from which they were derived. 

Summary 

T cell responses are initiated by signals provided by 
clustering of TCR complexes through recognition of 
antigen on the surface of an APC and through signals 
provided by costimulators expressed on APCs. The 
response of the T cell varies with the nature of the 
antigen, the APC that presents the antigen, and the 
stage of maturation and differentiation of the T cells. 

The best defined costimulators for T cells are the B7 
proteins, which are recognized by CD28 on T cells. 
B7 molecules are expressed on professional APCs, 
and their expression is enhanced by microbes and by 
cytokines produced during innate immune reactions 
to microbes. The requirement for costimulation, 
especially for activation of naive T cells, ensures that 
T cell responses are induced in lymphoid organs, 
where professional APCs arc concentrated, and 
against microbes and microbial products. 

T cell responses to antigen and costimulators 
include synthesis of cytokines and effector molecules, 
cellular proliferation, differentiation into cffcctor 
and memory cells, and performance of effector 
functions. 

Clustering of TCRs by antigen recognition triggers 
intracellular signaling pathways that result in the 
production of transcription factors, which activate a 
variety of genes in T cells. Intracellular signaling 
may be divided into membrane events, cytoplasmic 
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signaling pathways, a n d  nuclear transcription of 
genes. Membrane events include the  recruitment 
a n d  activation of protein tyrosine kinases into 
the  TCR complex; the  phosphorylation of TCR 
complex constituents (e.g., the  6 chains); a n d  the  
recruitment of protein tyrosine kinases, especially 
ZAP-70, a n d  adapter proteins. Cytoplasmic signaling 
pathways lead to the  activation of effector enzymes, 
such as the  kinases ERK, JNK, a n d  PKC, a n d  the  phos- 
phatase calcineurin. These enzymes contribute to the  
activation of transcription factors such as NFAT, 
AP-1, a n d  NF-KB, which function to enhance gene  
expression in  antigen-stimulated T cells. 

Some peptides in which the  TCR contact residues are  
altered may induce partial T cell responses o r  inhibit 
T cell activation by poorly understood biochemical 
mechanisms. 
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H u m o r a l  immunity is mediated by secreted anti- 
bodies, which are  produced by cells of the  B lyrnpho- 
cyte lineage. Antibodies b ind to the  antigens of 
extracellular microbes a n d  function to  neutralize a n d  
eliminate these microbes. T h e  elimination of different 
types of microbes requires several effector mechanisms, 
which are  mediated by distinct classes, o r  isotypes, of 
antibodies. This chapter describes the  molecular a n d  
cellular events of the  humoral  immune  response, 
i n  particular the  stimuli that  induce B cell growth a n d  
differentiation a n d  how these stimuli influence the  type 
of antibody that  is produced.  

General Features of Humoral 
lmmune Responses 

T h e  earliest studies of adaptive immunity were devoted 
to  analyses of serum antibodies produced in  response 
to microbes, toxins, a n d  model  antigens. Much of o u r  
current  understanding of adaptive immune  responses 
a n d  the  cellular interactions that  take place dur ing such 
responses has evolved f rom studies of antibody pro- 
duction. T h e  type a n d  amount  of antibodies produced 
vary according to the  type of antigen, involvement of T 
cells, prior history of antigen exposure, a n d  anatomic 
site. 

The process of activation of B cells and the gen- 
eration of antibody-producing cells consists of 
sequential phases (Fig. 9-1). As we discussed in  
Chapter 7, mature antigen-responsive B lymphocytes 
develop from bone  marrow precursors before anti- 
genic stimulation a n d  populate peripheral lymphoid 
tissues, which are  the  sites of interaction with foreign 
antigens. Humoral  immune  responses a re  initiated 
by the  recognition of antigens by B lymphocytes spe- 
cific for each antigen. Antigen binds to the  mem- 
brane  IgM a n d  IgD rcccptors o n  naive B cells a n d  
activates the  cells. B cell activation consists of a series 
of responses that  lead to proliferation, resulting in  
expansion of the  clone of antigen-specific cells, a n d  



I Section Ill - Maturation, Activation, and Regulation of Lymphocytes 

Helper T cells, 
other stimuli 

expansion 

IgM+, IgD+ 
mature B cell 

B cell 

-A affinity IgG 
~i~h-aff ini ty/ lg- \ . . 
expressing B cell 

l l iGG i  - 

Figure 9-1 Phases of the humoral immune response. 
The activation of B cells is initiated by specific recognition of antigens by the surface Ig receptors 

of the cells. Antigen and other stimuli, including helper T cells, stimulate the proliferation and differ- 
entiation of the specific B cell clone. Progeny of the clone may produce IgM or other Ig isotypes (e.g., 
IgC), may undergo affinity maturation, or may persist as memory cells. 

differentiation, resulting in the generation of effec- 
tor cells that actively secrete antibodies and memory 
B cells. Some activated B cells begin to produce anti- 
bodies other than IgM and IgD; this process is called 
heavy chain isotype (class) switching. Activated B 
cells may also produce antibodies that bind to anti- 
gens with higher and higher affinities; this process is 
called affinity maturation. 

4 Antibody responses to protein antigens require 
CD4' helper T lymphocytes that recognize the 
antigen and play an essential role in activating B 
lymphocytes. For this reason, proteins are classified 
as thymus-dependent or T-dependent antigens. The 
term "helper" T lymphocyte arose from the realiza- 
tion that these cells stimulate, or help, B lymphocytes 
to produce antibodies. As we shall see later in this 
chapter, a great deal is known about the mechanisms 
of action of helper T cells. 

4 Antibody responses to nonprotein antigens, such 
as polysaccharides and lipids, do not require 
antigen-specijic helper T lymphocytes. Therefore, 
polysaccharide and lipid antigens are called thymus- 
independent or T-independent (TI) antigens. 

Activated B cells differentiate into antibody- 
secreting cells, some of which continue to produce 
antibodies for long periods, and into long-lived 
memory cells (Fig. 9-2). Humoral immune re- 
sponses are initiated in peripheral lymphoid organs, 
such as the spleen for blood-borne antigens, drain- 
ing lymph nodes for antigens entering through 
the skin and other epithelia, and mucosal lymphoid 
tissues for some inhaled and ingested antigens. 

Antibodies enter the circulation or the lumens 
of mucosal organs and mediate their protective 
effects wherever antigens are present, even though 
antibody-producing cells remain resident mainly in 
the secondary lymphoid organs and the bone 
marrow. Some antibody-secreting cells migrate from 
the peripheral lymphoid organs to the bone marrow, 
where they live and produce low levels of antibodies 
that provide immediate protection on exposure 
to microbes. Some progeny of activated B cells 
may differentiate into memory cells, which mount 
rapid responses to subsequent encounters with the 
antigen. 

4 Heavy chain isotype switching and a . n i t y  matu- 
ration are typically seen in helper T cell-dependent 
humoral immune responses to protein antigens. 
As we shall discuss later, isotype switching is stimu- 
lated by helper T cell signals, including the mem- 
brane molecule CD40 ligand and cytokines, and 
affinity maturation is also dependent on T cells, but 
the signals involved are not as well defined. The 
humoral immune response is also different at 
various anatomic sites. For instance, mucosal lym- 
phoid tissues are uniquely adapted to produce high 
levels of IgA in response to the same antigens that 
stimulate other antibody isotypes in nonmucosal 
lymphoid tissues. 

4 Primary and secondary antibody responses to 
protein antigens differ qualitatively and quantita- 
t ively (Table 9-1). Primary responses result from 
the activation of previously unstimulated naive B 
cells, whereas secondary rcsponses are due to stimu- 
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11 infection I 

Days after antigen exl$mm 

lation of expanded clones of memory B cells. There- In the following sections, we first describe how anti- 
fore, the secondary response develops more rapidly gens initiate the process of B cell activation. We then 
than does the primary response, and larger amounts discuss the role of helper T cells in B cell responses to 
of antibodies are produced in the secondary protein antigens and the changes in B lymphocyte 
response (see Fig. 9-2). Heavy chain isotype switch- physiology in response to these signals that occur 
ing and affinity maturation also increase with during the activation phase. We will return to TI anti- 
repeated exposures to protein antigens. gens at the end of the chapter. 

Figure 9-2 Kinetics of primary and secondary humoral immune responses. 
In a primary immune response, naive B cells are stimulated by antigen, become activated, and dif- 

ferentiate into antibody-secreting cells that produce antibodies specific for the eliciting antigen. Some 
of the antibody-secreting plasma cells survive in the bone marrow and continue to produce antibodies 
for long periods. Long-lived memory B cells are also generated during the primary response. A 
secondary immune response is elicited when the same antigen stimulates these memory B cells, 
leading to more rapid proliferation and differentiation and production of greater quantities of specific 
antibody than are produced in the primary response. 
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Antigen Recognition and 
Antigen-Induced B Cell Activation 

The activation of antigen-speci$c B lymphocytes is 
initiated by the binding of antigen to membrane 
immunoglobulin (Zg) molecules, which are the antigen 
receptors of mature B cells. Naive B cells reside in and 
circulate through the follicles of peripheral lymphoid 
organs (the spleen, lymph nodes, and mucosal lym- 
phoid tissues). These mature, naive B cells survive 
for limited periods until they encounter antigen (see 
Chapter 2). Antigens that enter these organs through 
the blood or lymph are located by specific B cells and 
bind to the antigen receptors of the B cells. The B lym- 
phocyte antigen receptor serves two key roles in B cell 
activation. First, antigen-induced clustering of recep- 
tors delivers biochemical signals to the B cells that ini- 
tiate the process of activation. Second, the receptor 
binds antigen and internalizes it into endosomal vesi- 
cles, and if the antigen is a protein, it is processed into 
peptides that are presented on the B cell surface for 
recognition by helper T cells. This antigen-presenting 
function of B cells will be discussed later. The bio- 
chemical and functional responses of B cells have been 
analyzed by a variety of methods (Box 9-1). 

Signal Transduction by the B Lymphocyte 
Antigen Receptor Complex 

The B cell antigen receptor delivers activating signals 
to a B cell when two or-more receptor molecules are 
brought together, or cross-linked, by multivalent anti- 
gens. Membrane IgM and IgD, the antigen receptors of 
naive B cells, have short cytoplasmic tails consisting of 
only three amino acids (lysine, valine, and lysine). 
These tails are too small to transduce signals generated 
by the clustering of Ig. Ig-mediated signals are actually 
lransduced bv two other molecules. called I ea  and 
IgP, that are disulfide linked to one'another i n d  are 
expressed in B cells noncovalently associated with 
membrane Ig (Fig. 9-3). Iga and IgP are also required 
for the surface exmession of membrane Ig. molecules 

u 

and together with membrane Ig form the B cell recep- 
tor (BCR) complex. Thus, Iga and IgP serve the same 
functions in B cells as the CD3 and < proteins do in T 
lymphocytes (see Chapter 6) .  The cytoplasmic domains 
of Iga and IgP contain tyrosine-rich motifs (immuno- 
receptor tyrosine-based activation motifs, or ITAMs) 
that are also found in CD3 and < proteins and are 
required for signal transduction. cross-linking of mem- 
brane Ig brings several ITAMs into proximity, and this 
triggers subsequent signaling events (Fig. 9-4). 

The early signaling events initiated by the BCR 
complex are similar to the events described in TCR 
complex signaling (see Chapter 8). 

W Antigen-mediated cross-linking of membrane Ig 
induces phosphoylation of the tyrosines in the 
ITAMs of Zga and I@. Cross-linked Ig receptors 
enter specialized membrane domains, or lipid rafts, 
where many adapter proteins and signaling mole- 
cules may be concentrated, as in T cells. The phos- 

Extracellular .-. 
sDace 

Cytoplasm 
lmmunoreceptor 
tyrosine-based 
activation motif (ITAM) 

Figure 9-3 B cell antigen receptor complex. 
Membrane IgM (and IgD) on the surface of mature B cells is 

associated with the invariant Igcx and Igp molecules, which contain 
ITAMs in their cytoplasmic tails that mediate signaling functions. 
Note the similarity to the TCR complex (see Fig. 6-2, Chapter 6) .  

phorylation of Iga and IgP is mediated by Src family 
protein tyrosine kinases such as Lyn, Blk, and Fyn, 
which are loosely associated with the BCR complex. 
The tyrosine kinase Syk then binds through its Src 
homology 2 (SH2) domains to the phosphotyrosine 
residues of Iga and IgP. Syk is the B cell equivalent 
of ZAP-70 in T lymphocytes. Syk is activated when it 
associates with phosphorylated tyrosines of ITAMs 
and may itself be phosphorylated on specific tyrosine 
residues by BCR-associated Src family kinases, 
leading to further activation. 

W Syk, and other tyrosine kinases, activate numerous 
downstream signaling pathways that are regulated 
by adapter proteins. In B cells, the adapter protein 
SLP-65 (for SH2-binding leukocyte phosphoprotein 
of 65 kD, also called BLNK for B cell linker protein) 
plays a central role in the formation of a scaffold 
of other adapter proteins, guanine nucleotide 
exchange proteins, and other enzymes, including 
phospholipase C and the Btk and Itk tyrosine kinases. 

The Ras-MAP kinase (mitogen-activated protein 
kinase) pathway is activated i n  antigen-stimu- 
luted B cells. The GTP/GDP exchange factor Sos is 
recruited to the SLP-65 complex, probably through 
the binding of the Grb-2 adapter protein; the subse- 
quent activation of Ras proceeds in the same manner 
as in T cells (see Fig. 8-10, Chapter 8). 

W The phosphatidylinositol-specijic phospholipase C 
(PLC) is activated in response to BCR signaling 

It is technically difficult to study the effects of antigens on 
normal B cells because, as the clonal selection hypothesis 
predicted, very few lymphocytes in an individual are spe- 
cific for any one antigen. To examine the effects of antigen 
binding to B cells, investigators have attempted to isolate 
antigen-specific B cells from complex populations of 
normal lymphocytes or to produce cloned B cell lines with 
defined antigenic specificities. These efforts have met with 
little success. However, transgenic mice have been devel- 
oped in which virtually all B cells express a transgenic Ig 
of known specificity, so that most of the B cells in these 
mice respond to the same antigen. Another approach to 
circumventing this problem is to use anti-Ig antibodies as 
analogues of antigens, with the assumption that anti-Ig will 
bind to constant (C) regions of membrane Ig molecules 
on all B cells and will have the same biologic effects as an 
antigen that binds to the hypervariable regions of mem- 
brane Ig molecules on only the antigen-specific B cells. To 
the extent that precise comparisons are feasible, this 
assumption appears generally correct, indicating that anti- 
Ig antibody is a valid model for antigens. Thus, anti-Ig 
antibody is frequently used as a polyclonal activator of B 
lymphocytes. The same concept underlies the use of anti- 
bodies against framework determinants of TCRs or against 
receptor-associated CD3 molecules as polyclonal activators 
of T lymphocytes (see Chapter 8). 

Much of our knowledge of B cell activation is based on 
in vitro experiments, in which different stimuli are used to 
activate B cells and their proliferation and differentiation 
can be measured accurately. The same assays may be done 
with B cells recovered from mice exposed to different 
antigens or with homogeneous B cells expressing trans- 
gene-encoded antigen receptors. The most frequently 
used assays for B cell responses are the following. 

ASSAYS FOR B CELL PROLIFERATION The prolif- 
eration of B lymphocytes, like that of other cells, is meas- 
ured in vitro by determining the amount of 'H-labeled 
thymidine incorporated into the replicating DNA of cul- 
tured cells. Thymidine incorporation provides a quantita- 
tive measure of the rate of DNA synthesis, which is usually 
directly proportional to the rate of cell division. Cellular 
proliferation in vivo can be measured by injecting the 
thymidine analogue bromodeoxyuridine (BrdU) into 
animals and staining cells with anti-BrdU antibody to iden- 
tify and enumerate nuclei that have incorporated BrdU 
into their DNA during DNA replication. The same assays 
may be used to measure the proliferation of T cells (see 
Box 8-1). 

ASSAYS FOR ANTIBODY PRODUCTION Antibody 
production is measured in two different ways: with assays 
for cumulative Ig secretion, which measure the amount of 
Ig that accumulates in the supernatant of cultured lym- 
phocytes or in the serum of an immunized individual; and 

cells in an immune population that secrete Ig of a partic- 
ular specificity or isotype. The most accurate, quantitative, 
and widely used techniques for measuring the total 
amount of Ig in a culture supernatant or serum sample are 
radioimmunoassay (RIA) and enzyme-linked immunosor- 
bent assay (ELISA), described in Appendix 111. By use 
of antigens bound to solid supports, it is possible to use 
RIA or ELISA to quantitate the amount of a specific 
antibody in a sample. In addition, the availability of anti- 
Ig antibodies that detect Igs of different heavy or light 
chain classes allows measurement of the quantities of 
different isotypes in a sample. Other techniques for 
measuring antibody levels include hemagglutination for 
antierythrocyte antibodies and complement-dependent 
lysis for antibodies specific for known cell types. Both 
assays are based on the demonstration that if the amount 
of antigen (i.e., cells) is constant, the concentration of anti- 
body determines the amount of antibody bound to cells, 
and this is reflected in the degree of cell agglutination or 
subsequent binding of complement and cell lysis. Results 
from these assays &e usually expressed as antibody titers, 
which are the dilution of the sample giving half-maximal 
effects or the dilution at which the end point of the assay 
is reached. 

A single-cell assay for antibody secretion that has been 
used in the past is the hemolytic plaque assay, in which the 
antigen is either an erythrocyte protein or a molecule cova- 
lently coupled to an erythrocyte surface. Such erythrocytes 
serve as "indicator cells." They are mixed with lympho- 
cytes, among which are the specific antibody-producing 
cells, and are incubated in a semisolid supporting medium 
to allow secreted antibody to bind to the erythrocyte 
surface. If the antibody binds complement avidly, the 
subsequent addition of complement leads to lysis of the 
indicator cells that are coated with specific antibody. As a 
result, clear zones of lysis, called plaques, are formed 
around individual B lymphocytes or plasma cells that 
secrete the specific antibody. These antibody-secreting 
cells are also called plaque-forming cells. This assay can 
also be used to detect antibodies that do not fix comple- 
ment by incorporating into the medium a complement- 
binding anti-Ig antibody that will coat indicator cells to 
which the specific Ig is bound first. Another technique for 
measuring the number of antibody-secreting cells is the 
ELISPOT assay. In this method, antigen is bound to the 
bottom of a well, antibody-secreting cells are added, and 
antibodies that have been secreted and are bound to the 
antigen are detected by an enzyme-linked anti-Ig antibody, 
as in an ELISA, in a semisolid medium. Each spot repre- 
sents the location of an antibody-secreting cell. Singlecell " " 
assays provide a measure of the numbers of Ig-secreting 
cells, but they cannot accurately quantitate the amount of 
Ig secreted by each cell or by the-total population.&% 

and also activates downstream signaling path- 
ways .  (In B cells, the dominant isoform of PLC is 
the y2 isoform, whereas T cells express the yl 
isoform of the enzyme. There are no  known func- 
tional differences between these isoforms.) PLC 

becomes active when it binds to SLP-65 and is phos- 
phorylated by Syk and Btk. Active PLC breaks down 
membrane phosphatidylinositol bisphosphate (PIP,) 
to yield the signaling intermediates inositol trisphos- 
phatc (IPB) and diacylglyccrol (DAG) . IP3 mobilizes 
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Figure 9 4  Signal transduction by the BCR complex. 
Antigen-induced cross-linking of membrane Ig on B cells leads to clustering of the Iga and Igp 

molecules and tyrosine phosphorylation of the ITAMs in the cytoplasmic tails of these molecules. This 
leads to docking of Syk and subsequent tyrosine phosphorylation events as depicted. Several signal- 
ing cascades follow these events, as shown, leading to the activation of several transcription factors. 
These signal transduction pathways are similar to those described in T cells (Chapter 8). 

calcium from intracellular stores, leading to a rapid 
elevation of cytoplasmic calcium, which may be aug- 
mented by an influx of calcium from the extracellu- 
lar milieu. In the presence of calcium, DAG activates 
some isoforms of protein kinase C, which phospho- 
rylate other proteins on serine/threonine residues. 

These signaling cascades ultimately activate tran- 
scription factors that induce the expression of genes 
whose products are required for functional activa- 
tion of B cells. Some of the transcription factors that 
are known to be activated by antigen receptor- 
mediated signal transduction in B cells are Fos, JunB, 
and nuclear factor KB (NF-KB) . Various transcription 
factors are involved in stimulating proliferation of B 
cells and their differentiation into antibody-secreting 
cells. 

As in T cells, our knowledge of the antigen-induced 
signaling pathways in B cells and their links with sub- 
sequent functional responses is incomplete. We have 
described some of these pathways to illustrate the main 
features, but others may play important roles in B 

cell activation. The same signaling pathways are used 
by membrane IgM and IgD on naive B cells and by 
IgG, IgA, and IgE on B cells that have undergone 
isotype switching because all these membrane isotypes 
appear to associate with Iga and IgP. Also, other 
surface molecules, including complement protein 
receptors and Fc receptors, augment or inhibit signals 
transduced by the antigen receptors, as we will discuss 
shortly. 

Second Signals for B Cells Provided by 
Complement Receptors 

The activation of B cells requires, in  addition to anti- 
gen, signals that are provided by complement proteins. 
The complement system consists of a collection of 
plasma proteins that are activated either by binding to 
antigen-complexed antibody molecules (the classical 
pathway) or by binding directly to some polysaccharides 
and microbial surfaces in thc abscncc of antibodies 
(the alternative and lectin pathways) (see Chapter 14). 
Thus, microbes may activate the complement system 
directly, dul-ing innate immune responses, or after the 

binding of antibodies. Protein antigens may be bound 
by preexisting antibodies or by antibodies produced 
early in the response, and these antigen-antibody com- 
plexes activate complement by the classical pathway. 
Complement activation results in the proteolytic cleav- 
age of complement proteins. The key component of the 
system is a protein called C3, and its cleavage results in 
the production of a molecule called C3b that binds 
covalently to the microbe or antigen-antibody complex. 
C3b is further degraded into a fragment called C3d, 
which remains bound to the microbial surface. B lym- 
phocytes express a receptor for C3d that is called the 
type 2 complement receptor (CR2, or CD21). The 
complex of C3d and antigen or C3d and antigen- 
antibody complex binds to B cells, with the membrane 
Ig recognizing antigen and CR2 recognizing the bound 
C3d (Fig. 9-5). CR2 is expressed on mature B cells as 
a complex with two other membrane proteins, CD19 
and CD81 (also called TAPA-1). The CR2-CD19-CD81 
complex is often called the B cell coreceptor complex 
because CR2 binds to antigens through attached C3d 
at the same time that membrane Ig binds directly to the 
antigen. Binding of C3d to the B cell complement 
receptor brings CD19 into proximity of BCR-associated 
kinases, and the cytoplasmic tail of CD19 rapidly 
becomes phosphorylated. The phosphorylated CD19 
activates several signaling pathways, notably one 
dependent on the enzyme PI-3 kinase, that augment the 
signaling pathways initiated by antigen binding to mem- 

Figure 9-5 Role of complement in B cell 
activation. 

B cells express a complex of the CR2 comple- 
ment receptor, CD19, and CD81. Microbial anti- 
gens that have bound the complement fragment 
C3d can simultaneously engage both the CR2 
molecule and the membrane Ig on the surface of 
a B cell. This leads to the initiation of signaling 
cascades from both the BCR complex and the 
CR2 complex, because of which the response to 
C3d-antigen complexes is greatly enhanced 
compared with the response to antigen alone. 
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brane Ig. In addition, Src family kinases linked to CD21 
may phosphorylate ITAMs and augment BCR signaling. 
As a result, the response of the B cell is greatly 
enhanced. 

The importance of the complement system in 
humoral immune responses has been established by 
several experiments. 

@ If C3d is covalently attached to a protein antigen, the 
modified antigen i s  about 1000-fold more immuno- 
genic than the native antigen. 

@ Knockout o f  the C3, CR2, or CD19 gene in mice results 
in defects in antibody production. 

The requirement for C3d as the second signal for B 
cell activation ensures that B cell responses will most 
likely occur when microbes and antigens that activate 
complement are encountered. It also provides an 
amplification mechanism for humoral immune re- 
sponses because antibodies are able to activate com- 
plement and lead to more B cell stimulation. This role 
of complement is analogous to the idca, introduced in 
our discussion of T cell activation, that antigen is the 
first signal for activation and that costimulators, which 
are expressed in response to microbes, provide second 
signals (see Chapter 8). As we will see later, the com- 
plement system enhances antibody production not only 
by CR2-mediated B cell activation but also by promot- 
ing the display of antigens in germinal centers. 

Bound 
C3d 

ITK 

7 .  

I6 eel1 activation I 



Section I l l  - Maturation, Activation, and Regulation of Lymphocytes Chapter 9 - B Cell Activation and Antibody Production 

Functional Responses of B Cells to 
Antigen Recognition 

The early cellular events that are induced by antigen- 
mediated cross-linking of the BCR complex initiate B 
cell proliferation and differentiation and prepare the 
cells for subsequent interactions with helper T cells 
(Fig. 9-6). Antigen recognition stimulates the entry of 
previously resting cells into the GI stage of the cell cycle, 
accompanied by increases in cell size, cytoplasmic RNA, 
and biosynthetic organelles such as ribosomes. The sur- 
vival of the B cells is enhanced as a result of the induc- 
tion of various anti-apoptotic genes. The activated B 
cells also show low levels of proliferation and antibody 
secretion. As we will discuss later, although proliferation 
and Ig secretion can be induced in the absence of T cell 
help, they are greatly enhanced by signals from helper 
T cells. Activated B cells show increased expression of 
class I1 major histocompatibility complex (MHC) mol- 
ecules and costimulators, first B7-2 (CD86) and later 
B7-1 (CD80) , because of which antigen-stimulated B 
cells are more efficient activators of helper T lympho- 
cytes than are naive B cells. The expression of receptors 
for several T cell-derived cytokines is also increased, 
which enables antigen-specific B lymphocytes to res- 
pond to T cell help. At the same time, the B cells 
change their expression of chemokine receptors, which 
enables them to migrate toward and interact with 
helper T cells (discussed in more detail later). 

The importance of signaling by the BCR complex for 
the subsequent responses of the cells may vary with the 
nature of the antigen. Most TI antigens, such as poly- 
saccharides and glycolipids, are polymers that display 

multiple identical epitopes in a polyvalent array on 
each molecule. Therefore, such antigens effectively 
cross-link B cell antigen receptors and initiate responses 
even though they are not recognized by helper T lym- 
phocytes. In contrast, many naturally occurring globu- 
lar protein antigens express only one copy of each 
epitope per molecule in their native conformation. 
Therefore, such protein antigens cannot simultane- 
ously bind to and cross-link two Ig molecules and are 
unlikely to deliver activating signals to the B cells. 
However, such proteins may cross-link antigen recep- 
tors if they form aggregates, and this can happen if they 
become bound to previously produced antibodies. 
Importantly, protein antigens recruit T cell help, and 
helper T cells and their products are potent stimula- 
tors of B lymphocyte proliferation and differentiation. 
Therefore, protein antigens may need to trigger mini- 
mal or even no signals by the BCR complex to induce 
humoral immune responses. In such responses, a major 
function of membrane Ig may be to bind and internal- 
ize the antigen for subsequent presentation to helper T 
cells (discussed later). 

classification of lymphocytes into T and B cell subsets 
was established. Subsequent studies established that 
most helper T cells are CD4'CD8- and recognize 
peptide antigens presented by class I1 MHC molecules. 

of T cell-rich zones and primary follicles and results in 
B cell proliferation, initial antibody secretion, and some 
isotype (class) switching. The late phase of T-dependent 
humoral immune responses takes place in the special- 
ized microenvironment of the germinal centers within 
lymphoid follicles and results in affinity maturation, 
memory B cell generation, and more isotype switching. 
The molecular and anatomic details of each of the early 
and late events in T-dependent I3 cell responses are 
described next. 

:f mouse bone marrow lymphocytes, which include 
mature B cells but few or no mature T cells, are adop- 
tively transferred into irradiated syngeneic recipients, 
they do not produce specific antibody on immuniza- 
tion with sheep red blood cells, a model protein 
antigen. If, however, mature thymocytes or thoracic 
duct lymphocytes (which include T lymphocytes but 
few B cells) are transferred at the same time, antibody 
responses develop after immunization (Table 9-2). 

Early Events in T Cell-Dependent Antibody 
Responses: T-B Cell Interaction, B Cell 
Proliferation, Antibody Secretion, and 
lsotype Switching 

@ Purified B cells proliferate and differentiate in uitro in 
response to protein antigens only if helper T lympho- 
cytes are also present (see Table 9-2). The interaction between helper T cells and B lympho- 

cytes sequentially involves antigen-induced activation of 
the two cell types, physical contact between the cells, 
antigen presentation by B cells to differentiated helper 
T cells, activation of the helper T cells, and expression 
of mcmbranc and secreted molecules by the helper T 
cells that bind to and activate the B cells. We have 
described the initial activation of T cells by antigen in 
Chapter 8 and of B cells earlier in this chapter. Here 
we describe the subsequent events in helper T cell- 
dependent B cell responses. 

Humans or knockout mice with reduced numbers of 
CD4' T cells show defective antibody responses to 
protein antigens. 

Helper T lymphocytes stimulate B cell clonal expan- 
sion, isotype switching, affinity maturation, and differ- 
entiation into memory B cells (see Fig. 9-1). Different 
phascs of T-dcpcndcnt B cell activation occur in differ- 
ent anatomic regions within peripheral lymphoid 
organs (Fig. 9-7). The early phase occurs at the border 

Helper T Cell-Dependent Antibody 
Responses to Protein Antigens 

Antibody responses to protein antigens require recog- 
nition of the antigen by helper T cells and cooperation 
between the antigen-specijic B and T lymphocytes. 
The helper function of T lymphocytes was discovered 
by experiments done in the late 1960s, even before the 

Table 9-2. Identification of a Role of Helper T Cells in Antibody Responses to Protein 
nntigens 

Adoptive transfer (cells transferred into irradiated recipient) 

Source of B cells Source of T cells Antigen Anti-SRBC antibody- 
producing cells in spleen 

larrow cells Non SRBC - 
Thoracic duct cells SRBC - 

ie marrow cells Thoracic duct cells SRBC + 
- 

of membrane I 

lncreased survival 
Mitosis 1 

I 

I Unfractionated spl 

Splenic B cells 

Splenic T cells 1 SRBC I - I 
lncreased expression 
of cytokine receptors 
(e.g., IL-2, it-4 receptors) 

I Splenic B cells and T cells 
Figure 9-6 Functional responses ' 
induced by antigen-mediated cross- 
linking of the BCR complex. 

Antigen-mediated cross-linking of the 
B cell antigen receptor induces several i 
cellular responses, including mitosis, ; 
expression of new surface molecules, 1 
including costimulators and cytokine : 
receptors, and altered migration of the 
cells. 

I Splenic B cells and T cells 1 -  1 -  

lymphoid follicles 

I Abbreviations: SRBC, sheep red blood cells.1 
- - 

/ Mouse B lymphocytes by themselves do not produce antibody against a T cell-dependent j i antigen, SRBC, in vivo (adoptive transfer) or in vitro (cell culture). The addition of T cells allows 
/ the B cells to respond to SRBC. A response does not occur in the absence of antigen. I 

I 



- - - 

Section 111 - Maturation, Activation, and Regulation of Lymphocytes Chapter 9 - B Cell Activation and Antibody Production I 
I Germinal center I 

differentiation: reaction: affinity 
Ig secretion, maturation, 

isotype switching memory B cells 

1 Primary Germinal I 

node ; 

Days after immunization 

0 1 2 3 I 
B cell-rich 
follicle (brown) Antigen-specific 

T cells in T cell zone 
expand and migrate 

Figure 9-7 Early and late events in humoral immune responses to T cell-dependent 
protein antigens. 

Immune responses are initiated by the recognition of antigens by B cells and helper T cells. The 
activated lymphocytes migrate toward one another and interact, resulting in B cell proliferation, 
differentiation into antibody-secreting cells, and early isotype switching. The late events occur in 
germinal centers and include affinity maturation of the response and additional isotype switching. 
APC, antigen-presenting cell; FDC, follicular dendritic cell. 
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ognize antigens in the follicles and are activated. The B 
cells increase expression of CCR7, the chemokine 
receptor that promotes migration of cells into the T cell 
zones of lymphoid organs (see Chapter 2) .  As a result, 
antigen-stimulated B cells begin to move out of the fol- 
licles toward the T cell zones. The initial encounters 
between antigen-stimulated B and T lymphocytes occur 
at the interface of the follicles and the T cell zones (Fig. 
9-8). The activated helper T cells express surface mol- 
ecules and secrete cytokines, discussed in detail later, 
that stimulate B cells to proliferate and differentiate 
into antibody-secreting cells. Thus, by 3 to 7 days after 
antigen exposure, antibody-producing B cells are found 
close to activated T lymphocytes. 

A fundamental feature of T cell-B cell interactions 
is that the lymphocytes that interact with each other are 
thc ones that have been stimulated by the antigen, 
because antigen recognition induces many of the reac- 
tions that promote these cellular interactions. This 
feature ensures that the ensuing response is specific for 
the eliciting antigen. The T cell-B cell interaction is 
called a cognate interaction because it is dependent on 
the specific recognition of antigen and several other 
surface molecules on the two cells. In the following 
section, we describe the sequential events in T cell-B 

' 

cell interactions and the mechanisms by which helper 
T cells stimulate B lymphocytes. 

T cell-rich 
zone (brown 

I to edge of folficle I 
Antigen-Induced Migration of B Cells and 
Helper T Cells 

I- 
Day 2 after immunization 

Protein antigens are recognized by specijic B and T 
lymphocytes in  peripheral lymphoid organs, and the 
actiuated cell populations come together in these 
organs to initiate humoral immune responses. The fre- 
quency of naive B cells or T cells with a particular 
antigen specificity is as low as 1 in lo5 to lo6, and even 
after the cells respond to antigen, they are rare in lym- 
phoid organs. Therefore, it may seem highly unlikely 
that the necessary cells and antigen will all be in the 
right place at the same time. This problem is solved by 
the regulated movement of lymphocytes in lymphoid 
organs. Naive B and T cells are anatomically segregated 
in lymphoid organs (see Chapter 2) and are induced to 
migrate toward one another after activation by antigen, 
ensuring that the cells come together only when they 
need to. Within 1 or 2 days aftcr antigen administra- 
tion, naive CD4' T lymphocytes recognize antigens 
presented by professional antigen-presenting cells 
(APCs), such as dendritic cells, in the T cell zones of 
the lymphoid organs. The activated T cells reduce their 
expression of CCR7, the receptor that responds to 
chemokines produced in the T cell zones, and begin LO 

leave these zones. At the same time, B lymphocytes rec- 

Figure 9-8 Migration and interactions of B cells and helper T cells. 
A. The initiation of humoral immune responses to protein antigens in lymph nodes is shown 

schematically. Antigen-activated helper T cells and €3 cells move toward one another and make contact 
adjacent to the edge of primary follicles. In this location, the B cell presents antigen to the T cell, and 
the B cell receives activating signals from the T cell. 

B. An immunohistochemical analysis of antigen-dependent T cell4 cell interactions in a lymph 
node is shown. In this experiment, T cells expressing a TCR specific for the protein antigen ovalbu- 
min and B cells specific for the protein hen egg lysozyme were adoptively transferred into normal 
mice, and the mice were immunized with a conjugate of ovalbumin-hen egg lysozyme. (The T cells 
and B cells were obtained from TCR and Ig transgenic mice, respectively. See Appendix Ill for a descrip- 
tion of antigen receptor transgenic mice.) The locations of the antigen-specific T cells and B cells in 
draining lymph nodes were followed after immunization with use of antibodies specific for the cell 
populations and two-color immunohistochemistry. (Adapted from Garside P, E Ingulli, RR Merica, jG 
Johnson, RJ Noelle, and MK Jenkins. Visualization of specific B and T lymphocyte interactions in the 
lymph node. Science 281 :96-99, 1998. Copyright 1998. American Association for the Advancement 
of Science.) 
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Presentation of Protein Antigens by B ~ymphocytes 
to Helper T Cells 

against the haptens. There are three important charac- 
teristics of antihapten antibody responses to hapten- 
protein conjugates. First, such responses require both 
hapten-specific B cells and protein (carrier)-specific 
helper T cells. Second, to stimulate a response, the 
hapten and carrier portions have to be physically 
linked and cannot be administered separately. Third, 
the interaction is class I1 MHC restricted (i.e., the 
helper T cells cooperate only with B lymphocytes that 
express class I1 MHC molecules recognized as self by 
the T cells). All these features of antibody responses to 
hapten-protein conjugates can bc explaincd by thc 
antigen-presenting functions of B lymphocytes. 
Hapten-specific B cells bind the antigen through the 
hapten determinant, endocytose the hapten-carrier 
conjugate, and present peptides derived from the 
carrier protein to carrier-specific helper T lympho- 
cytes. Thus, the two cooperating lymphocytes recognize 
different epitopes of the same complex antigen. The 
hapten is responsible for efficient carrier uptake, which 
explains why hapten and carrier must be physically 
linked. The requirement for MHC-associated antigen 
presentation for T cell activation accounts for the MHC 
restriction of T cell-B cell interactions. 

ferential recipients of T cell help and are stimulated 
to proliferate and differentiate. The antibodies that are 
subsequently secreted are specific for conformational 
determinants of the antigen because membrane Ig on 
B cells is capable of binding conformational epitopes of 
native antigens. This feature of B cell antigen recogni- 
tion determines the fine specificity of the antibody 
response and is independent of the fact that helper T 
cells recognize only linear epitopes of processed pep- 
tides. In fact, a single B lymphocyte that binds and 
endocytoses a protein may present multiple different 
peptides complexed with class I1 MHC molecules to 
different helper T cells, but the resultant antibody 
response remains specific for the native protein. 

Antigen binding to membrane Ig enhances the 
expression of costimulators that increase the ability 
of the B lymphocyte to activate helper T cells. This 
occurs at the same time that antigen is being processed 
and presented by the B lymphocytes (see Fig. 9-9). The 
principal costimulators that are expressed on activated 
B cells are B'7-2 and B7-1, both of which bind to CD28 
on the T cell (see Chapter 8).  Helper T cells can then 
recognize peptide-MHC complexes (signal 1) and co- 
stimulators (signal 2) and are stimulated to perform 
their effector function, which is to promote B cell 
growth and differentiation. 

humoral immune responses was defined by a series of 
experiments. 

Antigen-specific B lymphocytes bind the native anti- 
gen to membrane Ig molecules, internalize and process 
i t  in endosomal vesicles, and present on their surfaces 
peptide fragments of the antigen complexed with 
class I1 M H C  molecules (Fig. 9-9). Thus, the B cells 
themselves function as APCs in humoral immune 
responses to protein antigens. The peptide-MHC com- 
plexes can then be recognized by specific CD4+ helper 
T lymphocytes. 

The helper function of T lymphocytes cannot be 
replaced in vitro by their secreted products (cytokines), 
indicating a need for direct T cell-B cell contact. 

@ If helper T cells are first activated with antigen, 
chemically fixed to render them incapable of produc- 
ing cytokines, and then cocultured with B cells, they are 
still able to induce proliferation of the R cells (Fig. 
9-1 1). B cell proliferative responses are seen even if the 
B cells are cultured with purified plasma membranes of' 
activated helper T lymphocytes. This result suggested 
that the helper function of CD4' T cells is mediated, at 
least in part, by T cell membrane proteins. 

@ Analysis of antibody responses to hapten-carrier conju- 
gates demonstrates how antigen presentation by B 
lymphocytes contributes to the development of 
humoral immune responses. Haptens, such as dinitro- 
phenol, are small chemicals that can be bound by B cell 
membrane Ig and by secreted antibodies but are not 
immunogenic "by themselves. If, however, the haptens 
are coupled to proteins, which serve as carriers, the 
conjugates are able to induce antibody responses 

@ Antibodies were generated against helper T cells and 
examined for their ability to block T cell-dependent B 
cell activation. One such antibody recognized a mem- 
brane protein on activated helper T cells that proved 
to be the ligand for CD40, a receptor expressed on B 
cells (see Fig. 9-1 1). 

I Fibroblasts expressing CD40L (by gene transfection) 
stimulate B cells much as contact with helper T lym- 
phocytes does (see Fig. 9-1 1). 

B cell 

icrobial 
otein 

The membrane Ig of B cells is a high-affinity receptor 
for antigen that can efficiently internalize that antigen 
by receptor-mediated endocytosis and deliver the 
antigen to the endosomal compartment where proteins 
are processed and peptides bind to class I1 MHC mole- 
cules (see Fig. 9-9). The characteristics of humoral 
responses elucidated for hapten-carrier conjugates 
apply to all protein antigens in which one intrinsic 
determinant, usually a native conformational determi- 
nant, is recognized by B cells (and is, therefore, analo- 
gous to the hapten) and another determinant, in the 
form of a class 11-associated peptide, is recognized by 
helper T cells (and is analogous to the carrier). In any 
humoral immune response, B cells specific for the 
antigen that initiates the response are preferentially acti- 
vated compared with cells that are not specific for the 
antigen. There are several reasons for this. First, only B 
cells expressing specific membrane Ig molecules that 
bind the antigen receive the signals that initiate B 
cell activation. Second, B cells are able to present the 
antigen they recognize specifically at lo4- to lo6-fold 
lower concentrations than those of the antigens for 
which they do  not express specific receptors. This 
efficiency of Ig-mediated antigen internalization and 
subsequent presentation is because membrane Ig mole- 
cules are able to bind the antigen even at low concen- 
trations, and antigens endocytosed with Ig are delivered 
to the vesicular antigen-processing pathway that is effi- 
cient at generating peptide-class I1 MHC complexes 
(see Chapter 5). Third, specific antigen recognition 
induces surface molecules on the B cells and helper T 
lymphocytes that mediate bidirectional signaling and 
subsequent activation of the two cell types. 

The B cells in T cell-B cell conjugates are exposed 
to signals delivered by T cell surface molecules and to 
the highest concentrations of T cell-derived cytokines. 
Therefore, antigen-specific B lymphocytes are the pre- 

0 CD40 or CD40L gene knockout mice exhibit profound 
defects in antibody production, isotype switching, 
affinity maturation, and memory B cell generation in 
response to protein antigens. Similar abnormalities are 
found in humans with mutations in the CD40L gene, 
which results in a disease called the X - l i e d  hyper-IgM 
syndrome (see Chapter 20). 

Helper T Cell-Mediated Activation of B 
Lymphocytes: The Role of CD40:CD40 Ligand 
Interactions and Cytokines 

antigen 

Helper T cells activated by antigen and B7 costimula- 
tion express a surface molecule called CD40 ligand 
(CD40L) that engages its receptor, CD40, on the B cells 
that are Presenting antigen, and this interaction 
stimulates B cell proliferation and differentiation 
(Fig. 9-10). The role of this ligand-receptor pair in 

CD40 is a member of a family of cell surface proteins 
whose prototypes are tumor necrosis factor (TNF) 
receptors. CD40L (CD154) is a T cell membrane 
protein that is structurally homologous to TNF and Fas 

Activation of B cell 
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ligation 
i-- 1 

6 cell 
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Figure 9-9 B cell antigen presentation to helper T cells. 
Protein antigens bound to membrane Ig are endocytosed and 

processed, and peptide fragments are presented in association with 
class I I  MHC molecules. Antigen binding to the B cell also stimulates 
expression of the costimulatory molecules B7-1 and B7-2. Helper T 
cells recognize the MHC-peptide complexes and costimulators and 
are activated to then stimulate B cell responses. 

I I I I I 

Fiaure 9-10 Mechanisms of heher T cell-mediated B cell activation. 
-B cells display processed peptide; derived from endocytosed protein antigens and express the 

costimulators 87-1 and 87-2. Helper T cells recognize the antigen (in the form of peptide-MHC 
complexes) and the costimulators and are stimulated to express CD40 ligand and to secrete cytokines. 
CD40 ligand then binds to CD40 on the B cells and initiates B cell proliferation and differentiation. 
Cytokines bind to cytokine receptors on the B cells and also stimulate B cell responses. 
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ligand. CD40 is constitutively expressed on B cells, and 
CD4OL is expressed on the surface of helper T cells 
after activation by antigen and costimulators. When 
these activated helper T cells bind to antigen-present- 
ing B cells, CD40L interacts with CD40 on the B cells. 
CD40L binding to CD40 results in oligomerization of 
CD40 molecules, and this induces the association of 
cytoplasmic proteins (called TNF receptor-associated 
factors, or TRAFs) to the cytoplasmic domains of CD40. 
The TRAFs recruited to CD40 initiate enzyme cascades 
that lead to the activation and nuclear translocation of 
transcription factors, including NF-KB and AP-1. Similar 
signaling pathways are employed by TNF receptors (see 
Chapter 11, Box 11-1). The links between CD40- 

Figure 9-11 Role of CD40 in 
contact-dependent T cell help of B 
cells. 

A. Activated helper T cells recognize 
antigen presented by B cells and express 
CD40 ligand (CD40L), which binds to 
CD40 on B cells and initiates B cell 
responses. (Note that sustained CD40 
ligand expression on T cells requires 
recognition of costimulators in addition to 
antigen, as shown in Figure 9-10; cos- 
timulators are not shown in this diagram.) 

B. Preactivated and fixed helper T cells 
also stimulate B cell responses by engag- 
ing CD40, even if they cannot recognize 
the antigen or secrete cytokines. 

C. CD40 ligand-containing plasma 
membrane fractions of activated T cells 
can provide the necessary signals to 
activate B cells. 

D. Blocking antibodies against CD40 
ligand inhibit the T cell contact-mediated 
stimulation of B cells. 

E. Fibroblasts expressing CD40 ligand 
as a transfected gene product can also 
stimulate B cells. 

Note that the full growth and differ- 
entiation of B cells require T cell-derived 
cytokines as well as T cell contact. 

induced transcription factors and responses of B cells 
that are stimulated by T cell help, such as isotype 
switching, are not yet understood. T cell-mediated 
macrophage activation also involves the interaction of 
CD40L on T cells with CD40 on macrophages (see 
Chapter 13). Thus, this pathway of contact-mediated 
cellular responses is a general mechanism for the acti- 
vation of target cells by helper T lymphocytes and is not 
unique to antibody production. Engagement of CD40 
also leads to enhanced expression of B7 molecules on 
the B cells, causing more T cell activation. Because the 
expression of B7 on the B cell and of CD40L on the 
helper T cell is regulated (i.e., they are dependent on 
or enhanced by antigen-mediated stimulation), only 

lymphocytes specifically stimulated by antigen interact 
bidirectionally with one another, thus maintaining the 
specificity of the immune response. 

Interestingly, a DNA virus called the Epstein-Barr 
virus (EBV) infects human B cells and induces their 
proliferation. This may lead to immortalization of the 
cells and the development of lymphomas (see Chapter 
17, Box 17-2). The cytoplasmic domain of a trans- 
forming protein of EBV associates with the same TRAF 
molecules as does the cytoplasmic domain of CD40, and 
this apparently triggers B cell proliferation. Thus, the 
viral protein is functionally homologous to the physio- 
logic B cell signaling molecule, and EBV has apparently 
co-opted a normal pathway of B lymphocyte activation 
for its own purpose, which is to promote survival and 
proliferation of cells that the virus has infected. 

Activated helper T lymphocytes secrete cytokines 
that act in  concert with CD4OL to stimulate B cell 
proliferation and production of antibodies of different 
isotypes. We have mentioned cytokines previously as 
important secreted products of T lymphocytes and 
other cells of the immune system, and they will be dis- 
cussed in much more detail in Chapter 11. The roles of 
these proteins in humoral immunity have been most 
clearly established by showing that various aspects of 
antibody responses can be inhibited by cytokine antag- 
onists or are deficient in mice in which particular 
cytokine genes are knocked out by homologous 
recombination. 

Cytokines serve two principal functions in  anti- 
body responses: they increase B cell proliferation and 
differentiation (which was initiated by CD40 signals), 
and they promote switching to different heavy chain 
isotypes. Different cytokines play distinct but often 
overlapping roles in antibody production, and their 
actions may be synergistic or antagonistic. Antigen 
recognition by B cells enhances the expression of recep- 
tors for cvtokines, and as we have described earlier, B 
cells in direct contact with helper T lymphocytes are 
exposed LO high concenlralions of these secreted pro- 
teins. As a result, antigen-specific B cells respond to 
cvtokines more than do bystander B cells that are not 
specific for the initiating antigen but that happen to be 
close to the antigen-stimulated lymphocytes. Three 
helper T cell-derived cytokines, IL-2, IL4, and IL5, 
enhance B cell proliferation. IL-6, which is produced by 
macrophages, T cells, and many other cell types, is 
a growth factor for already differentiated, antibody- 
secreting B cells. The effects of cytokines on isotype 
switching are described later. 

B Cell Differentiation into An tibody-Secreting Cells 

Some of the progeny of the B cells that have prolifer- 
ated in response to antigen and T cell help differenti- 
ate into effector cells that actively secrete antibodies. 
Antibody synthesis and secretion in response to protein 
antigens, like B cell proliferation, are stimulated by 
CD40-mediated signals and cytokines. Both stimuli acti- 
vate transcription factors that enhance the transcrip- 
tion of Ig genes and therefore Ig synthesis. Cytokines 
may also affect RNA processing to increase the amount 
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of transcripts encoding the secretory form of Ig (dis- 
cussed later). Multiple cytokines, including IL-2, IL-4, 
and IL-6, have been shown to stimulate antibody syn- 
thesis and secretion by activated B lymphocytes. Within 
lymphoid organs, antibody-secreting cells are found 
mainly in extrafollicular sites, such as the red pulp of 
the spleen and the medulla of the lymph nodes. Many 
of the antibody-secreting B cells change into plasma 
cells that are morphologically distinct B cells commit- 
ted to abundant antibody production (see Chapter 2). 
These cells also migrate to the bone marrow, and at 2 
to 3 weeks after immunization, the marrow may be a 
major site of antibody production. Plasma cells in the 
bone marrow may continue to secrete antibodies for 
months or even years after the antigen is no longer 
present. These antibodies can provide immediate pro- 
tection if the antigen, such as a microbe, is encountered 
later. It is estimated that almost half the antibody in the 
blood of a healthy adult is produced by long-lived 
plasma cells and is specific for antigens that were 
encountered in the past. Secreted antibodies enter the 
circulation and mucosal secretions, but antibodv- 
producing cells do not circulate actively. 

The differentiation of B cells from antigen-re- 
cognizing cells that express membrane Ig receptors 
for antigens into effector cells that actively secrete anti- - 
bodies involves a change in Ig expression from the 
membrane to the secreted form. Membrane and 
secreted Ig molecules differ in their carboxyl termini 
(see Chapter 3, Fig. 3-6). For instance, in secreted p, the 
C,4 domain is followed by a tail piece containing 
charged amino acids. In membrane p, on the other 
hand, C,4 is followed by a short spacer, 26 hydrophobic 
tran~m~mbrane residues, and a cytoulasmic tail of three , L 

amino acids (lysine, valine, and lysine). The transition 
from membrane to secreted Ig reflects a change in the 
processing of the heavy chain messenger RNA (mRNA) . 
The primary RNA transcript in all IgM-producing B cells 
contains the rearranged VDJ (variable-diversity-joining) 
cassette, the four C, exons coding for the constant (C) 
region domains, and the two exons encoding the trans- 
membrane and cytoplasmic domains. ~lternative pro- 
cessing of this transcript, which is regulated by RNA 
cleavage and the choice of polyadenylation sites, deter- 
mines whether the transmembrane and cytoplasmic 
exons are included in the mature mRNA (Fig. 9-12). If 
they are, the p chain produced contains the amino acids 
that make up the transmembrane and cytoplasmic seg- 
ments and is therefore anchored in the lipid bilayer of 
the plasma membrane. If, on the othcr hand, the trans- 
membrane segment is excluded from the p chain, the 
carboxyl terminus consists of about 20 amino acids 
constituting the tail piece. Because this protein does 
not have a stretch of hydrophobic amino acids or a pos- 
itively charged cytoplasmic domain, it cannot remain 
anchored in the cell membrane and is secreted. Thus, 
each B cell can svnthesize both membrane and secreted 
Ig. As differentiation proceeds, more and more of the Ig 
mRNA is of the form encoding secreted Ig. The bio- 
chemical signals initiated by antigen binding to mem- 
brane Ig and by helper T cells that regulate this process 
of alternative RNA splicing are not known. All CH genes 
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contain similar membrane exons, and all heavy chains 
can apparently be expressed in membrane-bound and 
secreted forms. The secretory form of the 6 heavy chain 
is rarely made, however, so that IgD is usually present 
only as a membrane-bound protein. 

Heavy Chain /so type (Class) Switching 

In response to CD40 engagement and cytokines, some 
of the progeny of activated ZgM- and IgD-expressing 
B cells undergo the process of heavy chain isotype 
(class) switching, leading to the production of anti- 
bodies with heavy chains of different classes, such as 
y, a, and E (Fig. 9-13). Isotype switching occurs in 
peripheral lymphoid tissues. in B cells that are activated , A 

i t  t6e edges of the follicles and in germinal centers. 
The requirement for CD40 signaling to promote 
isotype switching in B cells is well documented by analy- 
sis of mice and humans lacking. CD40 or its lirand. In 

u " 
all these cases, the antibody response to protein anti- 
gens is dominated by IgM antibodies, and there is little 
switching to other isotypes. The mechanisms by which 
CD40 signals induce iso-type switching are not defined. 

Cytokines play essential roles in regulating switching 
to particular heavy chain isotypes. For instance, IL4, 
which is produced mainly by CD4' T cclls, is the prin- 
cipal switch factor for IgE in all species examined; and 
the production of IgG2a in mice is dependent on inter- 
feron-~ (EN-y), which is secreted by T cells and by NK 
(natural killer) cells. 

Addition o f  I L 4  or  IFN-y induces specific isotype 
switching in cultures o f  mature IgM- and IgD-express- 
i ng  B cells stimulated with antigens or polyclonal acti- 
vators (Table 9-3). 

Figure 9-12 Production of 
membrane and secreted p 
chains in B lymphocytes. 

Alternative processing of a 
primary RNA transcript results in 
the formation of mRNA for the 
membrane or secreted form of the 
p heavy chain. B cell differentia- 
tion results in an increasing frac- 
tion of the p protein produced as 
the secreted form. TP, TM, and CY 
refer to tail piece, transmembrane, 
and cytoplasmic segments, re- 
spectively. C,1, C,2, C,3, and C,4 
are four exons of the C, gene. 

I 
I 

IgE responses to antigen-specific o r  polyclonal stimu- 
lation are inhibited by antibodies that neutralize I N ,  
and IgG2a responses are blocked by antibodies that 
neutralize IFN-y. 

IL-4-deficient mice created by gene knockout have n o  
serum IgE, and IFN-y knockout mice have greatly 
reduced serum IgG2a. 

The capacity of B cells to produce different antibody 
isotypes provides a remarkable plasticity in humoral 
immune responses by generating antibodies that 
perform distinct effector functions and are involved in 
defense against different types of infectious agents (see 
Fig. 9-13). Isotype switching in response to different 
types of microbes is regulated by the types of helper T 
cells that are activated by these microbes. For instance, 
the major protective humoral immune response to bac- 
teria with polysaccharide-rich capsules consists of IgM 
antibodies, which bind to the bacteria, activate the com- 
plement system, and induce phagocytosis of the bacte- 
ria. Polysaccharide antigens, which do not elicit T cell 
help, stimulate mainly IgM antibodies, wjth little, if 
any, isotype switching to some IgG subclasses. The 
response to many viruses and bacteria consists of pro- 
duction of IgG antibodies, which block entry of the 
microbes into host cells and also promote phagocytosis 
by macrophages. Viruses and many bacteria activate 
helper T cells of the TH1 subset, which produce the 
cytokine IFN-y, the main inducer of B cell switching 
to opsonizing and complement-fixing IgG subclasses. 
The immune response to many helminthic parasites 
is mainly production of IgE, which participates in 
eosinophil-mediated killing of the helminths (see 
Chapter 15); IgE antibodies also mediate immediate 
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Figure 9-13 lg heavy chain isotype switching. 
B cells activated by helper T cell signals (CD40L, cytokines) undergo switching to different Ig iso- 

types, which mediate distinct effector functions. Selected examples of switched isotypes in humans 
are shown. 

hypersensitivity (allergic) reactions (see Chapter 19). 
Helminths activate the TH2 subset of helper T cells, 
which produces IL-4, the cytolzine that induces switch- 
ing to IgE. (We will discuss the development and 
functions of helper T cell subsets in more detail in 
Chapter 13.) In addition, B cells in different anatomic 

sites switch to different isotypes. Specifically, B cells in 
mucosal tissues switch to IgA, which is the antibody class 
that is most efficiently transported through epithelia 
into mucosal secretions, where it defends against 
microbes that try to enter through the epithelia. Switch- 
ing to IgA is stimulated by transforming growth factor- 

Table 9-3. Heavy Chain lsotype Switching Induced by Cytokines 

I B cells cultured with I Ig isotype secreted (percent of I 
I total Ig produced) 

Addition of various cytokines to purified IgM'lgD' mouse B cells cultured with the polyclonal 
activator lipopolysaccharide (LPS) induces switching to different heavy chain isotypes. The 
values of the isotypes shown are approximations and do not add up to 100% because not all 
were measured. (Courtesy of Dr. Robert Coffman, DNAX Research Institute, Palo Alto, Calif.) 
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p, (TGF-P), which is produced by many cell types in 
mucosal and other tissues, acting in concert with T 
cell-derived IL-5. These examples of isotype switching 
illustrate how helper T cells function as controllers of 
immune responses-these T cells secrete different 
cytokines in response to different microbes, and the 
cytokines stimulate antibody responses that are best at 
combating those microbes. 

The principal molecular mechanism of isotype 
switching is a process called switch recombination, in 
which the rearranged VDJ gene segment in a B cell 
recombines with a downstream C region gene and the 
intervening DNA is deleted. Switch recombination was 
first observed in myelomas, in which it was found 
that cells producing one Ig isotype have deleted all 
rearranged CH genes 5' of this isotype. Thus, if the C, and 
Cs genes are deleted, the rearranged VDJ gene segment 
will be attached to the next CH complex, giving rise to y3 
heavy chains (in the mouse); subsequent deletion of all 
y subclass-encoding genes will result in the production 
of E heavy chains, and so on (Fig. 9-14). These DNA 
recombination events involve nucleotide sequences 
called switch regions, which are located in the introns at 
the 5' end of each CH locus. Switch regions occupy 
distances of 1 to 10 kilobases and contain numerous 
tandem repeats of conserved DNA sequences. Upstream 
of each switch region is a small exon called the I exon 
(for initiator of transcription). CD40 and cytokines 
trigger isotype switching by increasing the accessibility of 
the DNA at a specific C region and then inducing tran- 
scription through the I exon, switch region, and CH 
exons. This transcript is spliced to remove the switch 
region. The resulting RNA, composed of the I exon and 
the constant region exons, usually contains numerous 
stop codons and cannot be translated; it is therefore 
called a germline transcript. Germline transcription is 
accompanied by accessibility 01 a particular C gene LO 

enzymes that mediate switch recombination. As a result, 
the rearranged VDJ complex in that B cell recombines 
with the transcriptionally active downstream C region. 
For instance, IL-4 induces germline transcription 
through the I,-S,-C, locus, and IFN-y induces germline 
transcription in mice through the I,2a-S,2a-C,2a locus 
(see Fig. 9-14). This leads first to the production of 
germline E or y2a transcripts in an IgM-expressing B cell 
(depending on which cytokine is present, IL-4 or IFN-y) 
and then to switch recombination and the production of 
IgE or IgG2a, respectively, with the same VDJ exon 
and variable (V) region as that of the original IgM pro- 
duced by that B cell. Knockout of the I exon or switch 
region for any heavy chain isotype leads to an inability to 
switch to that isotype. The enzymes that mediate switch 
recombination are not yet identified. One enzyme 
known to be required for isotype switching and affinity 
maturation is an RNA editing enzyme that functions 
as a cytosine deaminase and is called activation-induced 
deaminase. Humans with deficiency of this enzyme 
develop a disease similar to the hyper-IgM syndrome 
caused by mutations in CD40L, and knockout mice 
lacking this enzyme have profound defects in isotype 
switching and affinity maturation. What this enzyme 
does during either process is unknown. 

Late Events in T Cell-Dependent Antibody 
Responses: Germinal Center Reactions 

Naive B cell 

Microbial 
antigen 

The late events in helper T cell-dependent antibody 
responses, including afinity maturation and the gen- 
eration of memory B cells, occur in the germinal 
centers of lymphoid follicles. As we discussed before, 
the initial B cell response to protein antigens occurs at 
the boundaries between lymphoid follicles and T cell 
zones (see Fig. 9-7). Within 4 to 7 days after antigen 
exposure, some of the activated B cells migrate deep 
into the follicle and begin to ~roliferate ra~idlv, ' 

1'" ' Sp c p  c g  lySy Cy I& SE C 
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forming the lightly staining central region of the 
follicle, called the germinal center (Fig. 9-15). The 
doubling time of these proliferating germinal center 
B cells, also called centroblasts, is estimated to be 6 to 
12 hours, so that within 5 days, a single lymphocyte 
may give rise to almost 5000 progeny. Each fully formed 
germinal center contains cells derived from only one 
or a few antigen-specific B cell clones. The progeny 
of the proliferating B cells in the germinal center are 
smaller cells, sometimes called centrocytes, that under- 
go differentiation and selection processes described 
next. 

The architecture of lymphoid follicles and the ger- 
minal center reactions within follicles depend on the 
presence of follicular dendritic cells (Fig. 9-16). 
Follicular dendritic cells (FDCs) are found only in lym- 
phoid follicles and express complement receptors 
(CR1, CR2, and CR3) and Fc receptors. All these mol- 
ecules are involved in the selection of germinal center 
B cells (discussed later). FDCs do not express class I1 
MHC molecules. The origin of FDCs is unclear. They 
are not derived from the bone marrow, and they are 
clearly different from the class I1 MHC-expressing 
dendritic cells that present peptide antigens to CD4' T 
lymphocytes. The long cytoplasmic processes of FDCs 
make up a meshwork around which germinal centers 
are Iormed. Prolirerating B cells accumulate in a histo- 
logically identifiable light zone of the germinal center, 
which has few FDCs. The small nondividing progeny of 
the B cells migrate to an adjacent basal dark zone, 
where they come into close contact with the processes 
of the abundant FDCs and where the subsequent selec- 
tion events occur (see Fig. 9-15). 

The formation of germinal centers depends on the 
presence of helper T cells and the interactions between 
CD40 and CD40L and is therefore obserued only in 
antibody responses to helper T cell-dependent protein 
antigens. Germinal center formation is impaired in 
humans and in mice with genetic defects in T cell devel- ' 

opment or activation (see Chapter 20) or with muta- 
tions of either CD40 or its ligand. This is partly because, 
as we discussed earlier, CD40:CL)40L interactions are 
required during the early events of helper T cell- 
dependent B cell activation, and only activated B cells 
migrate into follicles to form germinal centers. In 
addition, germinal centers contain small numbers of 
helper T cells, which express CD40L and may stimulate 
the proliferation of germinal center B cells by CD40 
engagement, 
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Figure 9-14 Molecular mechanisms of heavy chain isotype switching. 
In the absence of helper T cell signals, B cells produce IgM. When antigen-activated B cells 

encounter helper T cell signals (CD40L and, in this example, IL-4), the B cells undergo switching to 
other Ig isotypes (in this example, IgE). These stimuli initiate germline transcription through the I,-& 
C, locus. The proximal C,, genes are deleted in a circle of DNA, leading to recombination of the VD] 
complex with the C, gene. Switch regions are indicated by circles labeled S, or S,. I, represents an 
initiation site for germline transcription. (Note that there are multiple C, genes located between C8 
and C,, but these are not shown.) 

Affinity Maturation: Somatic Mutations in lg 
Genes and Selection of High-Affinity B Cells 

affinity maturation generates antibodies with increasing 
capacity to bind antigens and thus to combat persistent 
or recurrent antigens. Helper T cells and CD40:CD40L 

Afinity maturation is the process that leads to 
increased afinity of antibodies for a particular anti- 
gen as a T-dependent humoral response progresses and 
is the result of somatic mutation of Zg genes followed 
by selective suruiual of the B cells producing the 
antibodies with the highest afinities. The process of 

interactions areUrequired for affinity maturation to 
proceed, and therefore affinity maturation occurs only 
in antibody responses to helper T cell-dependent 
protein antigens. 

In proliferating germinal center B cells, the Ig V 
genes undergo point mutations at  an extremely high 
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Figure 9-15 Germinal center reactions in T cell-dependent antibody responses. 
A. Schematic diagram of germinal center reactions in a lymph node. B cells that have been acti- 

vated by helper T cells at the edge of a primary follicle migrate into the follicle and proliferate, forming 
the dark zone. Somatic mutations of Ig V genes occur in these B cells, and they migrate into the light 
zone where they encounter follicular dendritic cells displaying antigen. B cells with the highest affin- 
ity Ig receptors are selected to survive, and they differentiate into antibody-secreting or memory B 
cells. 

B. Histology of a secondary follicle with a germinal center in a lymph node. The germinal center 
is contained within the follicle and includes a basal dark zone and an adjacent light zone. (Courtesy 
of Dr. James Gulizia, Department of Pathology, Brigham and Women's Hospital, Boston.) 

rate. This rate is estimated to be 1 in lo3 V gene base 
pairs per cell division, which is lo3 to lo4 times higher 
than the spontaneous rate of mutation in other mam- 
malian genes. (For this reason, mutation in Ig V genes 
is also called hypermutation.) The V genes of expressed 
heavy and light chains in each B cell contain a total of 
about 700 nucleotides; this implies that mutations will 
accumulate in expressed V regions at an average rate of 
almost one per cell division. Ig V gene mutations con- 
tinue to occur in the progeny of individual B cells. As 
a result, any B cell clone can accumulate more and 
more mutations during its life in the germinal centers. 
It is estimated that as a result of somatic mutations, the 
nucleotide sequences of IgG antibodies derived from 
one clone of B cells can diverge as much as 5% from 
the original germline sequence. This usually translates 
to up to 10 amino acid substitutions. The importance 
of somatic hypermutation in the process of affinity 

Figure 9-16 Follicular dendritic cells. maturation is'&ell established. 
This immunohistochemical stain shows follicular dendritic cells 

(FDC, stained brown with a specific enzyme-labeled antibody) in the Analysis of the Ig genes of B cell clones isolated at dif- 
follicle of a spleen. B cells in-the follicle are stained blue. (courtesy 

I of Dr. Garnett Kelsoe, Duke University, Durham, NC.) 
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ferent stages of antibody responses to proteins or 
hapten-protein conjugates first showed the accumula- - - 
tion of point mutations in the V regions of the anti- 
bodies (Fig. 9-17). Several features of these mutations 
are noteworthy. First, the mutations are clustered in 
the V regions, mostly in the antigen-binding comple- 
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Figure 9-17 Somatic mutations in lg V genes. 
Hybridomas were produced from spleen cells of mice immunized 7 or 14 days previously with a 

hapten, oxazolone, coupled to a protein, and from spleen cells obtained after secondary and tertiary 
immunizations with the same antigen. Hybridomas producing oxazolone-specific monoclonal anti- 
bodies were isolated, and the nucleotide sequences of the V genes encoding the Ig heavy and light 
chains were determined. Mutations in V genes increase with time after immunization and with 
repeated immunizations and are clustered in the complementarity-determining regions (CDRs). The 
location of CDR3 in the heavy chains is approximate. The affinities of the antibodies produced also 
tend to increase with more mutations, as indicated by the lower dissociation constants (Kd) for hapten 
binding. (Adapted from Berek C, and C Milstein. Mutation drift and repertoire shift in the maturation 
of the immune response. lmmunological Reviews 96:2341, 1987. Munksgaard International 
Publishers Ltd, Copenhagen, Denmark.) 
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mentarity-determining regions. Second, there are 
more mutations in IgG than in IgM antibodies. Third, 
the presence of mutations correlates with the increas- 
ing affinities of the antibodies for the antigen that 
induced the response. 

Mutations in Ig genes were also found in clones of B 
cells isolated from germinal centers microdissected 
from the spleens of mice that had been immunized 
with hapten-protein conjugates. Analyses of these Ig 
genes showed that the progeny of a single B cell clone 
progressively accumulate mutations with time after 
immunization. 

The mechanisms of somatic mutations in Ig genes 
are poorly understood. It is clear that the rearranged 
Ig VDJ DNA becomes highly susceptible to mutations, 
suggesting enhanced susceptibility of this region to 
DNA-binding factors that promote mutations. It is not 
known whether germinal center T cells provide speci- 
fic contact-mediated signals or cytokines that stimu- 
late somatic hypermutation in B cells. The enzyme 
activation-induced deaminase, which was mentioned 
earlier, plays an essential role in affinity maturation, 
but its mode of action is not known. 

On the basis of the studies described, it is believed 
that repeated stimulation by T-dependent protein anti- 
gens leads to increasing numbers of mutations in the Ig 
genes of antigen-specific germinal center B cells. Some 
of these mutations are likely to be useful because they 
will generate high-affinity antibodies. However, many of 
the mutations may result in a decline or even in a loss 
of antigen binding. Therefore, the next and crucial step 
in the process of affinity maturation is the selection of 
the useful, high-affinity B cells. 

FDCs in the germinal centers display antigens, and 
the B cells that bind these antigens with high af ini ty  
are selected to suruiue (Fig. 9-18). Thc early response 
to antigen results in the production of antibodies, some 
of which form complexes with residual antigen and may 
activate complement. FDCs express receptors for the Fc 
portions of antibodies and for products of complement 
activation, including C3b and C3d. These receptors 
bind and display antigens that are complexed with anti- 
bodies or complement products. Antigen may also be 
present in soluble form in the germinal center. Mean- 
while, germinal center B cells that have undergone 
somatic hypermutation migrate into the FDC-rich light 
zone of the germinal center. These B cells die by apop- 
losis unless they are rescued by recognition of antigen. 
Therefore, the B cells that recognize antigen displayed 
by FDCs are selected to live. As more antibody is pro- 
duced, more of the antigen is eliminated and less is 
available in the germinal centers. Therefore, the R cells 
that will be able to specifically bind this antigen and to 
be rescued from death need to express antigen recep- 
tors with higher and higher affinity for the antigen. As 
a result, as the antibody response to an antigen pro- 
gresses, the B cells that are selected in germinal centers 
produce Ig of increasing affinity for the antigen. This 
selection process results in affinity maturation of the 
antibody response. Because somatic mutations leave 
many B cells that do not express high-affinity receptors 

for antigen and that cannot therefore be selected to 
survive, the germinal centers are sites of tremendous 
apoptosis. 

The survivors of this antigen-driven selection process 
migrate from the basal light zone of the germinal 
center to the apical zone, where they may undergo addi- 
tional isotype switching. The cells then exit the germi- 
nal center and develop into high-affinity antibody 
secrelors outside the germinal centers, in the same lym- 
phoid organ or in the bone marrow. 

Generation of Memory B Cells and Secondary 
Humoral Immune Responses 

Some of the antigen-activated B cells do not develop 
into antibody secretors. Instead, they acquire the ability 
to survive for long periods, apparently without anti- 
genic stimulation. These are memory cells, capable of 
mounting rapid responses to subsequent introduction 
of antigen. We do not know why some of the progeny 
of an antigen-stimulated B cell clone differentiate into 
antibody-secreting cells whereas others become func- 
tionally quiescent, long-lived memory cells. Some 
memory B cells may remain in the lymph node. Others 
exit germinal centers, circulate in the blood, and may 
take up residence in other lymphoid tissues. Memory 
cells typically bear high-affinity (mutated) antigen 
receptors and Ig molecules of switched isotypes more 
commonly than do naive B lymphocytes. The produc- 
tion of large quantities of isotype-switched, high- 
affinity antibodies is greatly accelerated after secondary 
exposures to antigens, and this can be attributed to the 
activation of memory cells in germinal centers and the 
rapid formation of immunc complexes that can be con- 
centrated by FDCs. 

Many of the features of secondary (i.e., memory) 
antibody responses to protein antigens, and their 
differences from primary responses (see Table 9-I), are 
due to the actions of CD4' helper T cells. Thus, heavy 
chain class switching, which is typical of secondary 
responses, is due to helper T cells and their cytokines. 
Affinity maturation, which increases with repeated 
antigenic stimulation, is also secondary to helper 
T cell-induced B cell activation. These features are 
usually seen in responses to protein antigens because 
only protein antigens stimulate specific helper T cells. 
High-affinity antibodies are required to neutralize the 
infectivity of many microbes and the pathogenicity of 
microbial toxins. Therefore, effective vaccines against 
these microorganisms must induce affinity maturation 
and memory B cell formation, and both reactions will 
occur only if the vaccines are able to activate helper T 
cells. This concept has been applied to the design of 
vaccines for some bacterial infections in which the 
target antigen is a capsular polysaccharide, which is 
incapable of stimulating T cells. In these cases, the poly- 
saccharide is covalently linked to a foreign protein to 
form the equivalent of a hapten-carrier conjugate, 
which does activate helper T cells. Such vaccines, which 
are called conjugate vaccines, more readily induce 
high-affinity antibodies and memory than do polysac- 
charide vaccines without linked proteins. 

Figure 9-18 B cell selection 
in germinal centers. 

Somatic mutation of variable 
(V) region genes in germinal 
center B cells generates antibod- 
ies with different affinities for 
antigen. Subsequently, binding of 
the B cells to antigen displayed on 
follicular dendritic cells is neces- . - 
sary to rescue the B cells from pro- 
grammed cell death. The B cells 
with the highest affinity for anti- 
gen will have a selective advan- 
tage for survival as the amount of 
available antigen decreases dur- 
ing an immune response. This 
leads to an average increase in the 
affinity of antibodies for antigen 
as the humoral immune response 
progresses. 

B cells with somatically 
mutated Ig V genes and 

Igs with varying 
affinities for antigen 

Only B cells with high- 
affinity membrane Ig 
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body Responses to 
I-Independent Antigens 

Many nonprotein antigens, such as polysaccharides 
and lipids, stimulate antibody production in the 
absence of helper T cells, and these antigens are termed 
thymus-independent or Tindependent. These antibody 
responses differ in several respects from responses to T- 
dependent protein antigens (Table 9-4). As we have 
discussed in the previous sections, antibody responses 
to protein antigens reauire the warticiwation of helper 
T cells, and hAper T ;ells stim;late i;otype switching, 

Naive 
B cell 

I Migration i n t o ]  
germinal center 

affinity maturation, and long-lived memory. In contrast, 
the antibodies that are produced in the absence of T 
cell help are generally of low affinity and consist mainly 
of IgM with limited isotype switching to some IgG sub- 
types. Some nonprotein antigens do induce Ig isotypes 
other than IgM, but the mechanism of isotype switch- 
ing in the absence of T cell help is not known. In 
humans, the dominant antibody class induced by pneu- 
mococcal capsular polysaccharide is IgG2. In addition, 
despite their inability to specifically activate helper T 
cells, many polysaccharide vaccines, such as pneumo- 
coccal vaccine, induce long-lived protective immunity. 
A possible reason for this is that polysaccharidcs arc not 
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iments with mice suggest that antibody responses to 
polysaccharides do require the presence of small 
numbers 01 macrophages or helper T cells. These cells 
may secrete cytokines that augment B cell responses to 
TI antigens, but neither the nature of these cytokines 
nor the mechanisms leading to their production are 
understood. 

Antibody responses to TI antigens may occur at par- 
ticular anatomic sites in lymphoid tissues. Macrophages 
located in the marginal zones of lymphoid follicles in the 
spleen are particularly efficient at trapping polysaccha- 
rides when these antigens are injected intravenously. 
Marginal 7one R cells are a distinct subset of B cells that 
respond mainly to polysaccharides and produce IgM. TI 
antigens may persist for prolonged periods on the sur- 
faces of marginal zone macrophages, where they are 
recognized by specific B cells, or they may be transferred 
from the marginal zone to the adjacent follicle. 

The practical significance of TI antigens is that many 
bacterial cell wall polysaccharides belong to this cate- 
gory, and humoral immunity is the major mechanism 
of host defense against infections by such encapsulated 
bacteria. For this reason, individuals with congenital or 
acquired deficiencies of humoral immunity are espe- 
cially susceptible to life-threatening infections with 
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encapsulated bacteria, such as pneumococcus, menin- 
gococcus, and Haemophilus. Other examples of res- 
ponses to TI antigens are natural antibodies, which are 
present in the circulation of normal individuals and are 
apparently produced without overt antigen exposure. 
Most natural antibodies are low-affinity anticarbohy- 
drate antibodies, postulated to be produced by B-1 
peritoneal B cells stimulated by bacteria that colo- 
nize the gastrointcstinal tract and by marginal zone B 
cells in lymphoid organs. Antibodies to the A and B 
glycolipid blood group antigens are examples of these 
natural antibodies. 

Table 9-4. Properties of Thymus-Dependent and Thymus-Independent Antigens 

Thymus-dependent antigen Thymus-independent antigen 

simultaneously bind to antigen receptors and Fcy 
receptors on antigen-specific B cells (Fig. 9-19). This 
is the explanation for a phenomenon called antibody 
feedback, which refers to the down-regulation of anti- 
body production by secreted IgG antibodies. IgG anti- 
bodies inhibit B cell activation by forming complexes 
with the antigen, and these complexes bind to a B cell 
receptor for the Fc portions of the IgG, called the Fcy 
receptor I1 (FcyRIIB, or CD32). (The biology of Fc 
receptors is discussed in Chapter 14.) The cytoplasmic 
domain of FcyRIIB contains a six-amino acid 
(isoleucine-X-tyrosine-X-X-leucine) motif shared by 
other receptors in the immune system that mediate 
negative signals, including the killer inhibitory recep- 
tor on NK cells (see Chapter 12) .  By analogy to ITAMs, 
this inhibitory motif is called the irnmunoreceptor tyro- 
sine-based inhibition motif (ITIM). When the Fcy 
receptor of B cells is engaged, the ITIM of the recep- 
tor is phosphorylated on tyrosine residues, and it forms 
a docking site for the inositol5-phosphatase SHIP (SH2 

Polymeric antigens, 
especially polysaccharides; 

also glycolipids, nucleic acids 

Features of 
antibody 
response 

Antibody Feedback: Regulation of 
Humoral Immune Responses by 
Fc Receptors 

Little or no: may be some IgG 

Y IgG 

Secreted antibodies inhibit continuing B cell activa- 
tion by forming antigen-antibody complexes that 

Affinity Yes Little or no 
maturation 

Secondarv Yes Only seen with 

Secreted antibody 
forms complex 

with antigen 
some antigens 

(e.g., polysaccharides) 

Ability to induce Yes No 
delayed-type 
hypersensitivity , 

Antibody- \, 

antigen \ 
\ 

complex 
Polyvalent 
antigen 

I \ 

degraded efficiently, persist for long periods in lym- 
phoid tissues, and continue to stimulate newly arising 
naive B cells. Although it is not kriowri whether lorig- 
lived quiescent memory B cells are generated in 
response to these polysaccharide antigens, rapid and 
large secondary responses typical of memory (but 
without much isotype switching or affinity maturation) 
do occur on secondary exposure to these antigens. 

The most important TI antigens are polysaccharides, 
glycolipids, and nucleic acids, all of which induce spe- 
cific antibody production in T cell-deficient animals. 
These antigens cannot be processed and presented in 
association with MHC molecules, and therefore they 
cannot be recognized by helper T cells. Most TI anti- 
gens are polyvalent, being composed of multiple iden- 
tical antigenic epitopes. Such polyvalent antigens may 
induce maximal cross-linking of membrane Ig on spe- 
cific B cells, leading to activation without a requirement 
for cognate T cell help. B cell activation by TI antigens 
is one situation in which membrane Ig-mediated signal 
transduction may be critical for subsequent responses 
of the cells. In addition, many polysaccharides activate 
the complement system by the alternative pathway, gen- 
erating C3d, which binds to the antigen and provides 
second signals for B cell activation (see Fig. 9-5). Exper- 

Figure 9-19 Regulation of B cell activation by lg Fc receptors. 
Antigen-antibody complexes can simultaneously bind to membrane Ig (through antigen) and the 

FcyRllB receptor through the Fc portion of the antibody. As a consequence of this simultaneous liga- 
tion of receptors, phosphatases associated with the cytoplasmic tail of the FcyRllB inhibit signaling by 
the BCR complex and block B cell activation. 
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B cells express another inhibitory receptor called chain genes followed by selective survival of the B 
CD22. CD22 is a sialic acid-binding kctin; its natural cells that produce the highmaffinity antibodies and 
ligand is not known, and we do not know how it is bind to antigen displayed by FDCs in the germinal 
engaged during physiologic B cell responses. However, centers. 
knockout mice lacking CD22 show greatly enhanced B 
cell activation. The cytoplasmic domain of this mole- Some of the progeny of germinal center B cells dif- 

cule contains an ITIM, which binds the vosine phos- ferentiate into antibody-secreting cells that migrate 
phatase SHP-1. ~t is thought that SHP-1 removes to extrafollicular regions of secondary lymphoid 
phosphates from the vosine  residues of critical BCR- organs and bone marrow. Other progeny become 

associated signaling molecules. A mouse strain called memory B cells that live for 10% periods, recirculate 
moth-eaten, which develops severe autoimmunity with between lymph nodes and spleen, and respond 
uncontrolled B cell activation and autoantibody pro- rapidly to subsequent exposures of antigen by differ- 
duction, has a mutation in SHP-1. entiating into high-affinity antibody secretors. 

Thymus-independent (TI) antigens are nonprotein 
antigens that induce humoral immune responses 

Summary without the involvement of helper T cells. Many TI 
antigens, including polysaccharides, glycolipids, 

In humoral immune responses, lymphocytes are and nucleic acids, are polyvalent, can cross-link 
activated by antigen and secrete antibodies that act multiple membrane lg molecules on a B cell, and 
to eliminate the antigen. Both protein and nOnPrO- activate complement, thereby activating the B cells 
tein antigens can stimulate antibody responses. B without T cell help. TI antigens antibody 
cell responses to protein antigens require the responses in which there is limited or no heavy chain 

CD4t for class switching, affinity maturation, or memory B cell 
the antigen. generation bccause these features are dependent on 
B cell activation is initiated by the clustering of helper T cells, which are not activated by nonprotein 
antigen receptors (membrane IgM and IgD on naive antigens. 
B cells) by the binding of multivalent antigen. Mem- Antibody feedback is a mechanism by which humoral 
brane lg-assOciated Iga and IgP immune responses are down-rrgul.ated enough 
transduce On antigen binding the Ig? and antibody has been produced and soluble antibody- 
these signals lead to activation of transcription factors antigen complexes are present cell membrane Ig 
and expression of various genes. and the B cell receptor for the Fc portions of IgG, 
Helper T cell-dependent B cell responses to protein called FcyRIIB, are clustered together by antibody- 
antigens require initial activation of naive T cells in antigen complexes. This activates an inhibitory sig- 
the T cell zones and of B cells in lymphoid follicles naling cascade through the cytoplasmic tail of FcyRII 
in lymphoid organs. The activated lymphocytes that terminates the activation of the B cell. 
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lerance Induced by Foreign Protein 

Normal individuals are tolerant of their own anti- 
gens (self antigens). All individuals inherit essentially 
the same antigen receptor genes, and these genes 
recombine and are expressed in lymphocytes as the 
lymphocytes arise from stem cells. The molecular 
mechanisms that generate functional antigen re- 
ceptor genes from germline sequences are random 
and are not influenced by what is foreign or self for 
each individual. As a result, different clones of im- 
mature lymphocytes may express receptors capable 
of recognizing various foreign antigens as well as self 
antigens. Potentially immunogenic self antigens 
are present on the cells and in the circulation of 
every individual. An individual's lymphocytes may 
have free access to many of these self antigens, 
yet they normally do not mount immune responses 
against the antigens. This is because of self- 
tolerance, which is induced by the recognition of 
self antigens by specific lymphocytes under special 
conditions. 

The necessity of maintaining self-tolerance was 
appreciated from the early days of immunology. 
In Chapter 1, we introduced the concept of self/ 

Immunologic tolerance is defined as unresponsiveness 
to an antigen that is induced by previous exposure to 
that antigen. When specific lymphocytes encounter 
antigens, the lymphocytes may be activated, leading to 
immune responses, or the cells may be inactivated or 
eliminated, leading to tolerance (Fig. 10-1). Different 
forms of the same antigen may induce an immune 
response or tolerance. Antigens that induce tolerance 
are called tolerogens, or tolerogenic antigens, to dis- 
~inguish them from immunogens, which generate 
immunity. Tolerance to self antigens, also called self- 
tolerance, is a fundamental property of the normal 
immune system. In this chapter, we discuss immuno- 
logic tolerance mainly in the context of self-tolerance 
and summarize how self-tolerance may fail. We also 
mention the relevance of this phenomenon to unre- 
sponsiveness to foreign antigens. We conclude with a 
discussion of the mechanisms by which normal immune 
responses are terminated. 

Immunologic tolerance is important for several 
reasons. 
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Figure 10-1 Fates of lymphocytes after encounter with antigens. 
In a normal immune response, an immunogenic antigen stimulates the proliferation and differen- 

tiation of antigen-specific lymphocytes. (Immunogenic antigens are recognized by lymphocytes in the 
presence of second signals, or costimulators, which are not shown.) Tolerogenic antigens may induce 
functional unresponsiveness or death of antigen-specific lymphocytes, making these cells incapable 
of responding to the antigen (tolerance). Some antigens elicit no response (ignorance), but the lym- 
phocytes are able to respond to subsequent antigen challenge (not shown). This illustration depicts 
T lymphocytes; the same principles apply to B lymphocytes. Note that T lymphocytes recognize anti- 
gens presented by antigen-presenting cells, which are not shown. 

nonself discrimination, which is the abilily of the 
normal immune system to recognize and respond to 
foreign antigens but not to self antigens. Burnet 
added to his clonal selection hypothesis the corollary 
that lymphocytes specific for self antigens are elim- 
inated to prevent immune reactions against one's 
own antigens. As we shall see later in this chapter, self- 
tolerance is maintained by several different mecha- 
nisms that prevent the maturation and activation of 
potentially harmful self-reactive lymphocytes. Failure 
of self-tolerance results in immune reactions against 
self (autologous) antigens. Such reactions are called 
autoimmunity, and the diseases they cause are called 
autoimmune diseases. The pathogenesis and clinico- 
pathologic features of autoimmune diseases will be 
discussed in Chapter 18. Defining the mechanisms of' 
self-tolerance is the key to understanding the patho- 
genesis of autoimmune diseases. 

h r e i g n  antigens may be administered in ways that 
inhibit immune responses by inducing tolerance in 
specijic lymphocytes. Many of the mechanisms of 
tolerance to foreign antigens are similar to those 
of self-tolerance in mature lymphocytes. Effective 
immunization methods are designed to enhance the 
immunogenicity of antigens by administering them 
in ways that promote lymphocyte activation and 
prevent tolerance induction. 

4 The induction of immunologic tolerance may be 
exploited as a therapeutic approach for preventing 
harmful immune responses. A great deal of effort is 
being devoted to development of strategies for 
inducing tolerance to prevent the rejection of organ 
allografts and xenografts and to treat autoimmune 
and allergic diseases. Tolerance induction is also an 
approach for preventing immune reactions to the 
products of newly expressed genes in gene therapy 
protocols and preventing reactions to injected pro- 
teins in patients with deficiencies of these proteins 
(e.g., hemophiliacs treated with factor VIII) . 

General Features and Mechanisms of 
Immunologic Tolerance 

There are several characteristics of self-tolerance in T 
and B lymphocyte populations, and many of these are 
also features of tolerance to foreign antigens. 

Tolerance is immunologically specijic and results 
from the recognition of antigens by specijic lympho- 
cy tes. The key advance that allowed immunologists to 
study the specificity and mechanisms of tolerance was 
the ability to induce this phenomenon in experimen- 
tal animals. 
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Figure 10-2 The induction of tolerance to tissue transplants. 
An adult strain A mouse rejects a graft from a strain B mouse (A). If a neonatal strain A mouse is 

injected with strain B leukocytes (shown in red), when the mouse becomes an adult, it fails to reject 
a strain B graft (B). This neonatally injected strain A mouse rejects grafts from other strains (e.g., strain 
C), indicating that tolerance is immunologically specific (C). 

@ The results establishing tolerance as an immuno- 
logically specific phenomenon came from studies 
of graft rejection in inbred mice done by PeLer 
Medawar and colleagues in the 1950s. An adult mouse 
of strain A will reject a skin graft from an allogeneic 
mouse of strain B that differs from strain A at the major 
histocompatibility complex (MHC). If the strain A 
mouse is injected with lymphocytes of strain B during 
neonatal life, the injected cells will not be rejected 
(because the neonate is immunodeficient), and small 
numbers will survive indefinitely in the recipient, 
which now becomes a chimera. This strain A recipient 
will accept a graft from strain B even after it becomes 
an immunocompetent adult (Fig. 10-2). However, the 
strain A recipient will reject skin grafts from all mouse 
strains whose MHC is different from that of strain B. 
Thus, tolerance to the graft is immunologically spe- 
cific. Such experiments led to the concept that ex- 
posure of developing lymphocytes to foreign antigens 
induces tolerance to these antigens. The persistence of 
allogeneic lymphoid cells in a host is called hemato- 
poietic microchimerism, and it is being studied as a 
possible approach for preventing graft rejection in 
humans. The mechanism of this form of tolerance 
remains poorly defined. 

Self-tolerance may be induced in generative lym- 
phoid organs as a consequence of immature self- 
reactive lymphocytes recognizing self antigens, 
called central tolerance, or in peripheral sites as 

a result of mature self-reactive lymphocytes 
encountering self antigens under particular condi- 
tions, called peripheral tolerance (Fig. 10-3). 
Central tolerance ensures that the repertoire of 
mature lymphocytes cannot recognize ubiquitous, or 
widely disseminated, sell antigens, which are the 
antigens most likely to be present in the generative 
lymphoid organs. This is the mechanism mainly 
responsible for the elimination of self-reactive lym- 
phocytes from the mature repertoire and thus for 
self/nonself discrimination. However, central toler- 
ance cannot explain why the immune system does 
not respond to antigens that are present only in 
peripheral tissues. Tolerance to such tissue-specific 
self antigens is maintained by the mechanisms of 
peripheral tolerance. 

Central tolerance occurs because during their mat- 
uration in the generative lymphoid organs, all lym- 
phocytes pass through a stage in which encounter 
with antigen leads to tolerance rather than activa- 
tion. The most tolerance-sensitive stages of lympho- 
cyte maturation are anatomically confined to the 
generative (also called central) lymphoid organs, 
namely, the thymus for T cells and the bone marrow 
for B lymphocytes. The only antigens normally 
present at high concentrations in these organs are 
self antigens because foreign antigens that enter 
from the external environment are captured and 
transported to peripheral lymphoid organs, such as 

Figure 10-3 Central and peripheral 
tolerance to self antigens. 

Immature lymphocytes specific for self 
antigens may encounter these antigens 
in the generative lymphoid organs and 
are then deleted (central tolerance). Some 
self-reactive lymphocytes may mature and 
enter peripheral tissues and may be inac- 
tivated or deleted by encounter with self 
antigens in these tissues (peripheral toler- 
ance). The illustration depicts B lympho- 
cytes, but the same processes occur with 
T lymphocytes. 
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the lymph nodes, spleen, and mucosal lymphoid 
tissues. Therefore, in the generative lymphoid 
organs, immature lymphocytes normally enc;unter 
only self antigens at high concentrations, and clones 
of lymphocytes whose receptors recognize these self 
antigens with high affinity are killed (deleted). This 
process is also called negative selection (see Chapter 
7). Central tolerance eliminates many of the poten- 
tially most dangerous lymphocytes (i.e., those with 
high-affinity receptors for ubiquitous self antigens). 
Some T cells that encounter self antigens in the 
thymus may develop into regulatory cells, whose 
function is to inhibit immune responses (discussed 
later in the chapter). 

Peripheral tolerance is induced when mature lym- 
phocytes recognize antigens without adequate 
levels of the costimulators that are required for 
activation or as a result of persistent and repeated 
stimulation by self antigens in peripheral tissues. 

Peripheral tolerance is most important for main- 
taining unresponsiveness to self antigens that are 
expressed in peripheral tissues and not in 
the generative lymphoid organs. The mature lym- 
phocyte repertoire contains cells capable of recog- 
nizing such tissue-specific self antigens, and the 
responses of the mature lymphocytes to these anti- 
gens either are not initiated or are tightly regulated 
to maintain self-tolerance. 

The principal mechanisms of lymphocyte tolerance 
are apoptotic cell death, called deletion; functional 
inactivation without cell death, called anergy; and 
suppression of lymphocyte activation and effector 
functions by regulatory lymphocytes. Central toler- 
ance is mainly due to deletion, whereas all three 
mechanisms contribute to peripheral tolerance. 
The induction and relative importance of these 
mechanisms of tolerance are the main themes of this 
chapter. 
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Some self antigens may be ignored by the immune 
system, so that lymphocytes encounter the self 
antigen but fail to respond in any detectable way 
and remain viable and functional. The importance 
of this postulated phenomenon for the maintenance 
of self-tolerance is not established, and we will not 
discuss it further. 

We do riot know how many or which sell antigens in- 
duce central or peripheral tolerance (or are ignored). 
This is mainly because study of self-tolerance has been 
difficult; lymphocytes specific for self antigens either 
are not present in a normal individual or experimental 
animal or are functionally silent. In either case, these 
cells cannot be identified by examining their responses 
to a self antigen. New experimental approaches, espe- 
cially the creation of transgenic mice and the identifi- 
cation of genes that influence the choice between 
tolerance and autoimmunity, have provided valuable 
experimental models for analyzing self-tolerance, and 
many of our current concepts are based on studies with 
such models (Box 10-1). A general principle that has 
emerged from these studies is that the choice between 
lymphocyte activation and tolerance is determined by 
the features of the antigens and by the regulation of 
lymphocyte responses. Therefore, autoimmunity may 
result from changes in the display of self antigens or 
from abnormalities in the selection and regulation of 
lymphocytes (see Chapter 18). 

T Lymphocyte Tolerance 

Tolerance in CD4' helper T lymphocytes is an effec- 
tive mechanism for preventing immune responses to 
protein antigens because helper T cells are necessary 
inducers of both cell-mediated and humoral immune 
responses to proteins. This realization has been the 
impetus for a large amount of work on the mechanisms 

Thvmus 

of tolerance in CD4' T cells. Immunologists have also 
developed many experimental models for studying tol- 
erance in CD4' T cells. These systems have provided a 
great deal of information about CD4' T cell tolerance, 
and many of the therapeutic strategies that are being 
developed to induce tolerance to transplants and 
autoantigens are targeted to these T cells. Much less is 
known about tolerance in CD8' T cells. 

Central Tolerance in T Cells 

During their maturation in the thymus, immature T 
cells that recognize antigens with high avidity are 
deleted (Fig. 10-4). This process of negative selection 
of T lymphocytes was described in Chapter 7, when the 
maturation of T cells in the thymus was discussed. The 
two main factors that determine whether a particular 
self antigen will induce negative selection of self- 
reactive thymocytes are the concentration of that 
antigen in the thymus and the affinity of the thymocyte 
T cell receptors (TCRs) that recognize the antigen. Self 
proteins are processed and presented in association 
with MHC molecules on thymic antigen-presenting 
cells (APCs). The self antigens that are present in the 
thymus are diverse and include many circulating and 
cell-associated proteins. Among the immature T cells 
that arise from precursors in the thymus are some 
whose receptors specifically recognize self peptide- 
MHC complexes with high affinity. If double-positive 
thymocytes with such high-affinity receptors encounter 
self antigens in the thymus, the result is apoptotic death 
of the cells. A likely explanation for the tolerance sen- 
sitivity of immature lymphocytes is that antigen recog- 
nition triggers signals in these cells different from those 
in mature lymphocytes. However, we do not know what 
these signaling differences might be or how they deter- 
mine the outcome of antigen recognition. This process 
affects both class I and class I1 MIIC-restricted T cells 
and is therefore important for tolerance in both CD8' 
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Figure 10-4 Central T cell tolerance. 
Recognition of self antigens by immature 

T cells in the thymus may lead to death of 
the cells (negative selection, or deletion) or the 
development of regulatory T cells that enter 
peripheral tissues. 
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experimental allalpis of self-tolerance is confounded 

are normally deleted or functionally 

hnology is to express known proteins in dif- 
. These transgene-encoded antigens are 

hout the development of the animal, and 
re effectively self antigens for the mouse. 
proaches may be used to study self-toler- 

ance in many ways. 

The maturation and functional responsiveness of 
self antigen-specific lymphocytes may be followed in 
mice by expressing an antigen receptor specific for 
a normally expressed self antigen. This was first done 
by expressing a class I MHGrestricted TCR specific 
for the male antigen H-Y in CD8+ T cells. The T cells 

re in male mice because they are nega- 
tively selected in the thymus when the immature 
cells encounter H-Y peptides (see Chapter 7, Fig. 
7-21). The same principle has been exploited to 
study B cell tolerance to a self class I MHC molecule 
by expressing a membrane Ig specific for one class I 
allele in B cells. In mice containing that class I allele, 
the B cells are eliminated in the bone marrow or 
they change their specificity. 
A variation of this approach is to express transgenic 
antigen receptors specific for self antigens that are 
targets of autoimmune diseases. Examples include 
mice expressing a TCR specific for a protein in pan- 
creatic islet p cells (a target for autoreactive T cells 
in type I diabetes), a TCR specific for myelin basic 

mune diseases. 

Transgenic models may be made even more 
amenable to analysis by coexpressing both the 
antigen receptors of T or B lymphocytes and the 
antigen that is recognized by these receptors. Two 
examples we mention in the text are T cells specific 
for a viral glycoprotein expressed in islet P cells and 
B cells specific for hen egg lysozyrne expressed in 
different tissues. By changing the promoters used 
to drive transgene expression, it is possible to vary 
the site of expression of the antigen. The use of 
inducible promoters allows investigators to turn the 
expression of the antigen on and off during the life 
of the mouse. It is also possible to express the same 
antigen in different forms (secreted, membrane 
bound, and cytoplasmic) and thus to analyze toler- 
ance to different types of self antigens. 
Genes encoding particular immunoregulatory mol- 
ecules, such as costimulators and cytokines, may be 
coexpressed with antigens, thus modeling the con- 
sequences of local alterations in the tissues where 
particular self antigens are present. In addition, by 
breeding antigen receptor transgenics with appro- 
priate knockout mice, investigators have generated 
mice in which lymphocytes of known specificities 
lack genes encoding lymphocyte regulatory mole- 
cules, such as CTLA4 and Fas ligand. This results in 
selective defects in lymphocyte regulation and pro- 
vides models for studying the effects of such changes 
on defined lymphocyte populations as well as the 
pathogenesis of disorders associated with mutations 
in these regulatory genes. 

Experimental systems using transgenic and knockout 
mice have allowed investigators to analyze the types of anti- 
gens that induce central and peripheral tolerance in T and 
B cells, the mechanisms of these pathways of tolerance, 
and the genetic control of self-tolerance. Experimental 
protocols have been developed to compare the con- 
sequences of self antigen recognition by immature or 
mature lymphocytes. For instance, as described in the text, 
by mating one mouse expressing a transgenic antigen 
receptor with another mouse expressing the antigen, in 
the offspring, the immature lymphocytes are exposed 
to the antigen throughout development. Alternatively, 
mature lymphocytes expressing the antigen receptor may 
be transferred into mice expressing the antigen as a self 
protein, and the consequences of this encounter may be 
analyzed. Despite the value of transgenic technology, several 

important caveats should be mentioned. Expression of a 
single antigen receptor markedly limits the normal lym- 
phocyte repertoire. Transgene-encoded protein antigens 
are often expressed at higher concentrations than are 
normal self proteins. Transgene-encoded immunoregula- 
tory molecules not only are expressed at high levels but 
also are expressed constitutively and constantly, which is 
rarely the case with normal immunoregulatory molecules. 
Therefore, many of the normal controls on lymphocyte 
activation and regulation may be lost in these transgenic 
mice. > .  
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cloned lines of mouse T cells and was called clonal 
anergy. We previously introduced the concept that full 
activation of T cells requires the recognition of antigen 
by the TCR (signal 1)  and recognition of costimulators, 
mainly B7-1 and B7-2, by CD28 (signal 2) (see Chapter 
8). Signal 1 (i.e., antigen recognition) alone may lead 
to anergy. Antigen-induced anergy has been demon- 
strated in a variety of experimental systems. 

and CD4" lymphocyte populations. Negative selection 
of thymocytes is responsible for the fact that the reper- 
toire of mature T cells that leave the thymus and pop- 
ulate peripheral lymphoid tissues is unresponsive to the 
self antigens that are present at  high concentrations in 
the thymus. The  mechanism of deletion during nega- 
tive selection is apoptotic death, but  the signals and 
receptors involved in this process are not  known. Some 
self-reactive T cells that see self antigens in the thymus 
may not be  deleted and instead may differentiate into 
regulatory T cells (see Fig. 10-4) that leave the thymus 
and inhibit responses against self tissues in the peri- 
phery (discussed later). 

I t  is often hypothesized that autoimmunity results 
from a failure of negative selection in  the thymus. 
However, little formal evidence supports this hypothe- 
sis in any human or  experimental autoimmune disease. 
In fact, it is possible that even if central tolerance fails, 
peripheral mechanisms are adequate for maintaining 
unresponsiveness to many self antigens. 

n l  expressing ' Normal ~ m t i r n ~  ~lntnrs 

Antigen recognition 
with costimulation 

IT cell proliferation I 
and differentiation 

I I 

@ If cloned lines of mouse CD4' T cells are exposed to 
peptide-MHC complexes presented on synthetic lipid 
membranes, on APCs that lack costimulators like B7 
molecules, or on APCs that are treated with chemicals 
that destroy costimulators, the T cells remain viable 
but are incapable of responding to the antigen even if 
it is subsequently presented by competent APCs (Fig. 
10-6). The induction of anergy may be prevented 
during the first culture by adding APCs that do express 
costimulators or by stimulating CD28, the T lympho- 
cyte receptor for B7 molecules, with specific antibod- 
ies. This type of anergy is also prevented and even 
reversed by adding interleukin (1L)-2 to the cultures, 
providing a growth stimulus to the antigen-responsive 
T cells. It has proved difficult to do such experiments 
with normal, naive T cells, because these cells die 
unless they encounter costimulators. 

Costimulator 
deficient 
APC 

I I 

without costimulation 
anergy 

a, In one animal model of diabetes, the nonobese 
diabetic (NOD) mouse, it is postulated that class I1 
MHC molecules are structurally unstable and inca- 
pable of presenting self antigens in the thymus at con- 
centrations high enough to induce negative selection. 
As a result, CD4' T cells specific for many self antigens 
may mature and enter peripheral tissues in NOD mice, 
and these T cells cause many autoimmune diseases 
(insulitis and diabetes, thyroiditis, sialadenitis, to name 
a few). However, this theory has not been formally 
proved, and it is not clear how the same MHC mole- 
cules that fail to induce negative selection in the 
thymus are able to present self peptides in peripheral 
tissues to activate mature T cells and produce autoim- 
mune disease. 

T cell anergy can be induced by administering foreign 
antigens in ways that result in antigen recognition 
without costimulation. In one experimental model, 
small numbers of T cells from transgenic mice express- 
ing a TCR specific for a known antigen are transferred 
into normal mice, and the recipients are exposed to 
the antigen in different forms. If the antigen is admin- 
istered subcutaneously with adjuvants (the immuno- 
genic form), antigen-specific T cells proliferate in the 
draining lymph nodes, differentiate into effector cells, 
and migrate toward lymphoid follicles, where T cell-B 
cell interactions occur. In contrast, iT a large dose of 
the antigen is administered in aqueous form, without 
adjuvants (the tolerogenic form), the antigen-specific 
T cells remain viable but with a greatly reduced ability 
to proliferate, differentiate, or migrate toward follicles 
(Fig. 10-7). It is believed that in this model, the 
aqueous antigen induces anergy in the antigen- 
specific T cells, resulting in a block in the expansion 
and effector functions of the cells. These experiments 
also illustrate an important principle mentioned 
earlier in the chapter, that the same antigen may be 
immunogenic or tolerogenic, depending on how it is 
administered. 

Figure 10-5 T cell anergy. 
T cell responses are induced when the cells recognize an antigen presented by a costimulator- 

expressing antigen-presenting cell (APC) and recognize costimulators (such as B7) by activating recep- 
tors (CD28). If the T cell recognizes antigen without costimulation or in the presence of CTLA-4337 
interaction, the T cell fails to respond and may be rendered incapable of responding even if the antigen 
is subsequently presented by costimulator-expressing APCs. 

may become anergic and do not respond to the viral 
antigen even if they are removed from the mouse and 
cxposcd to the antigen ex viuo (Fig. 10-8). Presumably, 
the transgene-encoded viral glycoprotein is presented 
by APCs, in the pancreatic islets or draining lymph 
nodes, that do not express adequate levels of costimu- 
lators needed to elicit T cell responses, and recogni- 
tion of antigen on these APCs leads to T cell anergy. 
In the same experimental model, coexpression of the 
viral antigen and B7 costimulators in islet cells results 
in the breakdown of anergy and immune responses 
against the islets. This result illustrates how aberrant 
expression of costimulators may trigger autoimmune 
reactions, a concept we will return to in Chapter 18. 

g) The importance of CTLA-4 in tolerance induction is 
illustrated by the finding that knockout mice lacking 
CTLA-4 develop uncontrolled lymphocyte activation 
with massively enlarged lymph nodes and spleen and 
fatal multiorgan lymphocytic infiltrates suggestive of 
systemic autoimmunity. In other words, eliminating 
this one control mechanism results in a severe T cell- 
mediated disease. 

Peripheral T Cell Tolerance 

Peripheral tolerance is the mechanism by which 
mature T cells that recognize self antigens in  peri- 
pheral tissues become incapable of subsequently 
responding to these antigens. Peripheral tolerance 
mechanisms are responsible for T cell tolerance to 
tissue-specific self antigens that are not  abundant in 
the thymus. T h e  same mechanisms may induce unre- 
sponsiveness to tolerogenic forms of foreign antigens. 
Peripheral tolerance is due  to anergy, deletion, o r  sup- 
pression of T cells, and each of these mechanisms has 
been defined for CD4' cells in several experimental 
models. 

@ Blocking CTLA-4 with antibodies also enhances auto- 
immune diseases in animal models, such as enceph- 
alomyelitis induced by immunization with myelin 
antigens and diabetes induced by injection of T cells 
reactive with antigens in the p cells of pancreatic islets. 

@ In the antigen-induced model of anergy described 
earlier (see Fig. 10-7), T cells lacking CTLA-4 are 
resistant to the induction of anergy. 

@ An antigen, such as a viral glycoprotein, may be 
expressed in the tissues of a mouse as a transgene. This 
is often done by expressing the antigen under the 
control of the insulin promoter, in which case it is pro- 
duced mainly by pancreatic islet p cells. In effect, this 
viral protein becomes a tissue-specific self antigen for 
the mouse. If the antigen-expressing transgenic mouse 
is bred with another mouse that expresses the antigen- 
specific TCR as a transgene, large numbers of the spe- 
cific T cells encounter the self antigen. These T cells 

Anergy may be induced if T cells use the inhibitory 
receptor for B7 molecules, CTLA-4, to recognize 
costimulators on APCs a t  the time that the cells are 
recognizing antigen (see Fig. 10-5). In  this situation, 
anergy is no t  a consequence of antigen recognition 
without costimulation; rather, anergy is induced 
because the CT1,A-4 receptor delivers active inhibitory 
signals to the T cells when this receptor encounters B7 
c~stimulators o n  AF'Cs. 

Anergy Induced by Antigen Recognition without 
Adequate Costimulation 

If C D g  T cells recognize peptide antigens presented by 
APCs that are dejicient in  costimulators, the T cells 
survive but are rendered incapable of responding to the 
antigen even if i t  is later presented by competent APCs 
(Fig. 10-5). This type of functional unresponsiveness 
was first demonstrated by in uitro experiments with 

These findings indicate that in  normal animals, 
CTLA-4 functions continuously to keep T cells in  check. 
We d o  no t  know the factors that determine why T 
cells recognize B7 molecules with the activating recep- 
tor CD28 to induce immune responses under  some 
conditions and, a t  other times, recognize the same 
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B7 molecules with the inhibitory receptor CTLA-4 
to induce tolerance. It is possible that APCs that 
express low levels of B7 normally engage CTLA-4 
preferentially because CTLA-4 binds to B7 molecules 
with higher affinity than does CD28. Also, CD28 is 
expressed on naive T cells and may therefore be used 
to initiate immune responses, whereas CTLA-4 is 
expressed after T cells are activated and may function 
to terminate responses. It is not known whether self- 
reactive T cells start responding to self antigens, express 
CTLA-4, and are then prevented from responding 
further. 

Such experimental results have led to the hypothesis 
that the nature of tissue APCs is an important deter- 
minant of whether self-tolerance or autoimmunity 
develops. APCs that are resident in peripheral lym- 
phoid and nonlymphoid tissues are normally in a 
resting state and express few or no costimulators. Such 
APCs may be constantly presenting self antigens, and 

Figure 10-6 Role of B7 cos- 
timulators in T cell activation 
and anergy. 

T cell activation requires antigen 
recognition and the interaction of 
CD28 on the T cell with B7 mole- 
cules on the antigen-presenting cell 
(APC) (A). Pretreatment of the T 
cells with lipid vesicles that display 
the antigen but lack 87 (B) or with 
APCs that are treated to destroy co- 
stimulators (C) results in T cell 
anergy and a failure to respond to 
antiaen presented by normal APCs. 
~ r o i d i n g  a costirhlatory signal 
from another cell (D) or with an 
anti-CD28 antibody (E) prevents the 
induction of anergy. Such experi- 
ments are done with T cell clones 
specific for defined peptides. 

T cells that recognize these antigens become anergic. 
As we shall discuss in Chapter 18, local infections and 
inflammation may activate resident APCs, leading to 
increased expression of costimulators, breakdown of 
tolerance, and autoimmune reactions against the tissue 
an~igens. However, which self antigens normally induce 
anergy in specific T cells, and the fates of anergic cells 
in vivo, are unknown. 

The biochemical mecharlisrrls of anergy also remain 
poorly defined. Anergic T cells fail to produce their 
growth factor, IL-2, and to proliferate in response to 
antigen. In T cell clones that are rendered anergic, 
cross-linking of the TCR fails to trigger signal trans- 
duction pathways that lead to the activation of the 
enzymes JNK and ERK, which are involved in the gen- 
eration of the AP-1 transcription factor (see Chapter 8). 
It is interesting that not all TCR-mediated signals are 
lost in these functionally inactive T cells; the mecha- 
nism of this selective biochemical defect is not known. 

Naive Tolerant 
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It has not been possible to carry out similar biochemi- 
cal analyses in normal T cells that are rendered anergic 
by a transgene-encoded self antigen or by antigens 
administered in tolerogenic forms. 

On the basis of experimental studies of anergy 
induced by antigen recognition without adequate 
costimulation, attempts are ongoing to promote the 

ptance of organ allografts by blocking costimulators 
at the time of transplantation. In experimental animals, 
encouraging results have been seen in graft recipients 
treated with a combination of antagonists that block 
both B7 molecules and CD40 ligand (CD40L) (see 
Chapter 16) or with antagonists of CD4OL used alone. 
The role of the CD40:CD40L pathway in tolerance is 
undefined. The important finding is that these antago- 
nists induce prolonged graft acceptance, well beyond 

- a 

T cells from transgenic mice expressing an antigen receptor specific for a peptide of ovalbumin 
are transferred into normal recipient mice, and the recipients are left untreated or are exposed to the 
peptide in immunogenic form (with adjuvant) or in tolerogenic form (large dose of aqueous peptide 
without adjuvant). 

A. Lymph nodes of the recipient mice are stained with an antibody that recognizes the 
ovalbumin-specific T cells. Untreated (naive) mice contain few of these T cells. In mice given tolero- 
genic antigen (tolerant), there is some expansion in the number of T cells, but the cells fail to enter 
the B cell-rich lymphoid follicles (F). In mice given immunogenic antigen (primed), there is greater 
expansion of T cells, and these cells do enter the follicles. (From Pape KA, ER Kearney, A Khoruts, A 
Mondino, R Mevica, ZM Chen, E Inguli, J White, JG Johnson, and MK Jenkins. Use of adoptive trans- 
fer of T cell-antigen-receptor-transgenic T cells for the study of T-cell activation in vivo. Immunologi- 
cal Reviews 156:67-78, 1997. Copyright 1997 by Munksgaard.) 

B. The T cells are recovered from the transfer recipients and stimulated with ovalbumin peptide in 
culture, and their proliferative responses are measured by the incorporation of 3H-lhymidine into DNA 
(expressed as counts per minute per T cell). Naive T cells respond to antigen, cells from primed mice 
show an increased response, and cells from tolerant mice fail to respond, an indication of anergy. 
(From Kearney ER, KA Pape, DY Loh, and MK Jenkins. Visualization of peptide-specific T cell immunity 
and peripheral tolerance induction in vivo. Immunity 1 :327-339, 1994. Copyright 1994, with per- 
mission from Elsevier Science.) 

the half-lives of the administered antagonists. This sug- 
gests that the antagonists are inducing long-lived trans- 
plantation tolerance and not merely preventing acute 
graft rejection. Clinical trials with costimulator antago- 
nists in transplant recipients are ongoing. The same 
strategy may be useful for treatment of autoimmune dis- 
eases, although here the challenge will be to inhibit 
established pathologic immune responses against self 
antigens. 

Deletion of T Cells by Activation-Induced 
Cell Death 

Repeated stimulation of T lymphocytes by persistent 
antigens results in  death of the activated cells by a 
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process of apoptosis (Fig. 10-9). This form of regu- 
lated cell death is called activation-induced cell death. 
It is induced when large numbers of recently activated 
T cells are reactivated by antigens or agents that mimic 
antigens. 

If CD4' T cells that have recently been activated i n  vitro 
with polyclonal activators, such as anti-CD3 antibodies, 
are restimulated with the same activators, the T cells 
undergo apoptosis. This also happens when recently 
activated antigen-specific T cell clones are cultured 
with high concentrations of the antigen. 

0 Some microbial proteins bind to and activate all T cells 
whose TCR P chain variable (V) regions belong to a 
particular family; such proteins are called superanti- 

gens (see Chapter 15, Box 15-1). In mice injected with 
a large dose of a superantigen, T cells expressing the 
Vp-containing TCRs first are activated and then die by 
apoptosis. 

0 If mice expressing a transgenic TCR on most of their 
T cells are injected with high doses of the antigen that 
is recognized by that TCR, again the T cells first are 
activated and then undergo apoptosis. 

Activation-induced cell death is a form of apoptosis 
induced by signals from membrane death receptors 
(Box 10-2). In CD4' T cells, repeated activation leads 
to the coexpression of two molecules, a death-inducing 
receptor called Fas (CD95) and its ligand, Fas ligand 
(FasL). Fas is a member of the tumor necrosis factor 

Figure 10-8 T cell anergy 
induced by a self antigen in 
transgenic mice. 

Two sets of transgenic mice 
are created, one that expresses a 
TCR specific for a viral glycopro- 
tein antigen and another that ex- 
presses the antigen in the p cells of 
pancreatic islets. When these two 
mice are interbred, in the F1 off- 
spring, the T cells encounter this 
islet self antigen, but there may 
not be a T cell response in vivo. If 
the T cells are recovered and chal- 
lenged with the viral antigen, the 
cells fail to respond, indicating that 
the cells became anergic in vivo. In 
some similar experiments, the T 
cells fail to respond in vivo but 
remain functionally responsive, 
indicating that they have ignored 
the presence of the self antigen. 
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Figure 10-9 Fas-mediated activation-induced death of T lymphocytes. 

T cells respond to antigen presented by a normal antigen-presenting cell (APC) by secreting 11-2 
and undergoing proliferation and differentiation. Restimulation of recently activated T cells by antigen 
leads to coexpression of the death receptor Fas and Fas ligand (FasL), engagement of Fas, and apop- 
totic death of the T cells. Note that FasL on one T cell may engage Fas either on the same cell or on 
another cell. 

There are many situations in biology when cells normally 
die and are eliminated by phagocytosis without eliciting 
harmful inflammatory reactions. For instance, the process 
of embryogenesis involves modeling of tissues and organs 
by balanced cell division and cell death, and physiologic 
reductions in circulating hormone levels lead to death of 
hormonedependent cells. In these situations, cell death 
occurs by a process called apoptosis, which is characterized 
by DNA cleavage, nuclear condensation and fragmenta- 
tion, plasma membrane blebbing, changes in membrane - lipid distribution, and detachment of cells from the extra- 
cellular matrix. Apoptotic cells are rapidly phagocytosed 
because they express membrane molecules that are rec- 

- ognized by a variety of receptors on phagocytes. This type 
of physiologic cell death contrasts with necrosis, in which 

' plasma membrane integrity breaks down and cellular con- - tents are enzymatically degraded and released, resulting in 
pathologic inflammation. In the immune system, apopto- 
sis is important for eliminating unwanted and potentially 
dangerous lymphocytes at many stages of maturation and 

- after activation of mature cells. In the following sections, 
we describe the mechanisms and regulation of apoptosis, 
focusing on lymphocytes. The physiologic roles of apop- 
tosis in the immune system are discussed in this and other 1- chapters. 

INDUCTION OF APOPTOSIS IN LYMPHOCYTES 
duction of apoptosis involves the activation of 
c enzymes called caspases. Caspases are cysteine 
es (i.e., proteases with cysteines in their active 

BOX 10-2 

sites), so named because they cleave substrates at aspartic 
acid residues. Caspases are present in the cytoplasm of 
most cells in an inactive form (also called a zyrnogen, refer- 
ring to an inactive enzyme). In its inactive state, a caspase 
exists as a single polypeptide chain with a prodomain and 
a catalytic domain. Caspases are themselves activated by 
cleavage after aspartic residues, and the active caspase that 
is produced is a dimer with two catalytic subunits. Four- 
teen caspases have been identified, and the number is 
likely to increase. Some caspases function as initiators, to 
start the process of apoptosis often by cleaving and thereby 
activating more caspases. These activated caspases function 
as effectors or executioners, cleaving many substrates and 
leading to nuclear fragmentation and the other changes 
of apoptosis. In lymphocytes, caspase activation and sub- 
sequent apoptosis may be induced by two distinct path- 
ways, one of which is associated with mitochondria1 
permeability changes and the other with signals from 
death receptors in the plasma membrane. The mecha- 
nisms of induction of these two pathways are illustrated 
in Figure A, and their biochemical mechanisms are in 
Figure Passive B. cell death as a result of loss of survival stimuli: 

the intrinsic, or mitochondria& pathway of apoptosis. If 
lymphocytes are deprived of necessary survival stimuli, 
such as growth factors or costimulators (for T cells), the 
result is rapid increase in the permeability of mitochon- 
drial membranes and release of several proteins, including 
cytochrome c, into the cytoplasm. Cytochrome c functions 

Continued on following page 
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at many stages of lymphocyte maturation and activation. 
Immature lymphocytes that do not express functional 
antigen receptors or are not positively selected die by 
neglect (see Chapter 7). After their maturation, if naive 
lymphocytes do not encounter the antigen for which they 
are specific, the naive cells die by apoptosis. After acti- 
tion by antigen, many of the progeny of the activated ce 
also die as the antigen is eliminated. In all these situations, 
the lymphocytes do not receive the survival stimuli that 
would protect them from programmed cell death. As 
expected, overexpression of Bcl-2 or Bcl-x as a transgene 
in T or B lymphocytes results in enhanced survival of 
immature lymphocytes and prolonged immune responses. 
Thus, this pathway of apoptosis is critical for maintaining 
homeostasis in the immune system. 

Fas-mediated activation-induced cell death appears to 
be most important for preventing uncontrolled activation 
of lymphocytes (e.g., by abundant and persistent self anti- 
gens). Great interest in the function of Fas was spurred by 
the demonstration that in two inbred mouse strains that 
develop autoimmune disease as a result of recessive single- 
gene mutations, the defects lie in either Fas or FasL. Thes 
were the first systemic immune diseases shown to be a 
result of a failure of apoptosis. A small number of humans 
with similar disorders have been described. We will return 

to a discussion ofxhese autoimmune disorders in Chapter 
18. The negative selection of immature thymocytes 
that encounter high concentrations of self antigens is also 
due to activation-induced cell death, but it does not appear 
to rely on either Fas or TNF receptors. The Fas pathway 
may prevent uncontrolled lymphocyte activation in 
response to persistent infections (e.g., some viral infec- 
tions), but the importance of this pathway in normal 
homeostasis is not established. In addition to its role in the 
maintenance of peripheral tolerance to self antigens, 
Fas:FasGmediated cell death may serve other functions. 
Cytolysis by CD8' cytolytic T lymphocytes (CTLs) is in part 
mediated by FasL on the CTL binding to Fas on target 
:ells (see Chapter 13). Two tissues known to be sites of 
Immune privilege, namely, the testes and the eyes, may 
:onstitutively express FasL. It is postulated that FasL kills 
leukocytes that enter the tissues, thus preventing. local 
mmune responses, which is the hallmark of immune 
xivilege. However, these findings are controversial and 
nay not apply to all species. The physiologic value of 
mmune privilege in these tissues. and in the central 

Apoptosis in Lymphocytes ( Contimcrfl 

apoptosis by blocking the release of pro-apop 
like cytochrome cfrom mitochondria and by 
activation of caspase-9 (see Figure B). Several other B 

induce and regulate apoptosis were identified as the prod- 
ucts of genes that are homologous to genes first shown 
to regulate apoptosis in the worm Caenorhabditis elegans. 
During the development of this worm, particular cells die 
in a precise sequence, so that the consequences of genetic 
manipulations on death or survival of cells can be accu- 
rately defined. Several different ced genes (for "cell death 
abnormal" genes) are known, and their mammalian homo- 
logues have been identified. Caspase-9 is homologous 
to Ced-3, Apaf-1 to Ced-4, and the anti-apoptotic protein 
Brl-9 (see below) to Ced-9. 

'ector mechanisms of apoptosis. Once caspase-9 or 
spase-8 becomes proteolytically active, it in turn cleaves 

aid activates other downstream effector caspases, includ- 
ing caspase-3 and caspase-6. These enzymes act on a v ty 
of substrates. including nucleases and proteins or ule 

family membershave been identi 
imers and heterodimers and can 
response to growth factors, thereby 
ties. The details of these interactions 
in many laboratories. Some protei 

e pro-apoptotic. For instanc 
(which contains a domain that i 
found in Bcl proteins) binds to 
Bcl-2. Therefore, Bid promotes apoptosis. h o t  
protein called Bim, which may be induced 
recognition, antagonizes Bcl-2 and thus promo 

vented by a protein called 
protein) that has a death 
domain. FLIP may bi 
to inactive caspase-8 in the 

., 
nuclear enveloDe. to initiate DNA frahentation and .-. -.- I I 

nuclear breakdown, the hallmarks of apoptosis. (Note that 
not all mammalian caspases are involved in cell death. The 

.st of these enzymes to be identified, now called caspase- 

" 
lervous system, is not understood. The physiologic role 
~f apoptosis induced by antigen recognition without 
iecond signals is not well understood; it is believed to be 
mportant in homeostasis and self-toleranct functions to convert the precursor form of the cytokine 

to its active form and was therefore originally called 
me Ll-converting enzyme [ICE]. On the basis of this 
name, caspase-8 was originally called FADD-like ICE or 
FLICE.) 

REGULATION OF APOPTOSIS Programmed death 
lymphocytes (passive cell death) is prevented by various 

activating stimuli, including specific antigen recognition, 
growth factors (such as the cytokine &2), and costimula- 
tion (e.g., engagement of CD28 on T cells by B7 molecules 
-n APCs). All these stimuli function by inducing the 
~xpression of anti-apoptotic proteins of the Bcl family. The 
first member of this family to be identified was called Bc 

' 

2 because it was the second oncogene found in a hum; 
B cell lymphoma. Bcl-2, and its homologue Bcl-x, inhit 

(TNF) receptor family, and FasL is homologous to the 
cytokine TNF. When T cells are repeatedly activated, 
FasL is expressed on the cell surface, and it binds to 
surface Fas on the same or adjacent T cells. This acti- 
vates a cascade of intracellular cysteine proteases, called 
caspases, that ultimately cause the apoptotic dcath of 
the cells. Apoptotic cells are rapidly removed by phago- 
cytes and do not induce inflammation. The net effect 
is that the population of mature lymphocytes is 
depleted of T cells specific for the antigen that induced 
repeated stimulation. High concentrations of the 
growth factor IL-2 enhance the sensitivity of antigen- 
stimulated T cells to Fas-mediated apoptosis. Therefore, 
this mechanism of deletion-induced tolerance is usually 
seen when large numbers of T cells are activated and 
produce IL2. A different pathway of apoptosis is trig- 
gered by depletion of survival stimuli, including anti- 
gens and growth factors (see Box 10-2). This pathway 
appears to be more important for maintaining home- 
ostasis than for self-tolerance, and it is discussed at the 
end of this chapter. 

It is believed that Fas-mediated activation-induced 
cell death is responsible for the elimination of T cells 
specific for abundant peripheral self antigens, which 
are most likely to be the self antigens that trigger 
repeated T cell activation. The same pathway of apop- 
tosis is involved in the elimination of self-reactive B 
lymphocytes (discussed later). Mice with defects in the 
expression of Fas or mutations in FasL, and children 
with Fas mutations, develop autoimmune diseases 
with some similarity to systemic lupus erythematosus 
(see Chapter 18). Surprisingly, knockout mice lacking 
IL2 also develop autoimmunity (and not immunodefi- 

growth-promoting cytokine) . A possible mechanism of 
autoimmunity in IL2 knockout mice is also failure of 
Fas-mediated apoptosis of self-reactive T cells. 

The term activation-induced cell death is also used to 
describe apoptosis resulting from T cell stimulation by 
antigen in the absence of innate immunity or costimu- 
lation. It is believed that antigen recognition results in 
mitochondrial translocation of pro-apoptotic proteins, 
which are members of the Bcl lamily, without anti- 
apoptotic members of the family (see Box 10-2). In this 
situation, the death of the cells is by the mitochondrial 
pathway, and independent of the engagement of death 
receptors. Superantigens, and perhaps self antigens, 
may induce deletion of T cells by this pathway. 

mtigen encounter. 
PHYSIOLOGIC ROLLa 2" "PO 

3TES Programmed, or I ve, 
ssential role in controlling the size o 

Tolerance Induced by Regulatory T Lymphocytes 

Some immune responses are inhibited by cells that 
block the activation and functions of effector T lym- 
phocytes (Fig. 10-10). These inhibitory cells are also 
T cells, and they are called regulatory T cells. Several 
experimental models support the importance of rcg- 
ulatory T cells in the maintenance of self-tolerance. 

involved 
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If naive T cells from a normal mouse are transferred 
into a lymphocyte-deficient syngeneic mouse, the 
recipient develops multiorgan autoimmune disease 
involving the thyroid, colon, stomach, and other 
organs. If T cells expressing activation markers from 
the normal mouse are transferred together with the 
naive cells, the induction of the disease is prevented. 
The interpretation of this experiment is that in the 
normal mouse, there are naive T cells capable of react- 
ing to self antigens, and they are kept in check by rcg- 

of immature l y ~  
selection 

of mature cells 
n, and after ant 

xytes that fail Elimination of some self-reactive 
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encounter self antigens 

: do not encounter 
is eliminated Negative selection of immature 
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expected from the absence ( 3f this 2ontinued on following pa 
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Inhibition of T cell 
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ulatory cells that have previously been activated by the 
same self antigens. Whcn these naive T cells are trans- 
ferred into a recipient that has no other lymphocytes, 
they cannot be controlled, and this leads to autoim- 
munity. Cotransfer of regulatory (previously activatcd) 
T cells prevents autoimmunity. 

Studies indicate that in humans arid mice, regulatory 
cells are CD4' T lymphocytes that express high levels of 
the IL2 receptor a chain (CD25) but not other markers 
of activation. Regulatory T cells may be generated by 
self antigen recognition in the thymus or in peripheral 
lymphoid organs, but we do not know what special con- 
ditions of antigen exposure generate these cells. IL2 
may play a role in the development or function of reg- 
ulatory T cells, and deficiency of IL-2 or IL-2 receptors 
may result in defects in regulatory cells. Such defects 
may contribute to autoimmunity in mice lacking TIr2 or 
IL-2 receptors. Presumably, regulatory T cells recognize 
self antigens, but their specificity is not defined. The 
mechanism of action of regulatory cells is also not well 
established. Some studies indicate that regulatory T 
cells inhibit immune responses by secreting immuno- 
suppressive cytokines such as ILlO and transforming 
growth factor-0 (TGF-P) (Fig. 10-11). TGF-P is 
an inhibitor of T cell and B cell proliferation. IL10, 
which is produced by some helper T lymphocytes 
(and other cells), inhibits macrophage activation and 
antagonizes the actions of the principal macrophage- 
activating cytokine interferon (1FN)-y. Therefore, T 

Figure 10-10 T cell-mediated 
suppression. 

In a normal response, T cells rec- 
ognize antigen and proliferate and 
differentiate into effector cells. Some 
T cells may differentiate into regula- 
tory cells in the peripheral tissues or 
the thymus, and these regulatory 
cells inhibit the development or 
functions of effector cells. APC, 
antigen-presenting cell. 

cells that secrete these inhibitory cytokines may s u p  
press the responses of other T cells. Other studies 
suggest that regulatory T cells function by directly inter- 
acting with APCs or with responding T cells, and not by 
secreting cytokines. 

Peripheral Tolerance in CD8+ T Lymphocytes 

Most of our knowledge of peripheral T cell tolerance is 
limited to CD4+ T cells, and much less is known about 
the mechanisms of tolerance in mature CD8+ T cells. It 
is possible that if CD8+ T cells recognize class I MHC- 
associated peptides without costimulation or T cell 
help, the CD8+ cells become anergic. In this situation, 
the CD8+ T cells would encounter signal 1 (antigen) 
without second signals, and the mechanism of anerg  
would be essentially the same as for helper T lympho- 
cytes. The role of CTLA-4 in inducing anergy in CD8' 
T cells is not established. CD8' T cells that are exposed 
to high concentrations of self antigens may undergo 
activation-induced cell death, but this process does not 
appear to involve the Fas death receptor. It is not known 
whether regulatory T cells directly inhibit the activation 
of CD8' T cells. 

Factors That Determine the Tolerogenicity of 
Self Antigens 

Studies with a variety of experimental models have 
shown that many features of protein antigens deter- 

Figure 10-11 Mechanisms of 
action of regulatory 1 cells. 

The postulated mechanisms by 
which regulatory T cells may inhibit 
a typical T H ~  response are shown. In 
this type of T cell response, an 
antigen-presenting cell (APC) pres- 
ents antigen to naive T cells and 
secretes the cytokine IL-12, which 
stimulates differentiation of the naive 
cells into TH1 effectors. The T,1 cells 
produce IFN-y, which activates the 
macrophages in the effector phase 
of the response. Regulatory T cells 
may inhibit T cell activation by as yet 
undefined mechanisms that require 
contact between the regulatory cells 
and the responding T cells or APCs. 
Some regulatory T cells may secrete 
immunosuppressive cytokines, such 
as IL-10 (which inhibits APC func- 
tion and macrophage activation) 
and TCF-P (which inhibits T cell pro- 
liferation and also macrophage 
activation). 
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dependent 
inhibition of 

mine whether these antigens will induce T cell activa- rance) or induce anergy. Because self antigens cannot 
tion or tolerance (Table 10-1). Self antigens have be eliminated, those that gain access to professional 
special properties that make them tolerogenic. Some APCs are capable of repeatedly activatinff specific T 

! 

self antigens are present at high concentrations in the 
generative lymphoid organs, and these antigens may 

; induce central tolerance or the development of regu- 
latory T cells. In the periphery, self antigens are 

I normally displayed to the immune system without 
: inflammation or innate immunity. Under these condi- 
< tions, APCs express few or no costimulators, and 
. antigen recognition may either elicit no response (igno- 

lymphocytes, and repeated stimulation h a y  trigger 
activation-induced cell death. These concepts are based 
largely on experimental models in which antigens are 
administered to mice or are expressed as transgenes in 
mice. One of the continuing challenges in this field 
is to define the characteristics of various normally 
expressed self antigens that make them tolcrogenic, 
especially in humans. 

Table 10-1. Factors That Determine the lmmunogenicity and Tolerogenicity of Protein 
Antigens 
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in a multivalent form able to cross-link B cell Ig 
molecules. 

The principal mechanism of central tolerance of 
immature B cells that encounter multivalent self anti- 
gens, such as membrane proteins, is apoptotic death. 
This is similar to the mechanism of negative selection 
of immature T cells in the thymus. B cells in the 
bone marrow that encounter self antigens may also 
respond to these antigens by reactivating their RAG1 
and RAG2 genes and expressing a new Ig light chain, 
thus acquiring a new specificity. This process is called 
receptor editing (see Chapter 'I) and is a potential 
mechanism for self-reactive B cells to lose this reactivity 
and survive. 

Peripheral B Cell Tolerance 

Mature B lymphocytes that recognize self antigens i n  
peripheral tissues in the absence of specijc heyer  T 
cells may be rendered functionally unresponsive or are 
excluded from lymphoid follicles. Many of these mech- 
anisms of peripheral B cell tolerance have been ana- 
lyzed in the HEL transgenic system mentioned before. 
In such experimental systems, specific B cells can be 
exposed to soluble self antigens in the periphery in the 
absence of T cell help (Fig. 10-13). The principal fate 
of these self-recognizing B cells is long-lived functional 
anergy, resulting in an inability to respond to antigen. 
If anergic B cells do encounter any antigen-specific 
helper T cells, the B cells may be killed by FasL on the 
T cells engaging Fas on the B cells. This mechanism of 
elimination of self-reactive B lymphocytes fails in mice 
and humans with mutations in Fas or FasL, and such a 
failure may contribute to autoantibody production. The 
biochemical mechanisms of B cell anergy are not well 
undcrstood. Anergic B cells appear incapable of acti- 
vating tyrosine kinases, such as Syk, or maintaining sus- 
tained increases in intracellular calcium on exposure to 
the antigen. B cells that encounter self antigens in the 
periphery also lose their capacity to migrate into lym- ' 
phoid follicles and thus to be activated to produce anti- 
bodies against the self antigen. A likely mechanism of 
follicular exclusion is that the B cells receive a partial 
signal from the antigen that is not able to fully activate 
the cells but does lead to reduced expression of the 
chemokine receptor (CXCR5) that normally brings 
naive B lymphocytes into the follicles. 

It is suspected that many diseases caused by autoan- 
tibodies are due to a failure of B cell tolerance, but little 
is known about which pathway of tolerance fails or why 
Normal individuals do not produce autoantibodies 
against self protein antigens, and this may be due to 
deletion or tolerance of helper T lymphocytes even if 
functional B cells are present. In these cases, defects in. 
the maintenance of T cell tolerance may result in 
autoantibody production. 

The mechanisms of tolerance in T and B lympho- 
cytes are similar in many respects, but there are also 
important differences (Table 10-2). Much has been 
learned from use of animal models, especially trans- 
genic mice. Application of this knowledge to under- 
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B Lymphocyte Tolerance Transgenic mouse Transgenic mouse 
exoressina HEL-specific ex~ressina HEL 

Figure 10-12 Central tolerance 
in B lymphocytes in a trans- 
genic mouse model. 

A transgenic mouse expressing 
an Ig specific for the antigen hen egg 
lysozyme (HEL) is bred with another 
transgenic mouse that produces HEL 
as a self antigen. In the "double 
transgenic" F, mouse, most B cells 
express HEL-specific receptors that 
recognize the self HEL. When imma- 
ture B cells recognize the antigen in 
the bone marrow, the B cells may 
be deleted by apoptosis, the B cells 
may change the specificity of their 
antigen receptors (receptor editing), 
or the cells may leave the bone 
marrow with greatly reduced levels 
of receptor expression. Receptor 
editing has been demonstrated in 
several experimental models of 
central B cell tolerance but not in this 
particular model; it is included 
because it may be a frequent conse- 
quence of self antigen recognition 
during B cell maturation. 

Tolerance in B lymphocytes is necessary for main- 
taining unresponsiveness to thymus-independent self 
antigens, such as polysaccharides and lipids. B cell tol- 
erance may also play a role in preventing antibody 
responses to protein antigens. Experiments with trans- 
genic mice have led to the concept that there are mul- 
tiple "checkpoints" during B cell maturation and 
activation at which encounter with self antigens may 
abort these processes. 

" 

transgenic mice 

F1 mouse containing 
HEL-specific B cells 
and HEL as 
self antigen 

Central Tolerance in B Cells 

Immature B lymphocytes that recognize self antigens 
in the bone marrow with high afinity either are 
deleted or change their specifi i ty.  As for T cells, the 
factors that determine whether immature B cells will be 
negatively selected are the nature and concentration of 
the self antigen in the bone marrow and the affinity of 
the B cell receptors for the antigen. Central tolerance 
is most likely to occur with multivalent self antigens, 
which bind to and cross-link many antigen receptors 
on each specific B cell and thus deliver strong 
immunoglobulin (I@-mediated signals to the B 
cells. Examples of such multivalent antigens are cell 
membrane molecules and polymeric molecules, such as 
double-stranded DNA. 

Immature HEL-specific 
B cells encounter 
membrane-bound 

or soluble HEL 
in bone marrow 

The mechanisms of self-tolerance in B lymphocytes 
have been examined mainly in experimental models 
using transgenic mice. In one such model (Fig. 10-12), 
one set of mice is created in which an Ig receptor spe- 
cific for a model protein antigen, hen egg lysozyme 
(HEL), is expressed as a transgene. Most of the B cells 
in these transgenic mice are HEL specific and can be 
stimulated to produce anti-HEL antibody. The antigen 
HEL is expressed in another set of transgenic mice; 
because this protein is present throughout develop- 
ment, in effect it is a self antigen (like the viral protein 
expressed in pancreatic islets, referred to earlier). 
Moreover, in HEL antigen-expressing transgenic 
mice, HELspecific helper T cells are tolerant (deleted 
or anergic). If the Ig transgenic mice and the HEL 
transgenic mice are mated, in the F1 offspring, imma- 
ture B cells specific for HEL are exposed to HEL in the 
absence of HELspecific helper T cells. If the HEL is 
expressed as a membrane protein on all cells, includ- 
ing cells in the bone marrow, the immature B cells that 
encounter this self antigen are killed and do not attain 
maturity. If the HEL is present as a soluble protein, 
immature B cells recognize it with lower avidity than 
that with which they recognize the membrane form. 
These B cells do mature and exit the bone marrow, but 
they decrease their expression of antigen receptors 
and are unable to respond to the self antigen. 

in generative 

standing the mechanisms of tolerance to different self 
antigens in normal individuals, and to defining why tol- 
erance fails, giving rise to autoimmune diseases, is an 
area of active investigation. 

responses. In general, protein antigens administered 
with adjuvants favor immunity, whereas high doses of 
antigens administered systemically without adjuvants 
tend to induce tolerance (see Fig. 10-7). The likely 
reason for this is that adjuvants stimulate the expression 
of costimulators on APCs, and in the absence of 
costimulation, T cells that recognize the antigen may 
become anergic. Tolerogenic antigens may also activate 
regulatory T cells or promote the differentiation of T 
cells into populations that produce cytokines such as IL- 
4, which does not induce cell-mcdiatcd immunity. Many 

In another transgenic system, if the genes encoding an 
Ig specific for a class I MHC allele are introduced into 
mice expressing that allele, B cells expressing the trans- 
genic Ig fail to mature and exit the marrow. The class 
I MHC molecule is a good example of a membrane- 
bound self antigen that is displayed on cell surfaces 

Tolerance Induced by Foreign 
Protein Antigens 

Foreign antigens may be administered i n  ways that 
Preferentially induce tolerance rather than immune 



8 Transfer of 3 
HEL-specifi'c -! 

6 cells into HEL- e, 
expressing recipient 

I Section Ill - Maturation, Activation, and Regulation of Lymphocytes 

erlcounter 
self antigefi in - 

' peripheral t,issues . 

Block in antigen 
receptor-induced 
signals (anergy) 

B cells from 

Figure 10-13 Peripheral B 
cell tolerance in a transgenic 
mouse model. 

B cells specific for hen egg 
lysozyme (HEL) are transferred into 
mice that express HEL as a circulat- 
ing self antigen. (HEL-specificT cells 
are deleted in these mice because 
HEL is present in the thymus.) 
When the B cells encounter the self 
antigen in the absence of Tcell help, 
the B cells are excluded from lym- 
phoid follicles, and they become 
incapable of responding to antigen 
recognition. 

other features of antigens, and how they are adminis- 
tered, may influence the balance between immunity 
and tolerance (see Table 10-1). 

The oral administration of a protein antigen often 
leads to a marked suppression of systemic humoral and 
cell-mediated immune responses to immunization with 
the same antigen. This phenomenon is called oral 
tolerance. It has been postulated that the physiologic 
importance of oral tolerance may be as a mechanism 
for preventing immune responses to food antigens and 
to bacteria that normally reside as commensals in the 
intestinal lumen and are needed for digestion and 
absorption. Different doses of orally administered anti- 
gens may induce anergy in antigen-specific T cells or 
may stimulate the production of cytokines, such as TGF- 
p, that inhibit lymphocyte proliferation, resulting in the 
suppression of immune responses. In fact, TGF-P may 
participate in both distinctive responses to oral immu- 
nization, namely, production of IgA in mucosal tissues 
and systemic tolerance, because this cytokine induces B 
cell switching to IgA and inhibits lymphocyte prolifera- 
tion. It is unclear why oral administration of some anti- 
gens, such as soluble proteins in large doses, induces 
systemic T cell tolerance, whereas oral immunization 
with other antigens, such as attcnuated polio virus 
vaccines, induces protective T cell-dependent antibody 
responses and long-lived memory. Oral tolerance is a 
potential therapy for autoimmune diseases in which thc 
autoantigen is known and for other clinical situations 
in which it may be desirable to inhibit specific immune 
responses to defined protein antigens, but clinical trials 
of orally administered antigens to treat autoimmune 
diseasei have not been succkssful. 

Table 10-2. Self-Tolerance in T and B Lymphocytes 

Abbreviation: APCs, antigen-presenting cells. I 

Homeostasis in the Immune 
System: Termination of 
Normal Immune Responses 

So far in this chapter, we have discussed how the 
immune system becomes unresponsive to self antigens. 
Lymphocyte death and inactivation are also important 
for maintaining a fairly steady number of these cells 
throughout the life of an individual, despite the con- 
stant production of new lymphocytes in the generative 
lymphoid organs and the tremendous expansions that 
may occur during responses to potent immunogenic 
antigens. The maintenance of constant numbers of 
cells is called homeostasis. In the following section, we 
discuss the known mechanisms that function to main- 
tain homeostasis after lymphocyte activation. 

Immune responses to foreign antigens are self- 
limited and wane as the antigens are eliminated, 
returning the immune system to its basal resting state. 
In previous chapters, we discussed the expansion of T 
and B lymphocytes after stimulation with antigens and 
other signals and the differentiation of these lympho- 
cytes into effector and memory cells. Lymphocytes 
that do not receive activating signals die "by neglect" 
(see Box 10-2). Antigens, costimulators, and cytokines 
(growth factors) produced during immune responses 
prevent lymphocytes from dying by this pathway of 
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apoptosis. Survival stimuli for lymphocytes function 
mainly by inducing the expression of anti-apoptotic 
proteins, the most important of which are members of 
the Bcl family. Lymphocyte survival induced by antigen, 
costimulators, and cytokines is the prelude to clonal 
expansion and differentiation of the lymphocytes into 
effector cells. The effector cells that develop during 
adaptive immune responses function to eliminate the 
antigen, as a result of which the innate immune 
response also subsides. Therefore, the clones of lym- 
phocytes that were activated by the antigen are deprived 
of the essential survival stimuli, and they die by 
apoptosis (Fig. 10-14). Much of the physiologic decline 
of immune responses, or homeostasis, is due to pro- 
grammed death of lymphocytes resulting from the loss 
of survival signals. The effector cells that develop after 
antigen stimulation also have short half-lives and are 
usually not self-renewing. Therefore, after the antigen 
is eliminated, the only sign that it was present is the 
persistence of long-lived but functionally quiescent 
memory lymphocytes. 

In addition to this decline of immune responses 
because of cell death, antigen-stimulated lymphocytes 
may trigger active regulatory mechanisms that also 
serve to terminate immune responses. Two of these 
mechanisms have been mentioned before as mecha- 
nisms of peripheral T cell tolerance. Activated T cells 
begin to express CTLA-4, which interacts with B7 mol- 
ecules and inhibits continued lymphocyte proliferation. 
CTLA-4 appears after 3 or 4 days of T cell activation 
in vitro, and this may herald the decline of the T cell 
response. Thus, CTLA-4 may be a physiologic termina- 
tor of T cell activation. Activated T cells may also 
express death receptors such as Fas and ligands for 
these receptors, and the interaction of these molecules 
results in apoptosis (see Box 10-2). Because coexpres- 
sion of Fas and FasL and Fas-mediated apoptosis are 
induced by repeated antigen stimulation, they are most 
likely to be triggered in situations of persistent antigen 
exposure (e.g., with self antigens, or during chronic 
infections). However, there is no good evidence that 
either CTLA-4 or death receptors function to terminate 
normal immune responses to foreign antigens, such as 
microbial proteins. Similarly, we do not know whether 
regulatory T cells play a role in limiting responses to 
foreign antigens. 

The responses of B lymphocytes are also actively con- 
trolled because IgG antibodies produced by the B cells 
form complexes with the antigen, and the complexes 
bind to Fcy receptors on the B cells and inhibit these 
cells. This process of antibody feedback was described 
in Chapter 9. 

Another mechanism for regulating adaptive immune 
responses was proposed by Niels Jerne in the 1970s 
as the network hypothesis. This idea is based on the 
fact that lymphocyte antigen receptors are extremely 
diverse and that receptors of any one specificity have 
amino acid sequences different from the receptors of 
all other specificities. These unique sequences form 
determinants, called idiotypes, that may be recognized 
by other lymphocytes with complementary, or anti- 
idiotypic, specificities (see Chapter 3, Box 3-3). Thus, 



1 Section I l l  - Maturation, Activation, and Regulation of Lymphocytes 

T cell 
activatiol . 3 'i. 

Active regulatory 
mechanisms 

.11111111111111) 

Time after antigen exposure 

lymphocytes may respond to the unique antigen recep- 
tors of other lymphocytes; such responses are said to be 
anti-idiotypic. The basic tenet of the network hypothe- 
sis is that complementary interactions involving idio- 
types and anti-idiotypes reach a steady state at which 
the immune system is at homeostasis. When a foreign 
antigen enters the system, one or a few clones of lym- 
phocytes respond, their idiotypes are expanded, and 
anti-idiotype responses are triggered that function 
to shut off the antigen-specific (idiotype-expressing) 
lymphocytes. Although this concept remains an intrigu- 
ing idea, it has not been proved experimentally that 
idiotypic networks are actually involved in regulating 
physiologic immune responses. 

Summary 

Immunologic tolerance is unresponsiveness to an 
antigen induced by the exposure of specific lympho- 
cytes to that antigen. Tolerance to self antigens is a 
fundamental property of the normal immune system, 
and the failure of self-tolerance leads to autoimmune 
diseases. Antigens may be administered in ways that 
induce tolerance rather than immunity, and this may 
be exploited for the prevention and treatment of 
transplant rejection and autoimmune and allergic 
diseases. 

Central tolerance is induced in the generative 
lymphoid organs (thymus and bone marrow) when 
immature lymphocytes encounter self antigens 
present in these organs. Peripheral tolerance 
occurs when mature lymphocytes recognize self 
antigens in peripheral tissues under particular 
conditions. 

Figure 10-14 Mechanisms of 
the decline of normal immune 
responses (homeostasis). 

T lymphocytes proliferate and dif- 
ferentiate in response to antigen. As 
the antigen is eliminated, many of 
the activated T cells die by apoptosis. 
Some responses may be terminated 
by active regulatory mechanisms, such 
as CTLA-4-mediated inhibition or 
engagement of death receptors. At the 
end of the immune response, memory 
cells are the only surviving cells. Apop- 
tosis is the principal mechanism for 
the decline of both T cell and B cell 
responses (only T cells are shown). 

The principal mechanisms of tolerance are deletion 
(apoptotic cell death), anergy (functional inactiva- 
tion), and suppression by regulatory T cells. Some 
self antigens may be ignored by the immune system, 
and they elicit no detectable reaction. 

In T lymphocytes, central tolerance (negative sele 
tion) occurs when double-positive thymocytes wi 
high-affinity receptors for self antigens recogni 
these antigens in the thymus. 

Several mechanisms account for peripheral toleran 
in mature T cells. In CD4+ T cells, anergy is induc 
by antigen recognition without adequate costimula 
tion and by recognition of altered forms of the 
antigen. Repeated stimulation of T cells by per 
antigens results in activation-induced cell 
Some self antigens activate regulatory T cells, whi 
inhibit immune responses in part by produci 
immunosuppressive cytokines. 

In B lymphocytes, central tolerance is induced when 
immature B cells recognize multivalent self antige 
in the bone marrow. The usual result is 
death of the B cells or the acquisition of a n 
ficity, called receptor editing. Mature B cells 
ognize self antigens in the periphery in th 
of T cell help may be rendered anergic or ar 
excluded h-om lymphoid follicles and cannot be ac 
vated by antigen. 

Immune responses to foreign antigens decline wi 
time after immunization. This is mainly becaus 
apoptosis of activated lymphocytes that are depr 
of survival stimuli as the antigen is eliminated 
innate immunity wanes. Various active mechani 
of lymphocyte inhibition may also function to ter 
nate immune responses. 
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I 

T h e  physiologic function of all immune responses is i 

to eliminate microbes and other foreign antigens. The 
mechanisms by which specific lymphocytes recognize 
and respond to foreign antigens (i.e., the recognition 
and activation phases of adaptive immune responses) 
were discussed in Sections II and Ill. Section IV is 
ievoted to the effector mechanisms that are activated 

during immune responses and how these mechanisms 
function in host defense. 

In Chapter 11, we describe cytokines, the soluble 
mediators of innate and adaptive immunity, and the 
mechanisms by which leukocytes communicate with 
one another and with other cells. Chapter 12 deals 
with the effector mechanisms of innate immunity, the 
early defense against microbes. In Chapter 13, we 
describe the effector cells of cell-mediated immunity, 
namely, T lymphocytes and macrophages, which 
function as defense mechanisms against intracellular 
microbes. Chapter 14 is devoted to the effector mech- 
anisms of antibody-mediated humoral immunity, 
including the complement system, that are involved in 
host defense against extracellular microbes. Chapter 
15 is an overview of the mechanisms of innate and 
adaptive immunity against different types of microbes 
and the interplay between microbes and the immune 



are proteins secreted by the cells of innate 
and adaptive immunity that mediate many of the func- 
tions of these cells. Cytokines are produced in response 
to microbes and other antigens, and different cytokines 
stimulate diverse responses of cells involved in immu- 
nity and inflammation. In the activation phase of adap- 
tive immune responses, cytokines stimulate the growth 
and differentiation of lymphocytes, and in the effector 
phases of innate and adaptive immunity, they activate 
different effector cells to eliminate microbes and other 
antigens. Cytokines also stimulate the development of 
hematopoietic cells. In clinical medicine, cytokines are 
important as therapeutic agents and as targets for spe- 
cific antagonists in numerous immune and inflamma- 
tory diseases. 

The nomenclature of cytokines is often based on 
their cellular sources. Cytokines that are produced by 
mononuclear phagocytes were called monokines, and 
those produced by lymphocytes were called lym- 
phokines. With the development of anticytokine anti- 
bodies and molecular probes, it became clear that 
the same protein may be synthesized by lymphocytes, 
monocytes, and a variety of tissue cells, including 
endothelial cells and some epithelial cells. Therefore, 
the generic term cytokines is the preferred name for 
this class of mediators. Because many cytokines are 
made by leukocytes (e.g., macrophages or T cells) and 
act on other leukocytes, they are also called inter- 
leukins. This term is imperfect because many cytokines 
that are synthesized only by leukocytes and that act only 
on leukocytes are not called interleukins, for historical 
reasons, whereas many cytokines called interleukins 
are made by or act on cells other than leukocytes. 
Nevertheless, the term has been useful because as 
new cytokines are molecularly characterized, they are 
assigned an interleukin (IL) number (e.g., IL1, IL2, 
and so on) to maintain a standard nomenclature. 
Cytokines are also increasingly used in clinical situa- 
tions and in animal studies to stimulate or inhibit 
inflammation, immunity, and hematopoiesis. In this 
setting, cytokines are often referred to as biologic 
response modifiers. Throughout this book, we use the 
term cytokine, which does not imply restricted cellular 
sources or biologic activities. 
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so cytokine synthesis is also transient. The production 1 
of some cytokines may additionally be controlled by 
RNA processing and by post-transcriptional mecha- 
nisms, such as proteolytic release of an active product 
from an inactive precursor. Once synthesized, 
cytokines are rapidly secreted, resulting in a burst of 
release as needed. 

The actions of cytokines are often pleiotropic and 
redundant (Fig. 11-2). Pleiotropism refers to the 
ability of one cytokine LO act on different cell types. 
This property allows a cytokine to mediate diverse 
biologic effects, but it greatly limits the therapeutic 
use of cytokines because administration of a cylokine 
for a desired clinical effect may result in numerous 
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Figure 11-2 Properties of cyto- 
kines. 

Selected examples are shown to 
illustrate the following properties of 
cytokines: pleiotropism, one cytokine 
having multiple effects on diverse 
cell types; redundancy, multiple 
cytokines having the same or over- 
lapping actions; synergy, two or 
more cytokines having greater than 
additive effects; and antagonism, 
one cytokine inhibiting the action of 
another. 

In this chapter, we discuss the structure, production, 
and biologic actions of cytokines. Before describing the 
individual molecules, we begin with a summary of the 
general properties of cytokines. 

B cell '$ 
f~ 

General Properties of Cytokines 
Activated CD4+ 
helper T cell 

I . 
Cytokines are polypeptides produced in response to 
microbes and other antigens that mediate and regulate 
immune and inflammatory reactions (Fig. 11-1). 
Although cytokines are structurally diverse, they share 
several properties. 

unwanted side effects. ~ e d u n d a n c ~  refers to the 
property of multiple cytokines having the same func- 
tional effects. Because of this redundancy, antago- 
nists against a single cytokine or mutation of one 
cytokine gene may not have functional conse- 

Cytokine secretion is a brief, self-limited event. 
Cytokines are not usually stored as preformed mole- 
cules, and their synthesis is initiated by new gene 
transcription as a result of cellular activation. Such 
transcriptional activation is transient, and the mes- 
senger RNAs encoding most cytokines are unstable, II) 

Increased expression 
of class 1 MHC molecules 

iuences, a> other cytokines may compensate. 

on many cell types II)m 
I I 

Natural 
killer cell Microbes 

APC 

lntlsmmationl \ IMa---- -? I  
activation Cytokines often influence the synthesis and actions 

of other cytokines. The ability of one cytokine to 
timulate production of others leads to cascades in 
which a second or third cytokine may mediate the 
biologic effects of the first. Two cytokines may antag- 
mize each other's action, produce additive effects, 

or, in some cases, produce greater than anticipated, 
or synergistic, effects. 

I Cytokine actions may be local and systemic. Most 
cytokines act close to where they are produced, 
either on the same cell that secretes the cytokine 
(autocrine action) or on a nearby cell (paracrine 
action). T cells often secrete cytokines at the site of 
contact with antigen-presenting cells, the so-called 
immune synapse (see Chapter 8). This may be one 
reason that cytokines often act on cells in contact 
with the cytokine producers. When produced in 
large amounts, cytokines may enter the circulation 
and act at a distance from the site of production 
(endocrine action). 

I Cytokines initiate their actions by binding to spe- 
c i j c  membrane receptors on target cells. Receptors 

for cytokines often bind their ligands with high 
affinities, with dissociation constants (& values) in 
the range of lo-'' to 10-12M. (For comparison, recall 
that antibodies typically bind antigens with a & of 
lo-' to 10-llM and that major histocompatibility 
complex [MHC] molecules bind peptides with a & 
of only about ~ o - ~ M . )  As a consequence, only small 
quantities of a cytokine are needed to occupy re- 
ceptors and elicit biologic effects. Most cells express 
low levels of cytokine receptors (on the order of 100 
to 1000 receptors per cell), but this is adequate for 
inducing responses. 

Blood vessel 

External signals regulate the expression of cytokine 
receptors and thus the responsiveness of cells to 
cytokines. For instance, stimulation of T or B lym- 
phocytes by antigens leads to increased expression of 
cytokine receptors. For this reason, during an 
immune response, the antigen-specific lymphocytes 
are the preferential responders to secreted 
cytokines. This is one mechanism for maintaining 
the specificity of immune responses, even though 
cytokines themselves are not antigen specific. Recep- 

Figure 11-1 Functions of cytokines in host defense. 
In innate immunity, cytokines produced by macrophages and NK cells mediate the early inflam- 

matory reactions to microbes and promote the elimination of microbes. In adaptive immunity, 
cytokines stimulate proliferation and differentiation of antigen-stimulated lymphocytes and activate 
specialized effector cells, such as macrophages. The properties of the cytokines shown in this 
figure are discussed later in the chapter. APC, antigen-presenting cell; CTL, cytolytic T lymphocyte; 
IFN, interferon; IL, interleukin; NK, natural killer; TNF, tumor necrosis factor. 
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tor expression is also regulated by cytokines them- 
selves, including the same cytokine that binds to the 
receptor, permitting positive amplification or nega- 
tive feedback. 

The cellular responses to most cytokines consist of 
changes i n  gene expression in target cells, resulting 
i n  the expression of new functions and sometimes 
in the proliferation of the target cells. Many of the 
changes in gene expression induced by cytokines 
result in differentiation of T and B lymphocytes and 
activation of effector cells such as macrophages. For 
instance, cytokines stimulate switching of antibody 
isotypes in B cells, differentiation of helper T cells 
into TH1 and TH2 subsets, and activation of micro- 
bicidal mechanisms in phagocytes. Exceptions to the 
rule that cytokines work by changing gene expres- 
sion patterns are chemokines, which elicit rapid cell 
migration, and a cytokine called tumor necrosis 
factor (TNF), which induces apoptosis by activating 
cellular enzymes, without new gene transcription or 
protein synthesis. 

functional Categories of Cytokines 

For our discussion, we classify cytokines into three main 
functional categories based on their principal biologic 
actions. 

1. Mediators and regulators of innate immunity are 
produced mainly by mononuclear phagocytes in 
response to infectious agents. Bacterial products, 
such as lipopolysaccharide (LPS) , and viral products, 
such as doublestranded RNA, directly stimulate 
macrophages to secrete these cytokines as part of 
innate immunity. The same cytokines may also be 
secreted by macrophages that are activated by 
antigen-stimulated T cells (i.e., as part of adaptive 
cell-mediated immunity). Most members of this 
group of cytokines act on endothelial cells and 
leukocytes to stimulate the early inflammatory 
reactions to microbes, and some function to 
control these responses. NK (natural killer) cells 
also produce cytokines during innate immune 
reactions. 

2. Mediators and regulators of adaptive immunity are 
produced mainly by T lymphocytes in response to 
specific recognition of foreign antigens. Some T cell 
cytokines function primarily to regulate the growth 
and differentiation of various lymphocyte popula- 
tions and thus play important roles in the activa- 
tion phase of T cell-dependent immune responses. 
Other T cell-derived cytokines recruit, activate, and 
regulate specialized effector cells, such as mononu- 
clear phagocytes, neutrophils, and eosinophils, to 
eliminate antigens in the effector phase of adaptive 
immune responses. 

3. Stimulators of hematopoiesis are produced by bone 
marrow stromal cells, leukocytes, and other cells, 
and stimulate the growth and differentiation of 
immature leukocytes. 
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In general, the cytokines of innate and adaptive 
immunity are produced by different cell populations 
and act on different target cells (Table 11-1). However, 
these distinctions are not absolute because the 
same cytokine may be produced during innate and 
adaptive immune reactions, and different cytokines 
produced during such reactions may have overlapping 
actions. 

Cytokine Receptors and Signaling 

Before we describe the functions of individual cyto- 
kines, it is useful to summarize the characteristics of 
cytokine receptors and how they transduce signals 
as a consequence of the binding of the cytokines. All 
cytokine receptors consist of one or more trans- 
membrane proteins whose extracellular portions are re- 
sponsible for cytokine binding and whose cytoplasmic 
portions are responsible for initiating intracellular sig- 
naling pathways. These signaling pathways are typically 
activated by ligand-induced receptor clustering, bring- 
ing together the cytoplasmic portions of two or more 
receptor molecules in a process analogous to signaling 
by T and B cell receptors for antigens (see Chapters 8 
and 9). 

The most widely used classification of cytokine re- 
ceptors is based on structural homologies among the 
extracellular cytokine-binding domains. According to , first describe the individual cytokines of innate immu- 
this classification, cytokine receptors are divided in nity (Table 11-3), and then we summarize how these 
five families (Fig. 11-3A). cytokines function in host defense and inflammation. 

One cytokine, IFN-y, plays important roles in both 
Type I cytokine receptors, also called hemopoietin innate and adaptive immunity; it is discussed later in 
receptors, contain one or more copies of a domain 
with two conserved pairs of cysteine residues and a 
membrane proximal sequence of tryptophan-serine- 
X-tryptophan-serine (WSXWS) , where X is any 
amino acid. These receptors typically bind cytokines 
that fold into four a-helical strands. The conserved 
features of the receptors presumably form structures chemokines. 
that bind four a-helical cytokines, but the specificity 
for individual cytokines is determined by amino acid 
residues that vary from one receptor to another. 
These receptors consist of unique ligand-binding 
chains and one or more signal-transducing chains, 
which are often shared by receptors for different 
cytokines (Fig. 11-3B). 

Tj@e II cytokine receptors are similar to type I 
receptors by virtue of two extracellular domains with 
conserved cysteines, but type I1 receptors do not 
contain the WSXWS motif. These receptors consist 
of one ligand-binding polypeptide chain and one With this introduction to the shared properties of 

cytokines, we proceed to discussions of individual Production, Structure, Receptors 
signal-transducing chain. 

cytokines. We conclude each section with an overview of The major cellular source of TNF is  activated mono- 
Some cytokine receptors contain extracellular the roles of the cytokines in the relevant host response. nuclear phagocytes, although antigen-stimulated T 
immunoglobulin (Ig) domains and are therefore cells, NK cells, and mast cells can also secrete this 
classified as members of the Ig superfamily. This 

Cytokines That Mediate and 
protein. The most potent stimulus for eliciting TNF 

group of receptors binds diverse cytokines that signal production by macrophages is LPS, and large amounts 
by different mechanisms. Regulate innate Immunity of this cytokine may be produced in infections by gram- 
TNF recep tors belong to a family of receptors (some negative bacteria, which release LPS. IFN-y, produced 
of which are not cytokine receptors) with conserved An important component of the early innate immune by T cells and NK cells, augments TNF synthesis by LPS- 
cysteine-rich extracellular domains. On ligand response to viruses and bacteria is the secretion of stimulated macrophages. 
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Table 11-3. Cytokines of Innate Immunity 

 toki kine I size I Principal cell source I Principal cell targets 
A Cytokine receptor families Y Type I cytokine Type II cytokine 

(hemopoietin) receptors receptors 

TNF rece~tors immunoglobulin 
superfamily 
receptors and biblogic effects 

necrosis '7 k ~ ;  51 - k ~  1 Macro~haaes. T cells Endothelial cells: activation (inflammation, 

Seven 
transmembrane 
a-helical receptors Conserved < 

cysteines 

WSXWS' I coagulation) 
Neutrophils: activation 
Hwothalamus: fever 
~ iver :  synthesis of acute-phase proteins 
Muscle, fat: catabolism (cachexia) 
Many cell types: apoptosis 

Interleukin-I I i 7 kD mature form; Macrophages, endothelial Endothelial cells: activation (inflammation, 
(IL-1) 33-kD precursors cells, some epithelial cells coagulation) 

Hypothalamus: fever 
Liver: synthesis of acute-phase proteins 

Chemokines -12 kD Macrophages, endothelial Leukocytes: chemotaxis, activation; 
(see Table 11-4) cells, T cells, fibroblasts, migration into tissues 

, . 

Chemokines u IL-I, M-CSF, 
TNF, LT, CD40, stem cell factor IL-15, GM-CSF, G-CSF, I wowth hormone. prolactin Fas, nerve growth factor 

I - 
@Subunit composition of cytokine receptors 

IL-2 receptor family 
(common Y chain) 

GM-CSF receptor family 
(common p chain) I platelets ! 

NK cells and T cells: IFN-y synthesis 

GM-CSF 

Figure 11-3 Structure of cytokine receptors. 
A. Receptors for different cytokines are classified into families on the basis of conserved extracel- 

Mar domain structures. The cytokines or other ligands that bind to each receptor family are listed 
below the schematic drawings. WSXWS, tryptophan-serine-X-tryptophan-serine. 

B. Different cytokine receptors are composed of cytokine-specific ligand-binding chains (often the 
a chain) noncovalently associated with signaling subunits that are shared by receptors for different 
cytokines. Selected examples of cytokine receptors in each group are shown. 

Table 11-2. Signal Transduction Mechanisms of Cytokine Receptors 
In mononuclear phagocytes, TNF is synthesized as 

a nonglycosylated type I1 membrane protein, with an 
intracellular amino terminus and a large extracellular 
carboxyl terminus. Membrane TNF is expressed as a 
homotrimer and is able to bind to one type of TNF recep- 
tor (TNF-RII) . The membrane form of TNF is cleaved by 
a rnembranc-associated metalloproteinase, releasing a 
17-kD polypeptide. Three of these polypeptide chains 
polymerize to form the 51-kD circulating TNF protein. 
Secreted TNF assumes a triangular pyramid shape, each 
side of the pyramid being formed by one subunit (Fig. 
11-4). The receptor-binding sites are at the base of the 
pyramid, allowing simultaneous binding of the cy~okine 
to three receptor molecules. 

There are two distinct TNF receptors of molecular 
sizes 55 kD (called type I TNF receptor [TNF-RI] , or the 
p55 receptor) and 75 kD (called type I1 TNF receptor 
[TNF-RII], or the p75 receptor). The affinities of TNF 
for its receptors are unusually low for a cytokine, the Kd 
being only -1 x ~ O - ~ M  for binding to TNF-RI and -5 x 

10-'OM for binding to TNF-RII. Both TNF receptors are 
present on almost all cell types examined. The TNF 
receptors are members of a large family of proteins, 
many of which are involved in immune and inflamma- 
tory responses (Box 11-1). Cytokine binding to some 
TNF receptor family members, such as TNF-RII, leads 
to the recruitment of proteins, called TNF receptor- 
associated factors (TRAFs), to the cytoplasmic domains 
of the receptors. The TRAFs ultimately activate tran- 
scription factors, notably nuclear factor KB (NF-KB) 
and activation protein-1 (AP-1). Cytokine binding to 
other family members, such as TNF-RI, leads to recruit- 
men1 of an adapter protein that activates caspases and 
triggers apoptosis, although TNF-RI signaling also 
activates transcription factors. The mechanisms that 
determine whether cellular activation or apoptosis is the 
dominant effect of TNF are not well defined. TNF-RI 
knockout mice show more impaired host defense than 
do TNF-RII knockout mice, suggesting that TNF-RI is 
the more important for the functions of the cytokine. 

JAWSTAT pathway Type I and type II cytokine receptors JAK-mediated phosphorylation and activation 
of STAT transcri~tion factors (see Box 11-2) 

~TNF receptor signaling I : receptor family: TNR-RII, CD40 Binding of adapter proteins, activation of 
bv TRAFs transcription factors (see Box 11-1) I I 

I TNF receptor signaling I NF receptor family: TNF-RI, Fas I Binding of adapter proteins, caspase 
by death domains activation (see Box 1 1-1 ) 

Receptor-associated M-CSF receptor, stem cell factor receptor Intrinsic tyrosine kinase activity in receptor , 
tvrosine kinases 

exchange and dissociation of Ga . GTP 
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Signaling by the TNF Receptor ( T N F R )  Family 

Continued on following page 

Chapter 1 1 - Cytokines - 
YOene expression Generation of active transcription 

factors (AP-1, NF-KB) 

11 Binding of I 
SAP cascade kinase s) Active JNK 

IKB kinase 
cascade -1 

Active 
AP-1 

Gene 
transcription: 
production of 
inflammatory 

mediators, 
survival proteins 

-m 
Active 

/( N F-KB 

Apoptosis 

Binding of 
FADD and 

activation of 
caspase-8 1 

Activation 
of effector 

i - 5 Signal transductlon by TNF receptors. 
 he type I TNF receptor (TNF-RI) bay stimulate gene expression (A) or induce apoptosis (B). These 

distinct effects are both initiated by the binding of the adapter protein TRADD followed by either TRAF 
and RIP, leading to new gene expression, or binding of the adapter protein FADD, leading to apop- 
tosis. The cytoplasmic tails of other members of the TNF-R family may directly bind FADD (e.g., Fas), 

a serine/threonine kinase called I L l  receptor-associated tors that are involved in innate immunity (see Chapter 12, 
kinase (IRAK). IRAK autophosphorylates and dissociates Box 12-1). IL18 also signals by a similar mechanism, and 
from the complex and subsequently binds TRAF-6. The the cytoplasmic regions of the receptors for I L l  and IL18 
IRAK-TRAF-6 complex activates both NF-KB and AP-1. we homolpgous to .each q & ~ ~ r ,  - a 

,: .:a L This signaling pathway is also used by the Toll-like recep . + * :* ,. - ; ...,>& * ."* A ;, &&::A - * ,  -+.% >A<-- L% * "  - 2  
- . I _  - a -  - 
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In addition to its role in inflammation, TNF induces 
the apoptosis of some cell types. The physiologic sig- 
nificance of this response is not known. 

Figure 11-5 Biologic actions 
of TNF. 

At low concentrations, TNF 
Receptor - acts on leukocytes and endothe- 

lium to induce acute inflamma- 
tion. At moderate concentra- LOW quantities High quantities 
tions, TNF mediates the systemic 
effects of ~nflammation. ~t hlgh (plasma conc. 21 0-7 M) 
concentrations, TNF causes the 
oathologic abnormalities of septic 

The actions of TNF on endothelium and leukocytes 
are critical for local inflammatory responses to 
microbes. If inadequate quantities of TNF are present 
(e.g., in animals treated with neutralizing anti-TNF anti- 
bodies or in TNF gene knockout mice), a consequence 
may be failure to contain infections. TNF also con- 
tributes to local inflammatory reactions that are injuri- 
ous to the host (e.g., in autoimmune diseases) (see 
Chapter 18). Neutralizing antibodies to TNF and 
soluble TNF receptors are in clinical use to reduce 
inflammation in patients with rheumatoid arthritis and 
inflammatory bowel disease. 

In seuere infections, TNF is produced in large 
amounts and causes systemic clinical and pathologic 
abnormalities. If the stimulus for TNF production is 
sufficiently strong, the quantity of the cytokine pro- 
duced is so large that it enters the blood stream 
and acts at distant sites as an endocrine hormone (see 
Fig. 11-5). The principal systemic actions of TNF are 
the following. 

shock. 
Local inflammation Svstemic effects Se~t i c  shock 

Leukocyte Heart 

\r Fever 
output 

Activation 

A- 
Liver 

Figure 11-4 Structure of the TNF receptor with bound 
lymphotoxin. 

The ribbon structure depicts a top view of a complex of three 
TNF receptors (TNF-RI) and one molecule of the bound cytokine, 
revealed by x-ray crystallography. Lymphotoxin (LT) is a homotrimer 
in which the three subunits are colored dark blue. The LT homotrimer 
forms an inverted three-sided pyramid with its base at the top and 
its apex at the bottom. Three TNF-RI molecules, colored magenta, 
cyan, and red, bind one homotrimer of LT, with each receptor mole- 
cule interacting with two different LT monomers in the homotrimer 
complex. Disulfide bonds in the receptor are colored yellow. TNF is 
homologous to LT and presumably binds to its receptors in the same 
way. (From Banner DW, A D'Arcy, W Jones, R Gentz, HJ Schoenfeld, 
C Broger, H Loetscher, and W Lesslauer. Crystal structure of the 
soluble human 55 kd TNF receptor-human TNFbeta complex; impli- 
cations for TNF receptor activation. Cell 73:431-445, 1993. Copy- 
right 1993, with permission from Elsevier Science.) 
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TNF acts on the hypothalamus to induce fever and 
is therelore called an endogenous (i.e., host-derived) 
pyrogen (to distinguish it from LPS, which functions 
as an exogenous, or microbe-derived, pyrogen). 
Fever production in response to TNF (and IL1) is 
mediated by increased synthesis of prostaglandins 
by cytokine-stimulated hypothalamic cells. Prosta- 
glandin synthesis inhibitors, such as aspirin, reduce 
fever by blocking this action of TNF and 
IL-1. 

I 

Endothelial cell 

Biologic Actions 
leading to vascular plugging by these cells. The 
ability of this cytokine to cause necrosis of tumors, 
which is the basis of its name, is mainly a result of 
thrombosis of tumor blood vessels. 

R High circulating levels of TNF cause severe meta- 
bolic disturbances, such as a fall in blood glucose 
concentrations to levels incompatible with life. This 
is due to overuse of glucose by muscle and failure of 
the liver to replace the glucose. 

have not shown benefit in patients with sepsis. The 
cause of this therapeutic failure is not known, but it may 
be because other cytokines elicit the same responses as 
TNF, an example of redundancy. 

There are many cytokines and membrane proteins 
belonging to the TNF-TNF receptor families, and they 
serve important functions in innate and adaptive 
immune responses. Two membrane proteins that are 
members of the TNF-R family are CD40 and Fas; their 
functions are discussed in other chapters. A newly 
discovered member of the TNF-R family is a protein 
called osteoprotegerin (OPG) or receptor activator 
of NF-KB (RANK). The receptor is expressed on 
osteoclasts and some macrophages and dendritic cells. 
The cytokine that is the ligand for this receptor, called 
OPG ligand or RANK ligand, is made by activated 
T cells. Production of this cytokine plays an impor- 
tant role in bonc rcsorption in many states, notably 
arthritis. 

TNF acts on hepatocytes to increase synthesis of 
certain serum proteins, such as serum amyloid 
A protein and fibrinogen. The combination of 
hepatocyte-derived plasma proteins induced by TNF 
and by IL-1 and IL-6, two other cytokines of innate 
immunity, constitutes the acute-phase response to 
inflammatory stimuli (see Chapter 12, Box 12-2). 

The principal physiologic function of TNF is  to stim- 
ulate the recruitment of neutrophils and monocytes to 
sites of infection and to actiuate these cells to eradi- 
cate microbes (Fig. 11-5). TNF mediates these effects 
by several actions on vascular endothelial cells and 
leukocytes. 

TNF causes vascular endothelial cells to express 
adhesion molecules that make the endothelial 
surface adhesive for leukocytes, initially for neu- 

Prolonged production of TNF causes wasting of 
muscle and fat cells, called cachexia. This wasting 
results from TNF-induced appetite suppression and 
reduced synthesis of lipoprotein lipase, an enzyme 
needed to release fatty acids from circulating 
lipoproteins so that they can be used by the tissues. 

A complication of severe gram-negative bacterial 
sepsis is a syndrome called septic shock (or endotoxin 
shock), which is characterized by vascular collapse, dis- 
seminated intravascular coagulation, and metabolic 
disturbances. This syndrome is due to LPS-induced pro- 
duction of TNF and other cytokines, including IL-12, 
IFN-y, and IL1 (the last also being produced in 
response to TNF itself, as part of a cytokine cascade). 
The concentration of serum TNF may be predictive of 
the outcome of severe gram-negative infections. This 
is one of the few examples of a disorder in which 
measuring levels of a circulating cytokine is informative. 
Septic shock can be reproduced in experimental 
animals by administration of LPS or TNF (see Chapter 
12, Box 12-2). Antagonists of TNF can prevent mortal- 
ity in the experimental models, but clinical trials with 
anti-TNF antibodies or with soluble TNF receptors 

trophils and subsequently for monocytes and lym- 
phocytes. The most important of these adhesion 
molecules are selectins and ligands for leukocyte 
integrins (see Chapter 6, Boxes 6-2 and 6-3). The 
sequence of events in the recruitment of leukocytes 
to sites of infection will be described in more detail 
in Chapters 12 and 13. 

I When large amounts of TNF are produced, with 
serum concentrations reaching ~ o - ~ M  or more, 
myocardial contractility and vascular smooth muscle 
tone are inhibited, resulting in a marked fall in 
blood pressure, or shock. TNF stimulates endothelial cells and macrophages to 

secrete chemokines (discussed later) that enhance 
the affinity of leukocyte integrins for their ligands 
and induce leukocvte chemotaxis and recruitment. 

1 TNF causes intravascular thrombosis, mainly as a 
result of loss of the normal anticoagulant properties 
of the endothelium. TNF stimulates endothelial cell 
expression of tissue factor, a potent activator of coag- 
ulation, and inhibits expression of thrombomodulin, 
an inhibitor of coagulation. These endothelial alter- 
ations are exacerbated by activation of neutrophils, 

TNF also acts on mononuclear phagocytes to stimu- 
late secretion of E l ,  which functions much like TNF 
itself (see later). This is an example of a cascade of 

The principal function of IL-1, similar to that of TNI;; 
is as a mediator of the host injlammatory response 
to infections and other injlammatory stimuli. IL-1 
functions together with TNF in innate immunity and 
inflammation. 

cytokines that have similar or complementary bio- 
logic activities. 
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Production, Structure, Receptors 

The major cellular source of ZL-1, like that of T N e  is 
activated mononuclear phagocytes. IL-1 production 
by mononuclear ~hagocytes is induced by bacterial 
products such as LPS and by other cytokines such as 
TNF. Unlike TNF, IL1 is also ~roduced by many cell 
types other than macrophages, such as neutrophils, 
epithelial cells (e.g., keratinocytes) , and endothelial 
cells. 

There are two forms of 1L-1, called I L l a  and L I P ,  
that are less than 30% homologous to each other, 
but they bind to the same cell surface receptors and 
mediate the same biologic activities. Both IL1 poly- 
peptides are synthesized as 33-kD precursors and are 
secreted as 17-kD mature proteins. The active form of 
IL-lP is the cleaved product, but IL-la is active either 
as the 33-kD precursor or as the smaller cleaved 
product. IL lP  is proteolytically cleaved by a protease, 
called I L l  &converting enzyme (ICE), to generate the 
biologically active secreted protein. ICE was the first 
described mammalian member of a family of cysteine 
proteases called caspases. Many members of this family 
are involved in apoptotic death in a variety of cells (see 
Chapter 10, Box 10-2). Unlike most secreted proteins, 
neither IL-la nor IL-ID has a hydrophobic signal 
sequence to target the nascent polypeptide to the endo- 
plasmic reticulum, and we do not know how these 
molecules are secreted. Most of the IL-1 found in the 
circulation is IL1P. 

Two different membrane receptors for I L l  have 
been characterized, and both are members of the Ig 
superfamily. The type I receptor is expressed on almost 
all cell types and is the major receptor for IL1- 
mediated responses. The type I1 receptor is expressed 
on B cells but may be induced on other cell types. It 
does not induce responses to IL-1, and its major func- 
tion may be to act as a "decoy" that competitively 
inhibits I L l  binding to the type I signaling receptor. 
The cytoplasmic portion of the type I IL1 receptor is 
homologous to a domain of Toll-like receptors, which 
are involved in defense against infections (see Chapter 
12, Box 12-1). Binding of IL1 to the type I IL1 re- 
ceptor leads to the activation of a kinase called the I L  
1 receptor-associated kinase (IRAK) and ultimately to 
activation of the NF-KB and AP-1 transcription factors 
(see Box 11-1). 

Biologic Actions 

The biologic effects of I L I  are similar to those of TNF 
and depend on the quantity of cytokine produced. 

When secreted at low concentrations, IL-1 functions 
as a mediator of local inflammation. It acts on 
endothelial cells to increase expression of surface 
molecules that mediate leukocyte adhesion, such as 
ligands for integrins. 

When secreted in'larger quantities, IL1 entcrs the 
blood stream and exerts endocrine effects. Systemic 
I L l  shares with TNF the ability to cause fever, 
to induce synthesis of acute-phase plasma proteins 

by the liver, and to initiate metabolic wasting 
(cachexia). 

The similarities between IL1 actions and those 
of TNF appear surprising at face value because the 
cytokines and their receptors are structurally different. 
The likely explanation for the similar biologic effects is 
that receptors for both cytokines signal by homologous 
proteins and activate the same transcription factors (see 
Box 11-1). However, there are several differences 
between IL1 and TNF. For instance, I L I  does not 
induce apop~otic death of cells, and even at high sys- 
temic concentrations, by itself it does not cause the 
pathophysiologic changes of septic shock. 

Mononuclear phagocytes produce a natural in- 
hibitor of IL1 that is structurally homologous to the 
cytokine and binds to the same receptors but is bio- 
logically inactive, so that it functions as a competitive 
inhibitor of I L l .  It is therefore called IL1 receptor 
antagonist (ILlra) . ILlra  may be an endogenous 
regulator of IL1  action. Attempts to inhibit IL1 action 
by ILlra  or soluble receptors have not been of benefit 
in clinical trials of septic shock or arthritis to date, 
perhaps as a result of the redundancy of IL1  actions 
with those of TNF. 

Chemokines 
Chemokines are a large family of structurally homo& 
ogous cytokines that stimulate leukocyte movement 
and regulate the migration of leukocytes from the 
blood to tissues. The name "chemokine" is a con- 
traction of "chemotactic cytokine." Some chemo- 
kines may be produced by various cells in response to 
inflammatory stimuli and recruit leukocytes to sites 
of inflammation; other chemokines are produced 
normally in various tissues and recruit leukocytes 
(mainly lymphocytes) to these tissues in the absence of 
inflammation. 

Structure, Production, Receptors 

All chemokines are 8- to 12-kD polypeptides that con- 
tain two internal disulfide loops. About 50 different 
chemokines have already been identified, and there 
may be many more. The chemokines are classified into 
families on the basis of the number and location of N- 
terminal cysteine residues. The two major families are 
the CC chemokines, in which the cysteine residues are 
adjacent, and the CXC family, in which these residues 
are separated by one amino acid. These differences cor- 
relate with organization of the subfamilies into separate 
gene clusters. In inflammation, the CXC chernokines 
act mainly on neutrophils, and the CC chemokines act 
mainly on monocytes, lymphocytes, and eosinophils. A 
small number of chemokines have a single cysteine 
(C family) or two cysteines separated by three amino 
acids (CX3C). Chemokines were originally named on 
the basis of how they were identified and what responses 
they triggered. Attempts have recently been made to 
develop a standard nomenclature based in part on 
which receptors the chemokines bind to (see later). 

Chemokines involved in inflammatory reactions 
are produced by leukocytes in response to external 
stimuli, and chemokines that regulate cell t r a . c  
through tissues are produced constitutively by various 
cells in  these tissues. The chemokines of the CC and 
CXC subfamilies are produced by leukocytes and by 
several types of tissue cells, such as endothelial cells, 
epithelial cells, and fibroblasts. In many of these 
cells, secretion of chemokines is induced by microbes 
arid by inflammatory cytokines, mainly TNF and IL1. 
Several CC chemokines are also produced by antigen- 
stimulated T cells, providing a link between adaptive 
immunity and recruitment oT inflammatory leukocytes. 
Some chemokines are produced constitutively (i.e., 
without any inflammatory stimulus) in lymphoid 
organs, and these are involved in the physiologic traffic 
of lymphocytes through the organs. Chemokines 
of both subfamilies bind to heparan sulfate proteogly- 
cans on endothelial cells and are displayed in this 
way to circulating leukocytes. In fact, the cell-associated 
form may be the main functional form of chemokines. 
The cellular display apparently provides a high local 
concentration of chemokines, which fiinction to  stimu- 
late motility of leukocytes that attach to the endo- 
thelium through adhesion molecules (see Chapter 
13). 

Eleven distinct receptors for CC chemokines (called 
CCKl through CCRI I)  and six for CXC chemokines 
(called CXCRl through CXCR6) have already been 
identified, and this list is almost certainly incomplete 
(Fig. 11-6). Chemokine receptors are expressed on 
leukocytes, with the greatest number of distinct 
chemokine receptors seen on T cells. The receptors 
exhibit overlapping specificity for chemokines within 
each subfamily, and the pattern of cellular expression 
of the receptors determines which cell types respond to 
which chemokines. All the chemokine receptors have 
a characteristic structure with seven-transmembrane a- 
helical domains. This feature is seen in other receptors 
that are coupled to trimeric guanosine triphosphate 
(GTP)-binding proteins (G proteins), and such 
receptors belong to the family of G protein-coupled 
receptors (GPCRs) . When occupied by ligand, these re- 
ceptors act as GTP exchange proteins, catalyzing the 
replacement of bound guanosine diphosphate (GDP) 
by GTP. The GTP-associated form of these G proteins 
can activate a variety oT cellular enzymes, including 
some that stimulate cellular locomotion. Chemokine 
receptors may be rapidly down-regulated by exposure 
to the chemokine, and this is a likely meckianism for 
terminating responses. 

Certain chemokine receptors, notably CCR5 and 
CXCR4, act as coreceptors for the human immuno- 
deficiency virus (HIV) (see Chapter 20). Some acti- 
vated T lymphocytes secrete chemokines that bind to 
CCR5 and block infection with HIV by competing with 
the virus. 

Biologic Actions 

Chemokines were discovered on the basis of their 
activities as leukocyte chemoattractants, but we now 
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know that they serve many important functions in the 
immune system and in other systems. 

Chemokines recruit the cells of host defense to sites 
of infection. Leukocyte recruitment is a result of 
several sequential actions of chemokines on these 
cells. Chemokines that are expressed on endothelial 
cells bound to heparan act on leukocytes rolling on 
the endothelium and increase the affinity of leuko- 
cyte integrins for their ligands (see Chapter 6, Fig. 
6-11). This step of integrin activation is critical for 
the firm adherence of the leukocytes to the endo- 
thelium, as a prelude to subsequent migration into 
extravascular tissue. Recall that TNF and IL-1 stimu- 
late expression of integrin ligands on endothelium, 
and thus these two cytokines and chemokines act 
cooperatively in the process of leukocyte migration. 
Chemokines induce movement of leukocytes and 
their migration toward the chemical gradient of the 
cytokine by stimulating alternating polymerization 
and depolymerization of actin filaments. Different 
chemokines act on different cells and thus control 
the nature of the inflammatory infiltrate. For 
instance, the CXC chemokine IL8 recruits neu- 
trophils preferentially, and the CC chemokine 
eotaxin recruits eosinophils. 

Chemokines regulate the trafic of lymphocytes and 
other leukocytes through Peripheral lymphoid 
tissues. Some of the most intriguing and surprising 
discoveries about chemokines have been their roles 
in the normal migration of immune cells into lym- 
phoid organs. In Chapter 2, we mentioned the role 
of different chemokines in promoting the migration 
of T cells, B cells, and dendritic cells to different 
regions of peripheral lymphoid organs (see Fig. 
2-11, Chapter 2). Various chemokines also promote 
migration of previously activated effector and 
memory T cells to nonlymphoid tissues, including 
mucosal organs and skin. The selectivity of different 
cell types for different tissues depends to a large 
extent on which chemokines are produced in the 
tissues and which chemokine receptors are 
expressed on the cell types. 

Chemokines are also involved in the development of 
diverse nonlymphoid organs. Knockout mice lacking 
the CXCR4 receptor have fatal defects in the devel- 
opment of the heart and the cerebellum. These roles 
of chemokines are unexpected and raise the pos- 
sibility of many other as yet undiscovered functions 
in morphogenesis. 

ZL-12 is a principal mediator of the early innate 
immune response to intracellular microbes and is a 
key inducer of cell-mediated immunity, the adaptive 
immune response to these microbes. IL-12 was origi- 
nally identified as an activator of NK cell cytolytic func- 
tion, but its most important action is to stimulate IFN-?I 
production by T cells as well as by NK cells. 
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Figure 11-6 Chernokine receptors and their ligands. 
The known chemokine receptors and the chemokines they bind are listed. (The new nomencla- 

ture of cytokines uses the names referred to as systematic names.) Only selected major functions of 
the chemokines are included. 

Structure, Production, Receptors 

IL-12 exists as a disulfide-linked heterodimer of 35-kD 
(p35) and 40-kD (p40) subunits. The p35 subunit 
has a four-a-helical globular domain structure. The 
p40 subunit is homologous not to other cytokines but 
to the receptor for IL-6, containing both an Ig-like 
domain and motifs characteristic of type I cytokine 
receptors. 

The principal sources of IL-12 are activated 
mononuclear phagocytes and dendritic cells. Many 
cells appear to synthesize the p35 subunit, but only 
these antigen-presenting cells (APCs) produce the 
p40 component and therefore the biologically active 
cytokine. During innate immune reactions to microbes, 
IL-12 is produced in response to many microbial stimuli 
(including LPS), infection by intracellular bacteria 
(such as Listem'a and mycobacteria), and virus infec- 
tions. In addition, antigen-stimulated helper T cells 
induce the production of IL-12 from macrophages and 
dendritic cells, mainly by CD40 ligand on the T cells 
engaging CD40 on the macrophages and dendritic 
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cells. IFN-?I produced by NK cells or T cells also stimu- 
lates IL12 production. Thus, IL-12 is produced by 
APCs when they present antigens to T cells, during the 
induction and effector phases of cell-mediated immune 
responses (see Chapter 13). 

The receptor for IL12 is a heterodimer composed 
of D l  and P2 subunits. Both chains are required for 
high-affinity binding of the cytokine, and the P2 chain 
is involved in signaling. This receptor signals through a 
JAK/STAT pathway, in which cytokine binding to the 
receptor activates receptor-associated tyrosine kinases 
called Janus kinases (JAKs), and ultimately leads to the 
activation of transcription factors called signal &am- 
ducers and activators of transcription (STATs). Many 
cytokines use this pathway to induce responses in target 
cells, and different cytokines activate different combi- 
nations of JAKs and STATs (Box 11-2) ; IL-12 is the main 
cytokine known to activate STAT4. Expression of the 
signaling chain of the IL-12 receptor is itself enhanced 
by cytokines, mainly IFN-y (whose production is stimu- 
lated bv IL-12), and this is an example of a positive 
amplifiLation loop in immune responses. 

BOX 1 1-2 

Cytokine Signaling by Janus Kinases and Signal Transducers and Activators of Transcriptior 

One of the best understood mechanisms by which enzymes are loosely attached to the cytoplasmic domains 
cytokines transduce signals that elicit specific responses in of type I and type I1 cytokine receptors. When two receptor 
target cells involves enzymes called Janus kinases (JAKs) molecules are brought together by binding of a cytokine 
and transcription factors called signal transducers and acti- molecule, the receptor-associated JAKs become active 
vators of transcription (STATs). The JAK/STAT signaling through transphosphorylation, and they phosphorylate 

I pathways are used by all type I and type 11 cytokine recep tyrosine residues in the cytoplasmic portions of the clus- 
tors. Studies of these pathways have revealed direct links tered receptors. Some of these phosphotyrosine moieties 
between cytokine binding to receptors 
activation of target genes. 

f The discovery of the JAK/STAT p 
,j biochemical and genetic analyses of in * naling. The promoter regions of genes 

contain sequences that bind cellular 
"hosphorylated upon IJ?N treatment o 

proteins were shown to activate trans 
responsive genes, and they were th 
proteins. Mutant cell lines were generated that were un- 
responsive to IFNs. Some of these 
found to lack particular STAT proteins, and introduction 
of the STATs by gene transfection restored cytokine 
responsiveness in the cells. This established the essential 
roles of the STATs in responses 
mutant cell lines were found to be 
related tyrosine kinases, which were called Janus kinases given the limited numbers of JAKs and STATs used by 
after the two-headed Roman god because of the presence the various cytokine receptors? The likely answer is that 
of two kinase domains (only one of which is active). Sub- unique amino acid sequences in the diferent cytokine 
sequent studies, including analyses of knockout mice receptors provide the scaffolding for specifically binding, 
lacking the various STATs and JAKs, have shown that and thereby activating, different combinations of JAKs and 
JAK/STAT pathways are involved in responses to many STATs. The SH2 domains of different STAT proteins 
cytokines (see Table). selectively bind to the phosphotyrosine residues and flank- 

The sequence of events in the JAK/STAT signaling ing regions of diferent cytokine receptors. This is largely 
pathways is now well defined (see Figure). Inactive JAK responsible for the activation of particular STATs by 

Continued on following page 
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for growth hormone and insulin-like growth factor, deactivate JAK molecules, and members of the protein 
whereas SOCS-3 regulates erythropoietin action. The ex- inhibitors of activated STAT (PIAS) family, which bind 
pression of SOCS proteins is induced by the same cytokine phosphorylated STAT proteins and prevent their interac- 
stimuli that activate JAK/STAT pathways, and thus they tion with DNA. 

J P  

!: a Biologic Actions shock. We will return to IFN-y when we discuss the 
cytokines of adaptive immunity. 1: IL12 is critical for initiating a sequence of responses 

[ involving macrophages, NK cells, and T lymphocytes 
that results in the eradication of intracellular microbes I (Fig. 11-7). 

i 

ZL-12 stimulates the production of ZFN-y by N K  

1 cells and T lymphocytes. Macrophages produce IL- 
12 in response to many microbes. Secreted IL12 
stimulates NK cells and T cells to produce IFN-y, 
which then activates the macrophages to kill the 
phagocytosed microbes. Thus, innate immunity k against many microbes is mediated by cytokines 
acting in the following sequence: microbes + 
macrophage response + IL12 + IFN-y + macro- 
phage activation -+ killing of microbes. Large 
amounts of IL-12 are produced in severe gram- 
negative sepsis, resulting in the production of IFN-y, 
which synergizes with bacterial LPS to stimulate 
macrophage production of TNF, the principal medi- 
ator of septic shock. IL12 antagonists prevent lethal- 
ity in experimental models of LPS-induced septic 

identified; in addition, 

ZL-12 stimulates the differentiation of C D 4  hei$er T 
lymphocytes into ZFN-y+roducing THl cells. The 
TH1 subset of helper T cells activates phagocytes in 
cell-mediated immunity. This effect of IL12 will be 
discussed more fully in Chapter 13. 

ZL-12 enhances the cytolytic functions of activated 
NK cells and CD8'cytolytic T lymphocytes (CTLs).  
This action of IL12 is also important in cell- 
mediated immunity (see Chapter 13). @or ins'kmce, the IL2 receptor P chain mains also exist.  he-m&hanisms of SOCS protein .1 

on of JAK/STAT signaling are not well understood, 
ey appear to target both cytokine receptors and 
nases. Interestingly, the more variable N-terminal , Knockout mice lacking the p40 component of IL12, 

and hence the functional cytokine, are defective in IFN- 
y production and TH1 cell development and therefore 
in cell-mediated immunity to intracellular microbes. 
However, IFN-71 synthesis is not completely abrogated 
in these mice, probably because of the actions 
of other compensatory cytokines (notably IL18, 
described later). IL-12 knockout mice also have defects 
in NK cell function. A few patients with mutations in 

Continued on following page 
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Macrophage 

the IL-12 receptor have been described; they are highly 
susceptible to infections with intracellular bacteria, 
notably Salmonella and atypical mycobacteria. 

IL-12 is an important link between innate and adap- 
tive immunity, being produced during early innate 
immune reactions against intracellular microbes and 
stirnulaling adaplive immune responses that protect the 
host against these microbes. This illustrates a concept, 
introduced in Chapter 1, that innate immune reactions 
stimulate subsequent adaptive immune responses (see 
also Chapter 12).  Recombinant IL12 is in clinical trials 
to boost protective cell-mediated immune responses 
in patients with defects in cell-mediated immunity and 
cancer, both as systemic therapy and as a component of 
vaccines. 

Type I Interferons (IFNs) 

Type I IFNs mediate the early innate immune response 
to viral infections. The term interferon derives from 
the ability of these cytokines to interfere with viral 
infection. 

Figure 11-7 Biologic actions of 11-12. 
IL-I 2 is produced by macrophages and den- 

dritic cells that respond to microbes or to T cell 
signals such as CD40 ligand engaging CD40. 
IL-12 acts on T lymphocytes and NK cells to 
stimulate IFN-y production and cytolytic activ- 
ity, both of which function to eradicate intra- 
cellular microbes. 

Structure, Production, Receptors 

Type I IFNs consist of two distinct groups of proteins 
called IFN-a and IFN-P. IFN-a is actually a family of 
about 20 structurally related polypeptides, each 
encoded by a separate gene. Mononuclear phagocytes 
are the major source of IFN-a, and IFN-a is sometimes 
called leukocyte interferon. IFN-P is a single protein 
produced by many cells, such as fibroblasts, and it is 
sometimes called fibroblast interferon. The most 
potent stimulus for type I IFN synthesis is viral infec- 
tion, specifically double-stranded RNA that is produced 
by viruses during their replication in infected cells. 
Experimentally, production of type I IFN is commonly 
elicited by synthetic double-stranded RNA, which 
mimics the signal produced during viral infection. 
Antigen-activated T cells also stimulate mononuclear 
phagocytes to synthesize type I IFNs. 

Although IFN-a and IFN-P are structurally diffe 
they bind to the same cell surface receptor and in 
similar biologic responses. The type I IFN recept 
a heterodimer of two structurally related polypep 

Macrophage activation; 
killing of phagocytosed microbes infected cell 

Figure 11-8 Biologic actions of type I 
interferons. 

Type I lFNs (IFN-a, IFN-P) are produced by 
virus-infected cells and macrophages (not shown). 
Type I lFNs inhibit virus infection and enhance CTL 
activity against virus-infected cells. 
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one binds the cytokine, and the other transduces 
signals through a JAK/STAT pathway. Both chains are 
members of the type I1 cytokine receptor family. 

Biologic Actions 

The actions of type I IFNs protect against viral infec- 
tions and promote cell-mediated immunity against 
intracellular microbes (Fig. 11-8). 

q p e  I IFN inhibits viral replication. IFN causes 
cells to synthesize a number of enzymes, such as 2',5' 
oligoadenylate synthetase, that interfere with tran- 
scription of viral RNA or DNA and viral replication. 
The antiviral action of type I IFN is primarily a 
paracrine action, in that a virally infected cell 
secretes IFN to protect neighboring cells that are not 
yet infected. A cell that has responded to IFN and is 
resistant to viral infection is said to be in an "antivi- 
ral state." IFN secreted by an infected cell may also 
act in an autocrine fashion to inhibit viral replication 
in that cell. 

- Tylbe I IFN increases expression of class I MHC 
molecules. Because CD8' CTLs recognize foreign 
antigens bound to class I MHC molecules, type I IFN 
enhances the recognition of class I-associated viral 
antigens on infected cells and therefore the effi- 
ciency of CTLmediated killing of these cells. 

Type I IFN stimulates the development of TH1 cells 
in humans. This effect is mainly due to the ability of 
type I IFN to promote in T cells the expression of 
functional receptors for the major TH1-inducing 
cytokine IL12. Type I IFN may also increase the 
cytolytic activity of NK cells. 

Type I IFN inhibits the proliferation of many cell 
types, including lymphocytes, i n  vitro. This is likely 
due to induction of the same enzymes that block 
viral replication, but it may also involve other 
enzymes that alter the metabolism of amino acids, 
such as tryptophan. The physiologic importance of 
this antiproliferative action is not known. 

Thus, the principal activities of type I IFN function 
in concert to eradicate viral infections. Knockout mice 
lacking the receptor for type I IFN are susceptible to 
viral infections. IFN-a is in clinical use as an antiviral 
agent in certain forms of viral hepatitis. IFN-P is used 
as a therapy for multiple sclerosis, but the mechanism 
of its beneficial effect in this disease is not known. 

IL-10 is an inhibitor of activated macrophages and 
dendritic cells and is thus involved in the control of 
innate immune reactions and cell-mediated immunity. 
So far, we have described cytokjnes that stimulate innate 
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immunity. IL10, in contrast, is an inhibitor of host 
immune responses, particularly responses involving 
macrophages. 

Production, Structure, Receptors 

ILlO has a four-a-helical globular domain structure 
and binds to a type I1 cytokine receptor. ILlO is pro- 
duced mainly by activated macrophages, and because 
it inhibits macrophage functions, it is an excellent 
example of a negative feedback regulator. It is not clear 
whether different stimuli may act on macrophages to 
induce the production of a regulatory cytokine like 
IL-10 and effector cytokines like TNP and IL12, or 
whether the same stimuli elicit production of all these 
cytokines but with different kinetics. T lymphocytes also 
secrete IL10, and it is produced by some nonlymphoid 
cell types (e.g., keratinocytes) as well. 

Biologic Actions 

The biologic effects of ILlO result from its ability to 
inhibit many of the functions of activated macrophages. 
As we have discussed previously, macrophages respond 
to microbes by secreting cytokines and by expressing 
costimulators that enhance T cell activation and cell- 
mediated immunity. ILlO acts on the activated macro- 
phages to terminate these responses and return the 
system to its resting state as the microbial infection is 
eradicated. 

IL-10 inhibits the production of IL-12 by activated 
macrophages and dendritic cells. Because IL12 is a 
critical stimulus for IFN-y secretion and is an inducer 
of innate arid cellmediated immune reactions 
against intracellular microbes, IL-10 functions to 
down-regulate all such reactions. In fact, ILlO was 
discovered as an inhibitor of IFN-?I production. 

H IL-10 inhibits the expression of costimulators and 
class II MHC molecules on macrophages and den- 
dritic cells. Because of these actions, ILlO serves to 
inhibit T cell activation and terminate cell-mediated 
immune reactions. 

Knockout mice lacking ILlO develop inflammatory 
bowel disease, probably as a result of uncontrolled acti- 
vation of macrophages reacting to enteric microbes. 
These mice also show excessive inflammation and tissue 
injury in response to chemical irritants. 

The Epstein-Barr virus contains a gene homologous 
to human IL10, and viral IL-10 has the same activities 
as the natural cytokine. This raises the intriguing pos- 
sibility that acquisition of the ILlO gene during the 
evolution of the virus has given the virus the ability to 
inhibit host immunity and thus a survival advantage in 
the infected host. 

Other Cytokines of Innate Immunity 

IG6 is a cytokine that functions in both innate and 
adaptive immunity. It is synthesized by mononuclear 
phagocytes, vascular endothelial cells, fibroblasts, and 

other cells in response to microbes and to other 
cytokines, notably IL1  and TNF. It is also made by some 
activated T cells. The functional form of IL6 is a 
homodimer, with each subunit forming a four-a-helical 
globular domain. The receptor for IL6 consists of a 
cytokine-binding protein and a signal-transducing 
subunit, both of which belong to the type I cytokine 
receptor family. The 130-kD signal-transducing subunit 
is called gp130; it activates a JAK/STAT signaling 
pathway and is also the signaling component of other 
cytokine receptors (see Fig. 11-35). 

IL6 has several diverse actions. In innate immunity, 
it stimulates the synthesis of acute-phase proteins by 
hepatocytes and thus contributes to the systemic effects 
of inflammation, the so-called acute-phase response 
(see Chapter 12, Box 12-2). IL6 stimulates production 
of neutrophils from bone marrow progenitors, usually 
acting in concert with colony-stimulating factors (dis- 
cussed later in the chapter). In adaptive immunity, I L  
6 stimulates the growth of B lymphocytes that have 
differentiated into antibody producers. IL6 similarly 
acts as a growth factor for neoplastic plasma cells 
(myelomas), and many myeloma cells that grow 
autonomously secrete IL6 as an autocrinc growth 
factor. Moreover, IL-6 can promote the growth of mon- 
oclonal antibody-producing hybridomas, which are 
derived from myelomas. 

IG15 is a cytokine produced by mononuclear phago- 
cytes and probably many other cell types in response to 
viral infection, LPS, and other signals that trigger 
innate immunity. IL-15 is structurally homologous to I L  
2 (discussed later). The receptor for IL-15 has a unique 
cytokine-binding a chain, which is homologous to the 
a chain of the IL2 receptor, and the same signal-trans- 
ducing P and y chains as in the IL2 receptor. 

The best documented function of IL15 is to stimu- 
late the proliferation of NK cells. Because IL15 is 
synthesized early in response to viral infections, it stim- 
ulates expansion of NK cells within the first few days 
after infection. Once the adaptive immune response 
develops, this function may be taken over by T cell- 
derived IL-2. Thus, IL15 may be thought of as the 
equivalent of IL2 in the early innate immune response 
(i.e., it serves the functions in innate immunity that are 
served by IL-2 in adaptive immunity). IL-15 also acts as 
a T cell growth and survival factor, especially for long- 
lived memory CD8' T cells. Knockout mice lacking I L  
15 or the IL15 receptor a chain have greatly reduced 
numbers of NK cells and a partial reduction of CD8' T 
cells. 

IL18 is structurally homologous to IL1  and signals 
by a similar receptor-associated kinase (IRAK), but it 
has a different function than IL1. IL-18 is produced by 
macrophages in response to LPS and other microbial 
products. It stimulates the production of IFN-)I by NK 
cells and T cells and synergizes with IL12 in this 
response. Thus, IL-18 is an inducer of cell-mediated 
immunity, especially in combination with IL12. Knock- 
out mice lacking IL18 are deficient in IFN-y produc- 
tion, and mice lacking both IL12 and IL18 are almost 
completely lacking in IFN-y and in TH1 responses to 

intracellular microbes. Like IL-1P, IL18 is synthesized 
as a precursor that has to be cleaved by the enzyme ICE 
to generate the biologically active protein. Knockout 
mice lacking ICE show defects in LPS-induced IFN-y 
production, which is attributable to the absence of 
active IL-18. 

Several other cytokines have been identified from 
DNA sequence information (e.g., from the Human 
Genome Projecl), but the biology of these cytokines 
remains to be fully explored. IL19, IL-20, IL22, and 
IL-24 are homologous to IL-10. The limited studies 
done to date indicate that many of these may be 
involved in inflammatory reactions in the skin; no func- 
tion for IL-19 has been described so far. IL-21 is homol- 
ogous to IL-15 and stimulates the proliferation of NK 
cells. IL-23 is similar to IL-12 and consists of a 19-kD 
subunit associated with the IL-12 p40 chain. Like IL-12, 
IL23 may be a stimulus for cell-mediated immune 
responses. 

Roles of Cytokines in Innate lmmunity 
and lnflammation 

Now that we have discussed the individual cytokines of 
innate immunity, it is useful to integrate this informa- 
tion and consider how these cytokines contribute to 
innate immune reactions against microbes. Different 
cytokines play key roles in innate immunity to different 
classes of microbes. In infections by pyogenic (pus- 
forming) extracellular bacteria, macrophages respond 

Figure 11-9 Roles of cytokines 
in innate immunity to microbes. 

This figure illustrates the role of 
cytokines in host responses to bac- 
teria that produce LPS (endotoxin). 
LPS acts on macrophages to induce 
the secretion of multiple cytokines, 
including TNF, IL-1, and 11-12, 
which can be measured in the 
serum of individuals treated with 
LPS or infected with LPS-producing 
bacteria. TNF and IL-I stimulate 
acute inflammation by their actions 
on endothelial cells and leukocytes. 
IL-12 stimulates the production of 
IFN-y, which can also be measured 
in the serum. Note that chemokines 
may be produced by many cell 
populations; only endothelial cells 
are shown as the source in this illus- 
tration. Antagonists against TNF, IL- 
12, and IFN-y reduce the pathologic 
complications of sepsis and decrease 
the mortality associated with septic 
shock. 

I lnflammation I 
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to bacterial endotoxins and perhaps to other bacterial 
products by producing TNF, IL-1, and chemokines (Fig. 
11-9). TNF and IL-1 act on vascular endothelium at the 
site of the infection to induce the expression of adhe- 
sion molecules that promote stable attachment of blood 
neutrophils and monocytes to the endothelium at this 
site. Chemokines produced by the macrophages and 
by endothelial cells stimulate the extravasation of the 
leukocytes to the infection, where the innate immune 
reaction is mounted to eliminate the infectious 
microbes. Macrophages also respond to many microbes, includ- 

ing intracellular bacteria and LPS-producing bacteria, 
by secreting IL-12, which induces the local production 
of IFN-y from NK cells and T lymphocytes. IFN-y then 
activates the 'macrophages to destroy phagocytosed 
microbes. IL-12 also stimulates the subsequent adaptive 
immune response and directs it toward TH1 cells, which 
are the mediators of cellular immunity and the most 
effective response for destroying intracellular bacteria. 
These actions of IL-12 are complemented by IL-18. 
Cytokine-mediated leukocyte recruitment and activa- 
tion are responsible for the injury to normal tissues that 
often accompanies innate immune reactions to infec- 
tions. These macrophage-derived cytokines, especially 
TNF, IL-1, and IL12, are also responsible for the sys- 
temic manifestations of infection. 

In viral infections, type I IFNs are secreted by 
infected cells and macrophages and function to inhibit 
viral replication and infection. IL15 stimulates the 
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mediate the activation of specialized effector cells i~ 
the effector phase of adaptive immunity. Cytokinc 
production is one of the principal responses of 1 
lymphocytes to antigen recognition. Different type 
of microbes and antigen exposures may induce CD4 
helper T cells to differentiate into distinct effector pop 
ulations, such as THl and TH2 subsets, that produce dif 
ferent sets of cytokines and serve different functions 
In the following sec~ion, we first describe the majo 
cytokines of adaptive immunity (Table 11-4) and con 
clude by describing how cytokines contribute to special 
ized effector cell responses against different microbes. 

cytokines, including IL-4, IL7, and IL-15. IL-2 induces 
growth of cells expressing this IL2RPyc complex, with 
half-maximal growth stimulation occurring at the same 
concentration of cytokine that produces half-maximal 
binding M) . Cells that express IL-2Ra and form 
IL-2RaPyc complexes can bind IL-2 much more tightly, 
with a & of -10-"M, and growth stimulation .of such 
cells occurs at a similarly low IL-2 concentration. Upon 
antigen receptor-mediated T cell activation, IL2Ra is 
rapidly expressed, thereby reducing the concentration 
of IL-2 needed for growth stimulation (see Fig. 11-1 I),. 
Therefore, antigen-stimulated T cells are more respon- 
sive to IL-2 than are naive T cells. Binding of IL-2 to 
its receptor results in the activation of multiple signal 
transduction pathways, including the JAK/STAT 
pathway (mainly JAK1 and JAK3 activating STAT5)., 
which is unique to cytokines, and phosphatidylinositol- 
3 kinase and Ras-MAP kinase signaling pathways, which 
are activated by many types of receptors (see Chapter 
8) .  Chronic T cell stimulation leads to shedding of IL- 
2Ra. Clinically, an increased level of shed IL-2Ra in the 
serum is a marker of strong antigenic stimulation (e.g., 
acute rejection of a transplanted organ). 

expansion of NK cells, and IL-12 enhances the cytolytic 
activity of NK cells. NK cell-mediated killing of virus- 
infected cells eliminates the reservoir of infection. 

The dominant cytokines produced in response to 
different microbes account for the nature of the innate 
immune reactions to these microbes. For instance, the 
early response to pyogenic bacteria consists mainly of 
neutrophils, the response to intracellular bacteria is 
dominated by activated macrophages, and the response 
to viruses consists of NK cells in addition to other 
inflammatory cells. There may be considerable overlap, 
however, and these varied cellular reactions may be 
seen to different degrees in many infections. 

production, Structure, Receptors 

IL-2 is produced by CD4" T lymphocytes and, in lesser 
amounts, by CD8" T cells. Activation of T cells by 
antigens and costimulators stimulates transcription 
of the IL-2 gene and synthesis and secretion of the 
protein (see Chapter 8). IL-2 production is transient, 
with peak secretion occurring about 8 to 12 hours after 
activation. 

Secreted IL-2 is a 14- to 17-kD glycoprotein that folds 
into a globular protein containing four a-helices. It is 
the prototype of the four-a-helical cytokines that inter- 
act with type I cytokine receptors (Fig. 11-10). 

The expression of functional IL-2 receptors is 
enhanced by antigen stimulation; therefore, T cells 
that recognize antigens are the cells that proliferate 
preferentially in  response to IL-2 produced during 
adaptive immune responses. The IL2 receptor (IL-2R) 
consists of three noncovalently associated proteins 
called a ,  P, and y, the last two being members of the 
type I cytokine receptor family. The a and P chains are 
involved in cytokine binding, and the P and y chains are 
involved in signal transduction (see Fig. 11-10). IL-2Ra 
is a 55-kD polypeptide that appears on T ccll activation 
(Fig. 11-1 1) and was originally called Tac (for T acti- 
vation) antigen. IL-2 binds to the a chain alone with 

Cytokines That Mediate and 
Regulate Adaptive Immunity 

IL-2 is a growth factor for antigen-stimulated T lym 
phocytes and is responsible for T cell clonal expansio~ 
after antigen recognition. For this reason, IL-2 was orig 
inally called T cell growth factor. IL-2 acts mainly 01 

the same cells that produce it (i.e., it functions as a1 
autocrine growth factor). 

Cytokines mediate the proliferation and differentia- 
tion of lymphocytes after antigen recognition in  the 
activation phase of adaptive immune responses and 

Table 11-4. Cytokines of Adaptive Immunity 
Biologic Actions 

sf! 
Principal cell targets 
and biologic effects 5- 

'4 
4 

1 Cytokini I size Principal cell 
source 

r cells 

low affinity,and this does not lead to any detectable 
biologic response. The IL-2RP protein is expressed at 
low levels on resting T cells (and on NK cells) associ- 
ated with a polypeptide called the common y (y,) chain 
because it is also a component of receptors for other 

1L2 was discovered as a T cell growth factor, but it plays 
several other important roles in adaptive immune 
responses (Fig. 11-12). 

T cells: proliferation, increased cytokine 
synthesis; potentiates Fas-mediated 
apoptosis 

NK cells: proliferation, activation 
B cells: proliferation, antibody synthesis (in vitro) 

IL-2, produced by T cells on antigen recognition, is  
responsible for the proliferation of the antigen- 
s p e c i . c  cells. On exposure to IL-2, T cells show a 
rapid rise in the concentrations of cyclins that asso- 
ciate with and activate different cyclin-dependent 
kinases. The kinases phosphorylate and activate a 
variety of cellular proteins, such as Rb, that stimulate 
transition from the G1 to the S phase of the cell cycle. 
In addition, IG2 induces a fall in the level of a 
protein called p27 that inhibits the actions of cyclin- 
kinase complexes. Thus, IL2 promotes cell cycle 
progression through cyclin synthesis and relieves a 
block in cell cycle progression through p27 degra- 
dation. IL-2 also promotes survival of cells by induc- 
ing the anti-apoptotic protein Bcl-2. The major 
action of IL-2 is autocrine, but it may stimulate pro- 
liferation of some adjacent T cells, functioning as a 
paracrine growth factor. In addition to stimulating 'l' 
cell growth, IL-2 increases production of other 
cytokines, such as IFN-y and IL-4, by the T cells. 

B cells: isotype switching to IgE 
T cells: TH2 differentiation, proliferation 
Macrophages: inhibition of IFN-y-mediated 

activation : A  

Mast cells: proliferation (in vitro) 3. 
Eosinophils: activation, increased production 
B cells: proliferation, IgA production 

SD4+ T cells (TH2), 
mast cells 

I r-r-kD subunits 

r cells (TH1, CD8+ 
r cells), NK cells 

Macrophages: activation (increased 
microbicidal functions) 

B cells: isotype switching to opsonizing and 
complement-fixing IgG subclasses 

T cells: T H ~  differentiation 
Various cells: increased expression of class I 

and class II MHC molecules, increased 
antigen processing and presentation 
to T cells 

T cells: inhibition of proliferation and effector 
functions 

B cells: inhibition of proliferation; IgA production 
Macrophages: inhibition 

Recruitment and activation of neutrophils 
Lymphoid organogenesis 

T cells, 
macrophages, 
~ ther  cell types 

1 IL-2 promotes the proliferation and differentiation 
of other immune cells. It stimulates the growth of NK 
cells and enhances their cytolytic function, produc- 
ing so-called lymphokine-activated killer cells (see 
Chapter 12). Because NK cells, like resting T cells, 
express IL-2RPyc (but not IL-2Ra), they can be stim- 
ulated only by high levels of IL-2. (As mentioned 
earlier, in NK cells, the Py, complex is associated with 
the a chain of the IL15 receptor; for this reason, I L  
15 is a potent growth factor for NK cells.) IL2 acts 
on B cells both as a growth factor and as a stimulus 
for antibody synthesis. 

homodimer of 
12.5-kD subunits 

Figure 11-10 Model for the binding of IL-2 to i t s  
receptor. 

This ribbon diagram is modeled after the known x-ray crystal 
structure of growth hormone with its receptor and the structural 
similarity of growth hormone and IL-2. IL-2 is colored red, and the 
a, p, and y chains of the receptor are colored yellow, green, and 
blue, respectively. The four a-helices of the IL-2 molecule are labeled 
A, B, C, and D. IL-2 interacts with all three chains of the het- 
erotrimeric receptor, and the p and y chains of the receptor interact 
with each other. (From Theze J, PM Alzari, and J Bertoglio. Inter- 
leukin 2 and its receptors: recent advances and new immunological 
functions. Immunology Today 1 7:481-486, 1996. Copyright 1996, 
with permission from Elsevier Science.) 

21-24 kD; secreted 
as homotrimer or 
associated with LTP2 
on the cell membrane 

T cells 

B cells: isotype switching to IgE 
Epithelial cells: increased mucus production 
Macro~haqes: inhibition 
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Figure 11-12 Biologic actions of IL-2. 
IL-2 stimulates the proliferation and dif- 

ferentiation of T and B lymphocytes and NK 
cells. As discussed in the text, IL-2 also 
functions to inhibit immune responses (e.g., 
against self antigens) by promoting Fas- 
mediated apoptosis of T cells and stimulating 
the activity of regulatory T cells (not shown 
here). 

f 1 ,IL-2Rk complex 

xpy, complex 

IL-4 is the principal cytokine that stimulates B cell 
Ig heavy chain class switching to the IgE isotype. 
The mechanisms of class switching were described in 
Chapter 9. Knockout mice lacking IL-4 have less than 
10% of normal IgE levels. IgE antibodies play a role 
in eosinophil-mediated defense against helminthic 
or arthropod infections, this being the major func- 
tion of TH2 cells in host defense. IgE is also the 
principal mediator of immediate hypersensitivity 
(allergic) reactions, and production of IL-4 is impor- 
tant for the development of allergies (see Chapter 
19). IL-4 also enhances switching to IgG4 (in 
humans, or the homologous IgGl in mice) and 
inhibits switching to the IgG2a and IgG3 isotypes in 
mice, both of which are stimulated by IFN-y. This is 
one of several reciprocal antagonistic actions of IL4 
and IFN-y. 

I cytokine receptor family, associated with the y, chain 
shared by other cytokine receptors. This IL4 receptor 
signals by the JAK/STAT pathway (JAK3 or 4/STAT6) 
and by a pathway that involves the insulin response sub- 
strate (IRS) called IRS-2. IL-4 is the only cytokine that 
activates the STAT6 protein, which induces transcrip- 
tion of genes that account for many of the actions of 
IL-4, such as TH2 differentiation and B cell switching to 
IgE. Activation of the IRS-2 pathway is responsible for 
IL4-induced cellular proliferation. In nonlymphoid 
cells, the IL-4 receptor a chain is associated not with 
the y, chain but with a signaling chain that is also a com- 
ponent of the receptor for IL-13 (discussed later). 

Affinities (Kd) of 
IL-2 receptor complexes 

IL-2RPyc I -1 x 10-9 M 

lL-2Ra ( -1 x 10-8 M 

Figure 11-1 1 Regulation of IL-2 receptor expression. 
Resting (naive) T lymphocytes express the I L - ~ R P ~  complex, which has a moderate affinity for IL- 

2. Activation of the T cells by antigen, costimulators, and IL-2 itself leads to expression of the IL-2Ra 
chain and high levels of the high-affinity IL-2Rapy complex. APC, antigen-presenting cell. Biologic Actions 

The biologic actions of IL-4 include stimulation of 
IgE and mast cell/eosinophil-mediated reactions 
and suppression of macrophage-dependent reactions 
(Fig. 11-13). 

W IL-4 stimulates the development of T'2 cells from 
naive CDP T cells and functions as an autocrine 
growth factor for differentiated T'2 cells. Thus, IL-2 potentiates apoptotic death of antigen- 

activated T cells. Repeated activation of CD4' T cells 
in the presence of IL-2 makes these cells sensitive to 
apoptosis by the Fas pathway (see Chapter 10, Box 
10-2). It is intriguing that the same cytokine can 
stimulate T cell survival and proliferation on the one 
hand and promote cell death on the other. It appears 
that if an immune response is persistent and T cells 
are exposed to increasing quantities of IL,-2, the pro- 
apoptotic actions become dominant, contributing to 
termination of the response. IL-2 may also stimulate 
the development of regulatory T cells, providing 
another mechanism for shutting off immune 
responses (see Chapter 10). Knockout mice lacking 
IL2, IL-2Ra, or IL-2RP develop autoimmunity, and 
this may reflect an obligatory role of IL-2 in the elim- 
ination or regulation of T cells that are specific for 
self antigens. Knockout mice lacking yc, and humans 
with y, mutations, instead show defects in lympho- 
cyte maturation; the human disease is called X-linked 
severe combined immunodeficiency (see Chapter 

20). This maturation block is presumably due to an 
inability of immature T cells lacking yc to respond to 
the lymphopoietic cytokine IL7, whose receptor also 
uses the y, chain for signaling. 

IL-4 is the major stimulus for the production of IgE 
antibodies and for the development of T,2 cells from 
naive CDP helper T cells. IL-4 is the signature cytokine 
of the TH2 subset and functions as both the inducer and 
an effector cytokine of these cells. 

Figure 11-1 3 Biologic actions of 
11-4. 

IL-4 stimulates B cell isotype switch- 
ing to some immunoglobulin classes, 
notably IgE, and differentiation of naive 
T cells to the T,2 subset. IL-4 is also an 
inhibitor of IFN-y-induced macrophage 
activation and a growth factor for 
mast cells, particularly in combination 
with IL-3. 

Structure, Production, Receptors 

IL4 is a member of the four-a-helical cytokine family. 
The principal cellular sources of IL-4 are CD4* T lym- 
phocytes of the TH2 subset as well as activated mast cells 
and basophils. 

The IL-4 receptor of lymphoid cells consists of a 
cytokine-binding a chain that is a member of the type 

Inhibition of 
macrophage 

activation 

lsotype switching to 
IgE and IgG1 (mouse), 

lgG4 (human) 
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IL-4 is responsible for the induction and expansion 
of this subset. Knockout mice lacking IL4 or STAT6 
show a deficiency in the development and mainte- 
nance of TH2 cells, even after stimuli (such as 
helminthic infections) that are normally potent 
inducers of this subset. This role of IL-4 is discussed 
in Chapter 13. 

W IL-4 antagonizes the macrophage-activating effects 
of IFN-y and thus inhibits cell-mediated immune 
reactions. 

IL-5 is an activator of eosinophils and serves as the 
link between T cell activation and eosinophilic 
inflammation. 

Structure, Production, Receptors 

IL5 is a homodimer, with each subunit containing a 
four-a-helical domain. It is produced by the TH2 subset 
of CD4' T cells and by activated mast cells. The IL-5 
receptor is a type I cytokine receptor. It is associated 
with a 150-kD signal-transducing subunit that is shared 
with receptors for IL-3 and GM-CSF and is sometimes 
called the common P chain. IL5 signaling is mediated 
through a JAWSTAT pathway. 

Biologic Actions 

The major actions of IL-5 are to activate mature 
eosinophils and stimulate the growth and differentia- 
tion of eosinophils. Activated eosinophils are able to 
kill helminths. Eosinophils express Fc receptors specific 
for IgE antibodies and are thereby able to bind to 
IgE-coated microbes, such as helminths. Thus, the two 
main TH2 cytokines, IL-4 and IG5, function in concert: 
IL4 stimulates production of IgE, which opsonizes 
helminths and binds eosinophils, and IL-5 activates the 
eosinophils to destroy the parasites. Knockout mice 
lacking IL-5 are defective in eosinophil responses and 
are susceptible to some helminthic infections. 

IL-5 stimulates the proliferation of B cells and the 
production of IgA antibodies (see Chapter 9). IL5 was 
first identified as a cytokine that stimulated prolifera- 
tion of mouse B cells, but this action is shared by other 
cytokines, as shown by the normal B cell expansion in 
IL-5 knockout mice. 

IFN-y is the principal macrophage-activating cyto- 
kine and serves critical functions in  innate immunity 
and in adaptive cell-mediated immunity. IFN-y is also 
called immune, or type 11, IFN. It has some antiviral 
activity, but it is not a potent antiviral interferon, and it 
functions mainly as an effector cytokine of immune 
responses. 

Structure, Production, Receptors 

IFN-y is a homodimeric protein produced by NK cells, 
CD4' TH1 cells, and CD8+ T cells; it is the signature 

cytokine of the TH1 subset of helper T cells. NK cells 
secrete IFN-y in response to recognition of unknown 
components of microbes or in response to IL12; in this 
setting, IFN-y functions as a mediator of innate immu- 
nity. In adaptive immunity, T cells produce IFN-?I in 
response to antigen recognition, and production is 
enhanced by IL-12 and IL-18. As we have mentioned 
previously and will discuss in more detail in Chapter 13, 
the sequence of reactions involving IL-12 and IFN-y is 
central to cell-mediated immunity against intracellular 
microbes. 

The receptor for IFN-?/ is composed of two struc- 
turally homologous polypeptides belonging to the type 
I1 cytokine receptor family; one binds the cytokine, and 
the other participates in signaling. Binding of the 
cytokine activates STAT1, which then stimulates tran- 
scription of IFN-y-responsive genes (including genes 
encoding MHC molecules and B7 costimulators), 
enzymes that synthesize microbicidal substances such as 
nitric oxide, and cytokines such as the p40 subunit of 
IL12. Different IFN-y-responsive genes are activated by 
STATl alone or by STATl acting with two other tran- 
scription factors, IFN response factor-1 and class I1 
transactivator, that are themselves induced by STAT1. 
STAT1 knockout mice are completely insensitive to the 
actions of IFN-y. 

Biologic Actions 

The functions of IFN-)I are important in cell-mediated- 
immunity against intracellular microbes (Fig. 11-14). , 

ZFN-y is the macrophage-activating cytokine that 
provides the means by which T lymphocytes and 
NK cells activate macrophages to kill phagocy- 
tosed microbes. IFN-71 enhances the microbicidal 
function of macrophages by stimulating the synthe- 
sis of reactive oxygen intcrmcdiatcs and nitric oxide. 
IFN-y mediates these effects mainly by activating 
transcription of the genes that encode the enzymes 
required for generating reactive oxygen intermedi- 
ates and reactive nitrogen intermediates. These 
enzymes are phagocyte oxidase and inducible nitric 
oxide synthase, respectively. The reactive molecules 
are produced within lysosomes, and they destroy 
microbes that are contained within phagolysosomes. 
We will return to a more detailed discussion of 
macrophage activation in Chapter 12. 

IFN-y stimulates expression of class Z and class II 
MHC molecules and costimulators on APCs. IFN-y 
also stimulates the production of many proteins 
involved in antigen processing, including the trans- 
porter associated with antigen processing (TAP), the 
LMP-2 and LMP-7 components of the proteasome, 
and HLA-DM. Thus, IFN-y enhances MHC-associated 
antigen presentation and amplifies the recognition 
phase of immune responses by increasing expression 
of the ligands that T cells recognize (see Chapter 4, 
Fig. 4-11). IFN-y is also an activator of vascular 
endothelial cells, and it potentiates many of the 
actions of TNF on endothelial cells, promoting T 

.. Figure 11-14 Biologic actions of 

IFN-y activates phagocytes and 
APCS and induces B cell switching to 

: some immunoglobulin isotypes (that ' often bind complement and Fc recep- 
, tors on phagocytes and are distinct 
, from the isotypes induced by IL-4). 

The TH1-inducing effect of IFN-y 
may be indirect, mediated by in- 
creased IL-12 production and receptor 
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infection. 

ZFN-ypromotes the differentiation of naive C D 4  T 
cells to the THl subset and inhibits the proliferation 
of TH2 cells. Part of the TH1-inducing effect of INF- 
y is mediated indirectly by activating mononuclear 
phagocytes to produce IL12, which is the major TH1- 
inducing cytokine. In addition, IFN-y stimulates pro- 
duction of a transcription factor that directly 
promotes TH1 differentiation (see Chapter 13). In 
mice, TFN-y also enhances expression of the signal- 
ing chain of the IL12 receptor. 

IFN-y acts on B cells to promote switching to 
certain IgG subclasses, notably IgG2a in mice, and 
to inhibit switching to IL-4-dependent isotypes, 
such as IgE and IgGl in mice. The IgG subclasses 
induced by IFN-y bind to Fcy receptors on phago- 
cytes and activate complement, and both these 
mechanisms promote the phagocytosis of opsonized 
microbes. Thus, IFN-y induces antibody responses 
that also participate in phagocyte-mediated elimina- 
tion of microbes, in concert with the direct 
macrophage-activating effects of this cytokine. 

I 1FN-y activates neutrophils and stimulates the 
cytolytic activity of NK cells. 

The net effect of these activities of IFN-y is to 
promote macrophage-rich inflammatory reactions 
while inhibiting IgE-dependent eosinophil-rich reac- 
tions. Knockout mice lacking IFN-y or the IFN-y re- 
ceptor are susceptible to infections with intracellular 
microbes, such as mycobacteria, because of defective 
macrophage activation. 

Transforming Growth Factor-P (TCF-fl) 

The principal action of TGF-p in the immune system 
is to inhibit the proliferation and activation of lym- 
phocytes and other leukocytes. TGF-P was discovcrcd 
as a tumor product that promoted the survival of cells 
in semisolid culture media. It is actually a family of 
closely related molecules encoded by distinct genes, 
commonly designated TGF-P1, TGF-B2, and TGF-P3. 
Cells of the immune system synthesize mainly TGF-P1. 

Production, Structure, Receptors 

TGF-P1 is a homodimeric protein that is synthesized as 
a precursor and activat.ed by proteolytic cleavage. It is 
secreted by antigen-stimulated T cells, LPS-activated 
mononuclear phagocytes, and many other cell types. 
Some regulatory T cells produce TGF-P, and the same 
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cells may also produce IL-10, which, like TGF-P, 
has immunosuppressive activities (see Chapter 10, 
Fig. 10-1 1). TGF-P receptors include two high-affinity 
polypeptide receptors (type I and type 11) that signal 
through a serine/threonine kinase domain that phos- 
phorylates transcription factors called SMADs. 

Biologic Actions 

TGF-p inhibits the prolqeration and differentiation of 
T cells and the activation of macrophages. TGF-P also 
acts on other cells, such as neutrophils and endothelial 
cells, largely to counteract the effects of proinflam- 
matory cytokines. By these actions, TGF-P func- 
tions to inhibit immune and inflammatory responses. 
Mice in which the TGF-PI gene has been knocked 
out develop uncontrolled inflammatory lesions and 
lymphoproliferation. 

TGF-p stimulates production of IgA antibodies by 
inducing B cells to switch to this isotype. IgA is the 
antibody isotype required for mucosal immunity (see 
Chapter 14). 

TGF-P has many diverse actions outside the immune 
system. It may inhibit proliferation of some cell types 
and stimulate others. Often, TGF-P can either inhibit 
or stimulate growth of the same cell type in vitro, 
depending on culture conditions. TGF-P causes syn- 
thesis of extracellular matrix proteins such as collagens, 
of matrix-modifying enzymes such as matrix metallo- 
proteinases, and of cellular receptors for matrix pro- 
teins such as integrins. These actions may promote 
tissue repair after local immune and inflammatory reac- 
tions have been controlled. 

Other Cytokines of Adaptive Immunity 

Lymphotoxin (LT) is a cytokine produced by T lym- 
phocytes and other cells. It is approximately 30% 
homologous to macrophage-derived TNF and serves 
many of the same functions. (For this reason, LT is also 
called TNF-P.) The secreted form of LT (sometimes 
called LTa) is a homotrimer, similar to TNF, and it 
binds to TNF receptors. LT is also expressed as a mem- 
brane protein, in which one chain of the secreted form 
associates with two subunits of a structurally related 
membrane protein called LTP. The LTP membrane 
form binds to a different receptor also belonging to the 
TNF receptor family. 

LT activates endothelial cells and neutrophils and is 
thus a mediator of the acute inflammatory response, 
providing a link between T cell activation and inflam- 
mation. These biologic effects of LT are the same as 
those of TNF, consistent with their binding to the same 
receptors. However, because the quantity of LT synthe- 
sized by antigen-stimulated T cells is much less than the 
amounts of TNF made by LPS-stimulated mononuclear 
phagocytes, LT is not readily detected in the circulation. 
Therefore, LT is usually a locally acting cytokine and 
not a mediator of systemic injury. 

Studies in transgenic and knockout mice have shown 
that LT is required for the normal development of lym- 

phoid organs (see Chapter 2). Knockout mice lacking 
membrane LTP or the receptor for LTP show various 
defects in the formation of lymph nodes, Peyer's 
patches, and splenic white pulp. In these animals, the 
B cell areas in the lymphoid organs do not develop nor- 
mally, and no germinal centers are seen in the spleen. 
LT may function in lymphoid organogenesis by induc- 
ing the production of chemokines that promote lym- 
phocyte migration into particular areas of lymphoid 
organs. 

IG13 is a cytokine structurally similar to IL-4 that is 
produced by TH2 CD4' T cells and by some epithelial 
cells. The IL13 receptor is found mainly on nonlym- 
phoid cells, such as macrophages, and can be activated 
by either IG13 or IL-4. IL13 mimics the errects of 
IL4 on nonlymphoid cells, such as macrophages, but 
appears to have less of an effect on T or B lymphocytes 
than does IL4. The major action of IL-13 on macro- 
phages is to inhibit their activation and to antagonize 
IFN-y. IL13 stimulates mucus production by lung 
epithelial cells and may play a role in asthma. Knock- 
out mice lacking IL13 show decreased IgE production 
and allergic reactions. 

Several other T cell-derived cytokines have been 
described, but their physiologic functions are unclear. 
IL-16 is a T cell-derived cytokine that acts as a specific 
chemoattractant of eosinophils. However, it appears to 
be derived from a fragment of an intracellular protein, 
and it is not known whether it is secreted under physi- 
ologic conditions. IL-17 consists of a family of cytokines 
that are produced by activated and memory T cells 
and induce the production of other proinflammatory 
cytokines, such as TNF, IL1, and chemokines. IL-25 is 
structurally homologous to IL-1'7 but is secreted by TH2 
cells and stimulates the production of other TH2 
cytokines, including IL4, IL-5, and IL-13. Thus, IL-17 
and IG25 are believed to play a role in amplifymg dif- 
ferent T cell-dependent inflammatory reactions, but 
their essential in vivo functions are unknown. Migration 
inhibition factor (MIF) is a T cell-derived activity that 
immobilizes mononuclear phagocytes, an effect that 
might cause the cells to be retained at sites of inflam- 
mation. This was the first cytokine activity to be 
described, but it has proved difficult to biochemically 
characterize a cytokine with this function. 

Roles of T Cell Cytokines in Specialized 
Adaptive Immune Responses 

The cytokines of adaptive immunity are critical for the 
development of immune responses and for the activa- 
tion of effector cells that serve to eliminate microbes 
and other antigens. In Chapter 1, we mentioned a car- 
dinal feature of adaptive immunity, that responses are 
specialized to eliminate different types of microbes. 
Much of this specialization is due to the actions of 
cytokines, which may be produced by subpopulations 
of helper T cells. Different types of microbes stimulate 
naive CD4+ T cells to differentiate into effector cells 
that produce distinct sets of cytokines and perform dis- 
tinct functions. The best defined of these subsets are 
the TIIl and TI12 cells, which have been mentioned pre- 

viously. We will describe the properties and functions 
of these subsets in Chapter 13, when we discuss the 
effector mechanisms of cell-mediated immunity. Here 
we summarize some salient features to illustrate the 
diverse roles of different cytokines. Many intracellular 
microbes (bacteria and viruses) induce the develop- 
ment of TH1 cells, which produce IFN-?/, the cytokine 
that activates phagocytes to destroy intracellular 
microbes and stimulates the production of opsoniz- 
ing antibodies that promote more phagocytosis. 
Helminthic parasites, in contrast, stimulate the devel- 
opment of TH2 cells, which produce IL-4 and IL5. 
IL-4 enhances production of helminth-specific IgE anti- 
bodies, which coat the parasites, and IL-5 activates 
eosinophils, which bind to the IgE-coated parasites and 
destroy them. Thus, cytokines are essential for the 
development and effectiveness of adaptive immune 
responses. 

Chapter 11 - Cytokines 

Cytokines That Stimulate 
Hematopoiesis 

Cytokines are necessary for normal hematopoiesis in 
the bone marrow and provide a means of fine-tuning 
bone marrow function in response to stimulation. 
Several of the cytokines generated during both innate 
and adaptive immune responses stimulate the growth 
and differentiation of bone marrow progenitor cells. 
Thus, immune and inflammatory reactions, which 
consume leukocytes, also elicit production of new 
leukocytes. 

Mature leukocytes arise from pluripotent stem cells 
by commitment to a particular lineage (differentiation) 
and progressive expansion of the progeny (Fig. 11-15). 
The differentiation and expansion of bone marrow pro- 
genitor cells are stimulated by cytokines, which are 
called colony-stimulating factors (CSFs) because they 
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Figure 11-15 Roles of cytokines In hematopoiesis. 
Different cytokines stimulate the growth and maturation of different lineages of blood cells. CFU, 

colony-forming unit; CSF, colony-stimulating factor. 
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Table 11-5. Hematopoietic Cytokines 

hanulocyte CS Macrophages, Committed progenitors Granulocytes 
G-CSF) fibroblasts, 

endothelial cells 

bbreviation: CSF, colony-stimulating factor. 

are often assayed by their ability to stimulate the for- 
mation of cell colonies in bone marrow cultures. Under 
the influence of different CSFs, these colonies acquire 
characteristics of specific cell lineages (e.g., granulo- 
cytes, mononuclear phagocytes, or lymphocytes). The 
names assigned to CSFs reflect the types of colonies 
that arise in these assays. In this section, we focus on 
cytokines that are important for the development of 
lymphocytes (Table 11-5) ; those that stimulate matura- 
tion of other hematopoietic lineages are topics for 
hematology texts. 

Stem Cell Factor (c-Kit Ligand) 

Pluripotent stem cells express a tyrosine kinase mem- 
brane receptor that is the protein product of the cellu- 
lar proto-oncogene c-kit. The cytokine that interacts 
with this receptor is called c-Kit ligand, or stem cell 
factor because it acts on immature stem cells. There- 
fore, c-Kit is also called the stem cell factor rcceptor. 
Stem cell factor is synthesized by stromal cells of the 
bone marrow as a transmembrane protein or a secreted 
protein, both produced from the same gene by alter- 
native splicing of the RNA. It is believed that stem cell 
factor is needed to make bone marrow stem cells 
responsive to other CSFs but that it does not cause 
colony formation by itself. It may also play a role in sus- 
taining the viability and proliferative capacity of imma- 
ture T cells in the thymus and of mast cells in mucosal 
tissues. The soluble form of stem cell factor is absent in 
a mutant mouse strain called steel. The steel mouse has 
defects in mast cell production but riot in most other 
lineages, suggesting that the membrane form of the 

factor is more important than the soluble form for stim. 
ulating stem cells to mature into various hematopoietic 
lineages. Elimination of both forms of stem cell factor 
by gene knockout is lethal. 

IL7 is a four-a-helical cytokine secreted by bone 
marrow stromal cells that stimulates survival and expan- 
sion of immature precursors committed to the B and 'I 
lymphocyte lineages (see Chapter 7). Thc IL7 receptor 
consists of a unique IL-7-binding a chain associated 
with the y, chain first identified as a component of the 
IL-2 receptor. Knockout mice lacking IL-7 or the IL7 
receptor a chain or its associated JAK3 kinase are lym- 
phopenic, with decreased number of T and B cells. It 
is likely that the immunodeficiencies seen in knockout 
mice lacking y, or its associated JAK3 kinase and in 
humans with mutations in these genes also result 
mainly from IL-7 signaling delects (see Chapter 20). In 
vitro, IL-7 is also a growth factor for mature T cells, 
mimicking this action of IL2. 

IC3, also known as multilineage colony-stimulating 
factor (multi-CSF), is a product of CD4" T cells that acts 
on immature marrow progenitors and promotes the 
expansion of cells that differentiate into all known 
mature cell types. IL3 is a member of the four-a-helical 
family of cytokines. In humans, the IL-3 receptor 
consists of a cytokine-binding component that is a 
member of the type I cytokine receptor family and a 

signal-transducing subunit that is shared with IL5 
and GM-CSF receptors. In the mouse, the signal- 
transducing subunit of the IL-3 receptor is unique. 
signal transduction in both species involves a JAK/STAT 
pathway. Most functional analyses of IL3 have been per- 
formed in mice. In addition to its effect on multiple cell 
lineages, IL-3 promotes the growth and development of 
mast cells from bone marrow-derived progenitors, an 
action enhanced by IL-4. However, knockout of either 
the IL-3 receptor or its signal-transducing subunit in 
mice does not cause noticeable impairment of hema- 
topoiesis. Human IL3 has been identified by the com- 
plementary DNA cloning of a molecule homologous 
to mouse IL-3, but it has been difficult to establish a 
role for this cytokine in hematopoiesis in humans. In 
fact, many actions attributed to mouse IL-3 appear to be 
performed by human GM-CSF. 

Other Hematopoietic Cytokines 

Granulocyte-monocyte colony-stimulating factor 
(GM-CSF), monocyte colony-stimulating factor (M-  
CSF), and granulocyte colony-stimulating factor (G- 
CSF) are cytokines made by activated T cells, macro- 
phages, endothelial cells, and bone marrow stromal 
cells that act on bone marrow progenitors to increase 
production of inflammatory leukocytes. GM-CSF pro- 
motes the maturation 01 bone marrow cells into den- 
dritic cells and monocytes. GCSF is generated at sites 
of infection and acts as an endocrine hormone to mobi- 
lize neutrophils from the marrow to replace those 
consumed in inflammatory reactions. Recombinant 
GM-CSF and GCSF are used to stimulate bone marrow 
recovery after cancer chemotherapy and bone marrow 
transplantation. These are some of the most successful 
clinical applications of cytokines. 

IC9 is a cytokine that supports the growth of some 
T cell lines and of bone marrow-derived mast cell pro- 
genitors. IL-9 uses the y, chain signaling subunit and a 
JAK/STAT pathway. Its physiologic role is unknown. 

I L l l  is produced by bone marrow stromal cells. It 
uses the same gp130 signaling subunit used by IL-6 and 
signals by a JAK/STAT pathway. It stimulates megakary- 
ocytopoiesis and is in clinical use to treat patients 
with platelet deficiencies resulting from cancer 
chemotherapy. 

Summary 

Cytokines are a family of proteins that mediate many 
of the responses of innate and adaptive immunity. 
The same cytokines may be produced by many cell 
types, and individual cytokines often act on diverse 
cell types. Cytokines are synthesized in response 
to inflammatory or antigenic stimuli and usually act 
locally, in an autocrine or paracrine fashion, by 
binding to high-affinity receptors on target cells. 
Certain cytokines may be produced in sufficient 
quantity to circulate and exert endocrine actions. 
For many cell types, cytokines serve as growth 
factors. 

Chapter 11 - Cytokines 

Cytokines mediate their actions by binding with high 
affinity to receptors belonging to a limited number 
of structural families. Different cytokines use spe- 
cialized signaling pathways, such as the JAK/STAT 
pathway. 

The cytokines that mediate innate immunity are pro- 
duced mainly by activated macrophages and include 
the following: TNF and IL1 are mediators of acute 
inflammatory reactions to microbes; chemokines 
recruit leukocytes to sites of inflammation; IL-12 
stimulates production of the macrophage-activating 
cytokine IFN-y; type I IFNs are antiviral cytokines; and 
1L10 is an inhibitor of macrophages. These cytokines 
function in innate immune responses to different 
classes of microbes. 

The cytokines that mediate and regulate adaptive 
immune responses are produced mainly by antigen- 
stimulated T lymphocytes, and they include the fol- 
lowing: IL-2 is the principal T cell growth factor; IL4 
stimulates IgE production and the development of 
TH2 cells from naive helper T cells; IL-5 activates 
eosinophils; IFN-y is an activator of macrophages; 
and TGF-P inhibits the proliferation of T lympho- 
cytes and the activation of leukocytes. 

The colony-stimulating factors (CSFs) consist of 
cytokines produced by bone marrow stromal cells, 
T lymphocytes, and other cells that stimulate the 
growth of bone marrow progenitors, thereby provid- 
ing a source of additional inflammatory leukocytes. 
Several of these (e.g., stem cell factor and IL-7) play 
important roles in lymphopoiesis. 

Cytokincs scrvc many functions that are critical to 
host defense against pathogens and provide links 
between innate and adaptive immunity. Cytokines 
contribute to the specialization of immune responses 
by activating different types of effector cells. Cytokines 
also regulate the magnitude and nature of immune 
responses by influencing the growth and differentia- 
tion of lymphocytes. Finally, cytokines provide im- 
portant amplification mechanisms that enable small 
numbers of lymphocytes specific for any one antigen 
to activate a variety of effector mechanisms to elimi- 
nate the antigen. 

Excessive production or actions of cytokines can lead 
to pathologic consequences. The administration of 
cytokines or their inhibitors is a potential approach 
for modifying biologic responses associated with 
immune and inflammatory diseases. 
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infections. The mechanisms of innate immunity exist 
before encounter with microbes and are rapidly acti- 
gated by microbes before the development of adaptive 
immune responses (see Chapter 1, Fig. 1-1). Innate 
immunity is also the phylogenetically oldest mecha- 
nism of defense against microbes and is present in all 
multicellular organisms, including plants and insects. 
Adaptive immunity mediated by T and B lymphocytes 
~ppeared in jawed vertebrates and is superimposed on 
innate immunity to improve host defense against 
microbes. In Chapter 1, we introduced the concept that 
the adaptive immune response enhances the anti- 
microbial functions of innate immunity and provides 
both memory of antigen encounter and specialization 
of effector mechanisms. In this chapter, we describe the 
components, specificity, and functions of thc innate 
mmune system. 

Innate immunity serves three important functions. 

H Innate immunity is the initial response to microbes 
that preuents infection of the host and, in  many 
instances, can eliminate the microbes. The im- 
portance of innate immunity in host defense is illus- 
trated by studies showing that inhibiting or 
eliminating any of several mechanisms of innate 
immunity markedly increases susceptibility to in- 
fections, even when the adaptive immune system is 
intact and functional. We will review examples of 
such studies later in this chapter and in Chapter 15 
when we discuss immunity to different types of 
microbcs. Many pathogenic microbes have evolved 
strategies to resist innate immunity, and these strate- 
gies are crucial for the virulence of the microbes. 
Adaptive immune responses, being more potent and 
specialized, are critical for eliminating microbes that 
are able to resist the defense mechanisms of innate 
immunity. 

1 The effector mechanisms of innate immunity are 
often used to eliminate microbes euen in adaptive 
immune responses. For instance, in cell-mediated 
immunity, antigen-specific T lymphocytes produce 
cytokines that activate an important effector mecha- 
nism of innate immunity, namely, phagocytes (see 
Chapter 13). In humoral immunity, B lymphocytes 
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Table 12-1. Specificity of lnnate and Adaptive Immunity 

I Innate immunity 1 Adaptive immunitv 

For structures shared by classes of 
microbes ("molecular patterns") I For structural detail of microbial 

molecules (antigens); I 

diversity 

. . 

I may recognize nonmicrobial 

1 antibody 
molecules 

Encodedbygenesproducedby 
somatic recombination of gene 
segments; greater diversity 

- - 
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produce antibodies that use two effector mecha- 
nisms of innate immunity, phagocytes and the com- 
plement system, to eliminate microbes (see Chapter 
14). 

microbial targets of innate Innate immunity to microbes stimulates adaptive described as mole immune responses and can inJuence the nature of 
the adaptive responses to make them optimally 
effective against different types of microbes. Thus, 
innate immunity not only serves defensive functions 
early after infection but also provides the "warning" 
that an infection is present against which a sub- 
sequent adaptive immune response has to be 
mounted. Moreover, different components of the 
innate immune response often react in distinct ways system, is able to distinguish self from nonself. T to different microbes (e.g., intracellular versus extra- mechanisms of innate imm cellular microbes) and thereby influence the type of nize microbes (nonself) and not mammalian adaptive immune response that develops (e.g., cell molecules. In contrast, in the adaptive immune mediated versus humoral, respectively). We will 
return to this concept at the end of the chapter. 

Some components of innate immunity are function- 
ing at all times, even before infcction; thcse compo- 
nents include barriers to microbial entry provided by 
epithelial surfaces, such as the skin and lining of the criminating between self and nonself than the adaptiv 
gastrointestinal and respiratory tracts. Other compo- immune system is. As we shall scc in Chapter 18 
nents of innate immunity are normally inactive but 
poised to respond rapidly to the presence of microbes; 
these components include phagocytes and the comple- 
ment system. The innate immune response, like the 
adaptive immune response, can be divided into recog- 
nition, activation, and effector phases. We begin our mi 
discussion of innate immunity by describing, in general v i  
terms, how the innate immune system recognizes tant because it ensur 
microbes and then proceed to the individual compo- immunity cannot be di 
nents of innate immunity and their functions in host to 
defense. 

of the antigens that 

Features of lnnate 
Immune Recognition 

The innate immune response has a unique specificity which plays a critical role in the replication of cert 
for the products of microbes that differs from the speci- viruses. Because double-stranded RNA is necessary 
ficity of the adaptive immune system in several respects the replication of some viruses, these viruses are una between antigens of different microbes of the same microbes that have breached epithelial barriers and 
(Table 12-1). to evade recognition by the innate immu class and even different antigens of one microbe, innate entered into tissues or the circulation. Each of these 

The components of innate immunity recognize failing to express this molecule. Similarly, LPS and immunity can distinguish only classes of microbes. cell types plays a distinct role in the response to 
structures that are characteristic of microbial patho- choic acid are structural components of bacterial With this general introduction to innate immunity, microbes. Some of the cells of innate immunity, notably 
gens and are not present on mammalian cells. The walls that are required for bacterial sur we proceed to a discussion of the individual compo- macrophages and NK cells, secrete cytokines that acti- 
innate immune system is unable to recognize nonmi- be discarded. nents of innate immunity and their functions in host vate phagocytes and stimulate the cellular reaction of 
crobial substances, whereas the adaptive immune innate immunity, called inflammation. Inflammation 
system is capable of recognizing a much wider array of encoded in the germline. In contrast, consists of recruitment of leukocytes and extravasation 
foreign substances whether or not they are products of cytes, the principal components of a of several plasma proteins into a site of infection and 
microbes. Different innate immune responses may be use somatic gene recombination to generate thei Components of the Innate activation of the leukocytes and proteins to eliminate 
specific for structures that are shared by particular antigen receptors (see Chapter 7). Because many the infectious agent. As we shall see later, inflammation 
classes of microbes (Table 12-2). These structures can also injure normal tissues. If microbes enter the cir- 
include nucleic acids that are unique to microbes, such The innate immune system consists of epithelial culation, they are combated by various plasma proteins. 
as double-stranded RNA found in replicating viruses or barriers and circulating cells and proteins that recog- The major circulating proteins of innate immunity are 
unmethylated CpG DNA sequences found in bacteria; nize microbes or substances produced in infections the proteins of the complement system and other 
features of proteins that are found in microbes, such as ognize about lo3 and initiate responses that eliminate the microbes plasma proteins that rccognize microbial structures, 
initiation by N-formylmethionine, which is typical of contrast, the adaptive immune syst (Table 12-3). The principal effector cells of innate such as mannose-binding lectin. In the following sec- 
bacterial proteins; and complex lipids and carbohy- ognizing 10' or more distinct an immunity are neutrophils, mononuclear phagocytes, tions, we describe the properties and functions of each 
drates that are synthesized by microbes but not by whereas the adaptive immune and NK (natural killer) cclls. Thcsc cclls attack of these components of innate immunity. 

Nonclonal: identical receptors on 
all cells of the same lineage 

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

Clonal: clones of lymphocytes 
with distinct specificities express 
different receptors 

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



1 Section IV - Effector Mechanisms of Immune Responses 

Table 12-2. Examples of Molecular Patterns of Microbes and Pattern Recognition Receptors of 

Toll-like receptor 

Bacterial proteins N-formylmethionyl Neutrophil and macrophage 
peptide receptors activation 

lasma C-reactive protein sonization, complement 

Abbreviations: dsRNA, double-stranded RNA; LPS, lipopolysaccharide. 

Epithelial Barriers Barrier epithelia and serosal cavities contain in 
traepithelial T lymphocytes and the B-1 subset o 

zntact surfaces form physical barriers B cells, respectively, and these cells may recogniz 
between microbes in  the external environment and ,d respond to commonly encountered microbes. Th 
host tissue (Fig. 12-1). The three main interfaces unique locations and specificities of these ,-lasses of lyrr 
between the environment and the host are the skin and phocytes suggest that they serve as sentinels at comma 
the mucosal surfaces of the gastrointestinal and respi- sites of microbial invasion. Intraepithelial lymphc 
ratory tracts. All three are protected by continuous 
epithelia that prevent  he entry of microbes, and loss of 
integrity of these epithelia commonly predisposes to 
infection. 

Epithelia produce peptides that have a natural 
antibiotic function. The best known of these peptides 
are defensins, cysteine-rich peptides made up of 29 to 
34 amino acids that are present in the skin of many 
species, including mammals. Defensins are also abun- 
dant in neutrophil granules and constitute about 5% of 
all the cellular proteins of human neutrophils. 
Defensins are broad-spectrum antibiotics that kill a 
wide variety of bacteria and fungi. Synthesis of defensins 
is increased in response to inflammatory cytokines such 1 

as interleukin (1L)-1 and tumor necrosis factor (TNF), 
which are produced by macrophages and other cells in 
response to microbes. 'l'he epithelium of the intestine 
secretes potent antimicrobial peptides, called crypto- 
cidins, that are capable of locally sterilizing the lumen, 
for example, within the crypts of the intestine. The 
mechanisms of action of these natural antibiotics are 
not fully known. Epithelia also secrete several cytokines 'I 

that function in innate immunity, and this property may ' 4  

assist in host defense against microbes. For example, Figure 12-1 Epithelial barriers. 
keratinocytes in the epidermis produce IL-1 and many Ewithelia at the ~ortals of entry of microbes provide physic 
other c~tokines. How epithelial cells recognize the barrikrs, produce antimicrobial subitances, and hakbor intriepith, 
presence of microbes is not understood. lial lym~hocytes that are believed to kill microbes and infected cell 

Chapter 12 - Innate lmmunity 

Table 12-3. Components of Innate Immunity 

cytes are prcscnt in the epidermis of the skin and in 
mucosal epithelia (see Chapter 2). These cells are T 
lymphocytes with antigen receptors like other T cells 
and, by this criterion, they belong to the adaptive 
immune system. However, intraepithelial T cells typi- 
cally express a limited diversity of antigen receptors that 
are formed from germline sequences without great vari- 
ation in complementarity-determining regions (see 
Chapter 7). In some species, such as mice and chick- 
ens, the majority of intraepithelial lymphocytes express 
~6 T cell receptors. Some intraepithelial T lymphocytes 
recognize glycolipid antigens of microbes, which are 
displayed bound to CD1 molecules expressed on 
certain epithelia, such as in the intestine. CDI mole- 
cules are ~2-microglobulin-associated, class I major his- 
tocompatibility complex (MHC)-like proteins, but they 
are encoded by genes located outside the MHC and are 
nonpolymorphic. Some CD1-restricted T cells belong 
to the NK-T cell subset. Thus, the unusual nature of the 
receptors and the antigens that they recognize place 
intrae~ithelial T lymphocytes into a special category of 
T cells that is akin more to effector cells of innate 
immunity than to cells of adaptive immunity. Intraepi- 

thelial lymphocytes may function in host defense by 
secreting cytokines, activating phagocytes, and killing 
infected cells. 

The peritoneal cavity contains a population of B 
lymphocytes, called B-1 cells (see Chapter 7), whose 
antigen receptors are immunoglobulin molecules that 
are produced by somatic gene recombination, as in 
other B lymphocytes, hut have limited diversity, 
much like the antigen receptors of intraepithelial T 
lymphocytes. Many B-1 cells produce IgM antibodies 
specific for polysaccharide and lipid antigens, such as 
phosphorylcholine and LPS that are shared by many 
types of bacteria. In fact, normal individuals contain cir- 
culating antibodies against such bacteria, most of which 
are present in the intestines, without any evidence 
of infection. These antibodies are called natural anti- 
bodies and are largely the product of B-1 cells. Natural 
antibodies serve as a preformed defense mechanism 
for microbes that succeed in penetrating epithelial 
barriers. 

A third population of cells present under many 
epithelia and in serosal cavities are mast cells. Mast cells 
respond to microbes and various mediators by secrct- 
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ing substances that stimulate inflammation. We will 
return to a discussion of mast cells in Chapter 19. 

Phagocytes: Neutrophils and Macrophages 

Phagocytes, including neutrophils and macrophages, 
are cells whose primary function is to identifj, ingest, 
and destroy microbes. Neutrophils, also called poly- 
morphonuclear leukocytes, are the most abundant pop- 
ulation of circulating white blood cells and mediate the 
earliest phases of inflammatory responses. Neutrophils 
circulate as spherical cells about 12 to 15 pm in dia- 
meter with numerous membranous projections. The 
nucleus of a neutrophil is segmented into three to five 
connected lobules, hence the term polymorphonuclear 
leukocytes. The cytoplasm contains granules of two 
types. The majority, called specific granules, are filled 
with enzymes such as lysozyme, collagenase, and elas- 
tase. These granules do not stain strongly with either 
basic or acidic dyes (hematoxylin and eosin, respec- 
tively), which distinguishes neutrophil granules from 
those of basophils and eosinophils, respectively. The 
remainder of the granules of neutrophils, called 
azurophilic granules, are lysosomes containing enzymes 
and other microbicidal substances. Neutrophils are pro- 
duced in the bone marrow and arise from a common 
lineage with mononuclear phagocytes. Production 
of neutrophils is stimulated by granulocyte colony- 
stimulating factor. An adult human produces more 
than I x 10" neutrophils per day, each of which circu- 
lates in the blood for only about 6 hours. Neutrophils 
may migrate to sites of infection within a few hours after 
the entry of microbes. If a circulating neutrophil is not 
recruited into a site of inflammation within this period, 
it undergoes programmed cell death and is usually 
phagocytosed by resident macrophages in the liver or 
spleen. 

Macrophages and their circulating precursors, called 
monocytes, play central roles in innate and adaptive 
immunity and are important effector cells for the 
elimination of microbes. Macrophage-like cells are 
phylogenetically the oldest mediators of innate im- 
munity. Drosophila responds to infection by surrounding 
microbes with "hemocytes," which are similar to macro- 
phages, and these cells phagocytose the microbes and 
wall off the infection by inducing coagulation of the 
surrounding hernolymph. Similar phagocyte-like cells 
have been identified even in plants. The morphologic 
features of mononuclear phagocytes were described in 
Chapter 2. Blood monocytes develop in the bone 
marrow and may remain in the circulation for extended 
periods. After entering into tissue, monocytes differen- 
tiate into tissue macrophages. Macrophages are resi- 
dent in subepithelial connective tissue, in the interstitia 
of parenchymal organs, in the lining of the vascular 
sinusoids in the liver and spleen, and in the lymphatic 
sinuses of lymph nodes. Thus, these phagocytic cells are 
strategically placed at all the sites where microbes may 
gain entry into the host. Macrophages typically respond 
to microbes nearly as rapidly as neutrophils do but 
persist much longer at sites of inflammation. There- 
fore, macrophages are the dominant effector cells of 
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by chemokines adhesion endothelium 

the later stages of the innate immune response, 1 or 2 
days after infection. Macrophages are longer lived than 
neutrophils, and unlike neutrophils, macrophages are 
not terminally differentiated and can undergo cell divi- 
sion at an inflammatory site. 

The functional responses of phagocytes in host 
defense consist of sequential steps-active recruitment 
of the cells to the sites of infection, recognition of 
microbes, phagocylosis, and destruction of ingested 
microbes. In addition, macrophages produce cytokines 
that serve many important roles in innate and adaptive 
immune responses. Next we describe each of the steps 
in phagocyte-mediated eradication of microbes. 

Recruitment of Leukocytes to Sites of infection 

Neutrophils and monocytes are recruited from the 
blood to sites of infection by binding to adhesion mol- 
ecules on endothelial cells and by chemoattractants 
produced in response to the infection. These leukocytes 
normally circulate in the blood and do not migrate into 
tissues. Their recruitment to sites of infection is a multi- 
step process involving attachment to endothelial cells 
and migration through the endothelium (Fig. 12-2). 
Resident tissue macrophages that recognize microbes 
secrete the cytokines TNF, IL1, and chemokines. TNF 
and IG1 act on the endothelial cells of postcapillary 
venules adjacent to the infection and induce the expres- 
sion of several adhesion molecules. Within 1 to 2 hours, 
the endothelial cells begin to express E-selectin (see 
Chapter 6, Box 6-3). Leukocytes express at the tips of 
their microvilli carbohydrate ligands for the selectins, 
which bind to the endothelial selectins. These are low- 
affinity interactions (& -100 pm) with a fast off-rate, 
and they are easily disrupted by the force of the flowing 
blood. As a result, the leukocytes detach and bind again 
and thus begin to roll along the endothclial surface. 
TNF and IL1 also induce endothelial expression of 
ligands for integrins, mainly vascular cell adhesion 
molecule-1 (VCAM-1, the ligand for the VLA-4 integrin) 
and intercellular adhesion molecule-1 (ICAM-I, the 
ligand for the LFA-1 and Mac-1 integrins) (see Chapter 
6, Box 6-2). Leukocytes express these integrins in a low- 
affinity state. Meanwhile, chemokines that were pro- 
duced at the infection site enter the blood vessel, bind 
to endothelial cell heparan sulfate glycosaminoglycans, 
and are displayed at high concentrations. These 
chemokines act on the rolling leukocytes and activate 
the leukocytes. One of the consequences of activation is 
the conversion of VLA-4 and LFA-1 integrins on the 
leukocytes to a high-affinity state (see Chapter 6, Fig. 
6-1 1). The combination of induced expression of inte- 
grin ligands on the endothelium and activation of inte- 
grins on the leukocytes results in firm integrin-mediated 
binding of the leukocytes to the endothelium at the site 
of infection. The leukocytes stop rolling, their cytoskele- 
ton is reorganized, and they spread out on the endothe- 
lial surface. Chemokines then act on the adherent 
leukocytes and stimulate the cells to migrate through 
interendothelial spaces toward the chemical concentra- 
tion gradient (i.e., toward the infection site). The net 
result of this process is that leukocytes, first neutrophils 

lntegrin (high- 
affinity state) 
/ 

Figure 12-2 Recrultrnent of leukocytes. 
At sites of infection, macrophages that have encountered microbes produce cytokines (such as TNF 

and IL-1) that activate the endothelial cells of nearby venules to produce selectins, ligands for inte- 
grins, and chemokines. Selectins mediate weak tethering and rolling of blood leukocytes, such as neu- 
trophils, on the endothelium; integrins mediate firm adhesion of neutrophils; and chemokines increase 
the affinity of neutrophil integrins and stimulate the migration of the cells through the endothelium 
to the site of infection. Blood neutrophils, monocytes, and activated T lymphocytes use essentially the 
same mechanisms to migrate to sites of infection. 

and then monocytes, rapidly accumulate around the 
infectious microbes. This reaction is the central compo- 
nent of inflammation. It is typically elicited by microbes, 
but it may be seen in response to a variety of noninfec- 
tious stimuli as well. 

In the tissues, the neutrophils and monocytes (now 
called macrophages) recognize microbes and function 
to eradicate the infection. 

Recognition of Microbes by Neutrophils 
and Macrophages 

Neutmphils and macrophages express surface recep- 
tors that recognize microbes i n  the blood and tissues 
and stimulate the phagocytosis and killing of the 
microbes. The microbicidal mechanisms of phagocytes 
are largely confined to intracellular vesicles (lysosomes 
and phagolysosomes) to protect the cells themselves 
from injury. Therefore, ingestion of microbes into these 
vesicles is a necessary prelude to microbial killing, and 
the first step in ingestion is recognition of the microbes 
by various cell surface receptors. Neutrophils and 
macrophages also express some receptors that activate 
the cells to produce cytokines and microbicidal sub- 
stances and receptors that stimulate the migration of 
the cells to sites of infection. 

There are several classes of phagocyte receptors 
that bind microbes and mediate their internalization 
(Fig. 12-3). 

R Mannose receptors and scavenger receptors function 
to bind and ingest microbes. The mannose receptor 
is a macrophage lectin that binds terminal mannose 
and fucose residues of glycoproteins and glycolipids. 
These sugars are typically part of molecules found on 
microbial cell walls, whereas mammalian glycopro- 
teins and glycolipids contain terminal sialic acid or 
N-acetylgalactosamine. Therefore, the macrophage 
mannose receptor recognizes microbes and not host 
cells. Scavenger receptors were originally defined as 
molecules that bind and mediate endocytosis of oxi- 
dized or acetylated low-density lipoprotein (LDL) 
particles that can no longer interact with the con- 
ventional LDL receptor. Macrophage scavenger 
receptors bind a variety of microbes as well as mod- 
ified LDL particles. Macrophage integrins, notably 
Mac-1 (CDllbCD18), may also bind microbes for 
phagocytosis. 

R Receptors for opsonins promote phagocytosis 
of microbes coated with various proteins. The 
process of coating a microbe to target it for phago- 
cytosis is called opsonization, and substanccs that 
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Figure 12-3 Receptors and responses of phagocytes. 
Neutrophils and macrophages use diverse membrane receptors to recognize microbes, microbial 

products, and substances produced by the host in infections. These receptors activate cellular 
responses that function to stimulate inflammation and eradicate microbes. Note that only selected 
examples of receptors of different classes are shown. LPS, lipopolysaccharide. 

coat the microbes are opsonins. These substances 
include antibodies, complement proteins, and 
lectins. One of the most effi~ienl syslerns for opsoniz- 
ing particles is coating the particles with IgG anti- 
bodies, which are termed specific opsonins and are 
recognized by the high-affinity Fcy receptor of 
phagocytes, called FcyRI (see Chapter 14). Compo- 
nents of the complement system, especially frag- 
ments of the complement protein C3, are also potent 
opsonins because phagocytes express a receptor, 
called the type 1 complement receptor (CRl), that 
recognizes a breakdown product of C3 (see Chapter 
14). These complement fragments are produced 
when complement is activated by either the classical 
(antibody-dependent) or the alternative (antibody- 
independent) pathway. Many bacteria can activate 
the alternative pathway and produce complement 
proteins that efficiently opsonize the bacteria in the 
absence of antibody molecules. A number of plasma 
proteins, including mannose-binding lectin, 
fibronectin, fibrinogen, and C-reactive protein, can 
coat microbes and are recognized by receptors on 
phagocytes. For example, a macrophage cell surface 
receptor called the Clq receptor binds microbes 
opsonized with plasma mannose-binding lectin, and 
integrins bind fibrinogen-coated particles. Both Fc 
receptors and C3b receptors also deliver signals that 
activate the phagocytes. 

Other phagocyte receptors function to activate the 
phagocytes but do not participate directly in ingestion 
01 microbes (see Fig. 12-3). 

Toll-lie receptors (TLRs) are homologous to a 
Drosophila protein called Toll and function to activate 
phagocytes in response to different types and com- 
ponents of microbes. To date, 10 mammalian TLRs 
have been identified, and each appears to be 
required for responses to a different class of infec- 
tious pathogen (Box 12-1). Different TLRs play 
essential roles in cellular responses to LPS, other 
bacterial proteoglycans, and unmethylated CpG 
nucleotides, all of which are found only in bacteria. 
These receptors function by receptor-associated 
kinases to stimulate the production of microbicidal 
substances and cytokines in the phagocytes (see Box 
12-1). TLRs may associate with other molecules that 
participate in the direct recognition of microbial 
products. The host response to LPS illustrates many 
of the functional consequences of recognition of a 
microbial product by a TLR and associated proteins 
(BOX 12-2). 

I Different seven-transmembrane &helical receptors, 
also called G protein-coupled receptors, are 
expressed on leukocytes, recognize microbes and 
some mediators that are produced in response to 
infections, and function mainly to stimulate migra- 

tion of the leukocytes to sites of infection. These 
receptors are found on neutrophils, macrophages, 
and most other types of leukocytes, and they are spe- 
cific for diverse ligands. Receptors of this class rec- 
ognize short peptides containing N-formylmethionyl 
residues. Because all bacterial proteins and few mam- 
malian proteins (only those synthesized within mito- 
chondria) are initiated by N-formylmethionine, this 
receptor allows neutrophils to detect and respond to 

Toll-like Receptors 

The Toll-lik, . ,,,,,., (TLRs) are a f~ ...., ,, ... ,..I,. ane 
proteins that serve as pattern recognition receptors for a 

I variety of microbederived molecules and stimulate innate 
immune responses to the microbes expressing these mol- 
ecules. The first protein to be identified in this family was 
the Drosophila Toll protein, which is involved in establish- 
ing the dorsal-ventral axis during embryogenesis of the fly 
as well as mediating antimicrobial responses. Ten different 
mammalian TLRs have so far been identified on the basis 
of sequence homology to Drosophila Toll, and they are 
named TLR 1 to 10, but more members of the family may 
exist. All these receptors contain leucine-rich repeats 
flanked by characteristic cysteine-rich motifs in their extra- 
cellular regions and a Toll/ILl receptor (TIR) homology 
domain in their cytoplasmic region, which is essential for 
signaling. TIR domains are also found in the cytoplasmic 
tails of the I L l  and IL18 receptors, and similar signaling 
pathways are engaged by TLRs, ILI,  and IL18. The TLRs 
are expressed on many different cell types that are impor- 
ant components of the innate immune system, including 

Lnacrophages, dendritic cells, neutrophils, mucosal epithe- 
I lial cells, and endothelial cells. 

Mammalian TLRs are involved in responses to widely 
divergent types of molecules that are commonly expressed 
by microbial but not mammalian cells (see Figure). The 
innate immune response to one species of microbe may 
reflect an integration of the responses of several TLRs to 
different molecules produced by the microbe. Some of the 
microbial products that stimulate TLRs include gram- 
negative bacterial lipopolysaccharide (LPS) , gram-positive 
bacterial peptidoglycan, bacterial lipoproteins, lipotei- 
choic acid, lipoarabinomannan, zymosan, the bacterial 
flagellar protein flagellin, heat shock protein 60, respira- 
tory syncytial virus fusion protein, unmethylated CpG 
motifs, and double-stranded RNA. In many cases, a single 
TLR is responsible for stimulating inflammatory responses 
to a particular microbial ligand, such as TLR9-mediated 
responses to CpG. However, the repertoire of specificities 
of the TLR system is apparently extended by the ability of 

I TLRs to heterodimerize with one another. For example, 
dimers of TLR2 and TLR6 are required for responses to 
peptidoglycan. In some cases, one of the TLRs of a het- 
erodimer may confer ligand-binding specificity, and the 
other TLR may be required for signaling. Specificities of 
the TLRs are also influenced by various non-TLR adapter 
molecules. This is most thoroughly understood for TLR4 
and its ligand LPS. LPS first binds to soluble LPSbinding 
protein (LBP) in the blood or extracellular fluid, and this 
complex serves to facilitate LPS binding to CD14, which 
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bacterial proteins. Neutrophils and, at lower levels, 
macrophages also express seven-transmembrane a- 
helical receptors for certain CXC chemokines, espe- 
cially IL-8 (see Chapter 11); for proteolytic products 
of complement proteins, such as C5a (see Chapter 
14); and for a variety of lipid mediators of inflam- 
mation, including platelet-activating factor, prosta- 
glandin E, and leukotriene Bq. Binding of ligands, 
such as microbial products and chemokines, to the 

I BOX 12-1 - 
exists as both a soluble plasma protein and a glycopnos 
phatidylinositol-linked membrane protein on most cells 
except endothelium. Once LPS binds to CD14, LBP dis- 
sociates, and the LPSCD14 complex physically associates 
with TLR4. An additional extracellular accessory protein 
called MD2 also binds to the complex with CD14. LPS, 
CD14, and MD2 are all required for efficient LPSindurpd 
signaling, but it is not yet clear if direct physical inte~ 
tion of LPS with TLR4 is necessary. Different combinations 
of accessory molecules in TLR complexes may serve to 
broaden the range of microbial products that can induce 
innate immune responses. For example, both CD14 and 
MD2 are associated with complexes of other TLRs (e.g., 
TLR2), and TLR4 may form complexes with other acces 
sory molecules, such as MDI and RP105, in certain cell 
types, such as B lymphocytes. 

The predominant signaling pathway used by TLRs 
results in the activation of NFKB (see Figure). In this 
pathway, ligand binding to the TLR at the cell surface leads 
to recruitment of several cytoplasmic signaling molecules 
through specific domaindomain interactions. The first 
protein to be recruited is the cytoplasmic adapter protein 
MyD88, which contains a TIR domain that probably binds 
to the TIR domain of the TLR. MyD88 also contains a 
death domain, homologous to those found in TNF recep- 
tor family signaling molecules (see Chapter 11, Box 11-1). 
A second protein to be recruited into the signaling 
complex is called IL1 receptor-associated kinase (IRAK). 
IRAK contains a death domain that mediates interactions 
with the death domain of MyD88 and a serine/threonine 
protein kinase domain. On recruitment, IRAK undergoes 
autophosphorylation, dissociates fi-om MyD88, and acti- 
vates TNF-R-associated factor-6 (TRAF-6). TRAF-6 then 
activates the IKB kinase cascade, leading to NF-KB activa- 
tion. This same pathway is involved in ILl- and I L  
18-induced activation of NF-KB. In some cell types, certain 
TLRs also engage other signaling pathways, such as the 
MAP kinase cascade, leading to activation of the AP-1 tran- 
scription factor. The relative importance of these addi- 
tional pathways of TLR signaling and the way the "choice" 
of pathways is made are not well understood. 

The genes that are expressed in response to TLR 
signaling encode proteins important in many different 
components of innate immune responses. These include 
inflammatory cytokines (TNF-a, IL1, and IL12), endothe- 
lial adhesion molecules (Eselectin) , and proteins involved 
in microbial killing mechanisms (inducible nitric oxide 
synthase). The particular genes ex] ' will depend on 
the responding cell 

I 
Continued on following page 
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seven-transmembrane a-helical receptors induces 
migration of the cells from the blood through the 
endothelium and production of microbicidal sub- 
stances by activation of the respiratory burst. The 
receptors initiate intracellular responses through 
associated trimeric guanosine triphosphate (GTP)- 
binding (G) proteins. In a resting cell, the receptor- 
associated G proteins form a stable inactive complex 
containing guanosine diphosphate (GDP) bound 
to Ga subunits. Occupancy of the receptor by 
ligand results in an exchange of GTP for GDP. 
The GTP-bound form of the G protein activates 
numerous cellular enzymes, including an isoform of 
phosphatidylinositol-specific phospholipase C that 
functions to increase intracellular calcium and acti- 
vate protein kinase C. The G proteins also stimulate 
cytoskeletal changes, resulting in increased cell 
motility. 

membrane cup extends beyond the diameter of 
the particle, the top of the cup closes over, or "zips up," 
and pinches off the interior of the cup to form an 
"inside-out" intracellular vesicle. This vesicle, called a 
phagosome, contains the ingested foreign particle and 
breaks away from the plasma membrane. Cell surface 
receptors of phagocytes (discussed earlier) attach the 
particle to the phagocyte membrane and deliver 
activating signals that are involved in ingesting the 
particle and turning on the microbicidal activities 
of phagocytes. Phagocytosed microbes are destroyed, 
as described next; at the same time, peptides are 
generated from microbial proteins and presented to 
T lymphocytes to initiate adaptive immune responses 
(see Chapter 5). 

I BOX 12-1 
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* 74: .. Killing of Phagocytosed Microbes 

Activated neutrophils and macrophages kill phagocy- 
tosed microbes by producing microbicidal molecules 
i n  phagolysosomes (see Fig. 12-4). Several receptors 
that recognize microbes, including TLRs, G protein- 
coupled receptors, Fc and C3 receptors, and receptors 
for cytokines, mainly IFN-y, function cooperatively to 
activate phagocytes to kill ingested microbes. Fusion of 
phagocytic vacuoles (phagosomes) with lysosomes 
results in the formation of phagolysosomes, where 
the microbicidal mechanisms are concentrated. Acti- 
vated macrophages and neutrophils convert molecular 
oxygen into reactive oxygen intermediates (ROIs), 
which are highly reactive oxidizing agents that destroy 
microbes (and other cells). The primary free radical- 
generating system is the phagocyte oxidase system. 
Phagocyte oxidase is a multisubunit enzyme that is 
assembled in activated phagocytes mainly in the 
phagolysosomal membrane. Phagocyte oxidase is 

Phagocytes express receptors for cytokines that are 
produced in reactions to microbes. One of the most 
important of these cytokines is interferon-y (IFN-)I), 
which is secreted by NK cells during innate immune 
responses and by antigen-activated T lymphocytes 
during adaptive immune responses. IFN-y is the 
major macrophage-activating cytokine. 

Phagocytosis of Microbes 

Neutrophils and macrophages ingest bound microbes 
into vesicles, where the microbes are destroyed (Fig. 
12-4). Phagocytosis is a cytoskeleton-dependent pro- 
cess of engulfment of large particles (>0.5 pm in diam- 
eter). A phagocyte uses various surlace receptors to 
bind a microbe and extends a cup-shaped membrane 
projection around the microbe. When the protruding 
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Bacterial lipopolysaccharide (LPS or endotoxin) is a 
product of gram-negative bacteria, and a potent stimulator 
of innate immune responses that enhance killing of the 
bacteria, but it may also cause significant pathologic 
changes in the host. LPS is a mixture of fragments of the 
outer cell walls of gram-negative bacteria and contains 
both lipid components and polysaccharide moieties. The 
polysaccharide groups can be highly variable and are the 
major antigens of gram-negative bacteria recognized by 
the adaptive immune system. The lipid moiety, by contrast, 
is highly conserved and is an example of a molecular 
pattern recognized by the innate immune system. 

LPS induces local and systemic inflammation, and 
many of the features of tissue injury observed in infection 
by gram-negative bacteria can be mimicked by administra- 
tion of LPS. LPS is a potent activator of macrophages, and 
the cellular response involves the LBP/CD14/mammalian 
Toll-like receptor 4 system, as described in Box 12-1. 
Macrophages, which synthesize and express CD14, can 

respond to minute quantities of LPS, as little as 10 pg/mL, 
and cells that lack CD14 are generally unresponsive to LPS. 
However, some CD14 is shed and circulates as a plasma 
protein. Addition of soluble CD14 to cells that are nor- 
mally unresponsive to LPS, such as vascular endothelial 
cells, allows such cells to respond to LPS, but usually at 
100- to 1000-fold higher concentrations than CD14' 
macrophages. The genes in macrophages that are induced 
by LPS encode cytokines and enzymes of the respiratory 
burst. The functions of these proteins in innate immunity 
are described in the text. 

The systemic changes observed in patients who have 
disseminated bacterial infections, sometimes called the sys- 
temic inflammatory response syndrome (SIRS), are reac- 
tions to cytokines whose production is stimulated by LPS. 
In mildly affected patients, the response consists of neu- 
trophilia, fever, and a rise in acute-phase reactants in the 
plasma. Neutrophilia is a response of the bone marrow 
to circulating cytokines, especially G-CSF, resulting in 

ifferent ;;umbers and arrangements of the extracellula;le;cine-rich and cysteine-rich motifs. TIR:' 

B. Different TLRs are involved in responses to different microbial products. Some of the specifici- 
es listed may require heterodimerization with other TLRs (e.g., TLR2 with TLR6). 

C. The signaling pathway triggered by TLRs that results in the generation of the NF-KB transcrip- 
on factor is shown. lntracellular adapter proteins other than MyD88 may also be involved in some 

TLR signaling pathways., In addition to NF-KB activation, TLRs are also linked to AP-1 activation. 

Continued on following page 
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BOX 12-2 

Physiologic and Pathologic Responses to Bacterial Lipopolysaccharide ( ( h r r t o r  reed) 

: >  

increased k.,,,,,., ,,, .,,,,, ,, IILUUwrllllD Lw oxide by cytokine-activated cardiac myocytes and vascular 
tho$e co&umed duri'ng idammation. An elevated circu- smooth muscle cells leads to heart failure and loss of per- 
lating neutrophjl count,' especially one accompanied fusion pressure, respectively, resulting in hemodynamic 
by -the presence of immature neutrophils prematurely shock. The clinical triad of DIC, hypoglycemia, and car- 
released from the bone marrow, is a clinical sign of infec- diovascular failure is described as septic shock. This con- 
tion. Fever is produced in response to substances called dition is often fatal. 
pyrogeps that act to elevate prostaglandin synthesis in the TNF produced by LPS-activated macrophages is a major 
vascular and perivascular cells of the hypothalamus. Bac- mediator of LPS-induced injury. This is known because 
tend products such.as LPS (called exogenous pyrogens) many of the effects of LPS can be mimicked by TNF and 
stimulate leukocytes to release cytokines such as ILI  because anti-TNF antibodies or soluble TNF receptors can 
and TNF (called endogenous pyrogens) that increase the attenuate or completely block responses to LPS. IL12 and 
enzymes, especially cyclooxygenase-2, that convert arachi- IFN-y also contribute to LPS-induced injury because IL12 
donic acid into ptostaglandins. Nonsteroidal anti- stimulates IFN-y production by NK cells and T cells, 
inflammatory drugs, including aspirin, reduce fever and 1FN-y increases TNF secretion by LPSactivated 
by inhibitirig cyclooxygenase-2 and thus blocking pro- macrophages and synergizes with TNF in effects on 
staglandin synthesis. An elevated body temperature has endothelium. Because septic shock is the result of cytokine 

- been shown to help amphibians ward off microbial infec- overproduction, many clinical trials have been introduced 
tions, and it is assumed that fever does the same for to neutralize cytokines, such as TNF and IL1, with anti- 
mammals, although the mechanism is unknown. One bodies, soluble receptors, or natural antagonists. The 
hypothesis is that fever may induce heat shock proteins results of these trials have been disappointing, probably 
th&t--are recognized by some intraepithelial lymphocytes, because of cytokine redundancy (i.e., the fact that many 
promoting ,inflammation, Acute-phase reactants are cytokines contribute to the systemic response in fulminant 
plasma proteins, mostly synthesized in the liver, whose sepsis). It remains to be seen whether "cocktails" of multi- 
plasm~concentrations increase as part of the response to ple cytokine antagonists will be more effective. 

, LPS.-Three of the best known examples of these proteins The mechanisms by which LPS induces tissue injury 
are Greactive 'protein, fibrinogen, and serum amyloid A were extensively studied in the rabbit initially by Robert 
protkin. Synthesis of these molecules by liver hepatocytes Shwartzman, who had observed that when a rabbit is given 
is upregulated by cytokines, especially IL6 (for Greactive a low-dose (subinjurious) intravenous injection of LPS, it 
protein and fibrinogen) and I L l  or TNF (for serum will succumb to a second low-dose injection of LPS admin- 
am$oid A protein). During the SIRS, serum amyloid istered intravenously 24 hours later. The dead animal 
A protein replaces Tapolipoprotein A, a component of shows evidence of multiorgan injury and widespread 
high-density lipoprotein particles. This may alter the intravascular thrombus formation, a condition that mimics 
fargeting of high-density lipoproteins from liver cells to clinical DIC. Thrombosis results from a simultaneous ini- 
h~crophages, which c&use these particles as a source of tiation of coagulation by LPS-induced tissue factor (TF) 
energy-producing lipids. The rise in fibrinogen causes ery- expression and from a down-regulation of natural antico- 
thro-gtes to form stacks [rouleaux) that sediment more agulation mechanisms, including a decrease in expression 
rapidly at unjt gravity than do individual erythrocytes. This of tissue factor pathway inhibitor (TFPI) and endothelial 
is the basis for measuring erythrocyte sedimentation rate cell thrombomodulin. A localized form of LPS-mediated 
a i  a @pie testforathe systemic inflammatory response due tissue injury may be induced by injecting a small dose of %.SL5:>r$ - 19, 

to any number of stimuli including LPS. 9, .,,.,-: a LPS into a skin site on a rabbit, followed 24 hours later by 
W e n  a severe bacterial infection leads to the presen?eq; a second low dose of LPS administered intravenously. This 

of organisms and LPS in the blood, a condition called,,; causes hemorrhagic necrosis of the skin at the site of the 
sepsis, circulating cytokine levels increase and the form of first injection. On histologic examination, the tissue shows 
the host response changes. High levels of cytokines pro- intravascular thrombosis as well as neutrophil influx, 
duced in response to U S  can result in disseminated endothelial damage, and hemorrhage. In the local 
intqtvascular coagulation (DIC), caused by mechanisms Shwartzman model of skin injury in the mouse, TNF can 
described below. Multiple organs show inflammation replace the second dose of LPS, and TNF antagonists 
and intravascular thrombosis, which can produce organ prevent tissue injury, further supporting the central role 
failure. Tissue injury in response to LPS can also result of this cytokine in responses to LPS. Interestingly, the first 
from the activation of neutrophils before they exit the vas- description of TNF (and the origin of its name) was as an 
culature, thus causing damage to endothelial cells and LPS-induced serum factor that mediated hemorrhagic 
reduced blood flow. The lungs and liver are particularly necrosis of experimental tumor implants. TNF-mediated 
susceptible to injury by neutrophils. Lung damage in the necrosis of tumors histopathologically resembles the local 
SIRS is commonly called the adult respiratory distress Shwartzman reaction. The current interpretation of these 
syndrome (ARDS) and results when neutrophil-mediated data is that tumors release a factor or factors that act on 
endothelial injury allows fluid to escape from the blood local endothelium to produce the same changes as the first 
into the airspace. Liver injury and impaired liver function injection of LPS does in the localized Shwartzman reac- 
rqsult in a failure to maintain normal blood glucose levels tion. Intravenous administration of TNF then re~laces the 
dtie to a lack of-ghconeogenesis from stored glycogen. second intravenous injection of LPS, invoking Shwartz- 
The kidney and the, bowel are also injured, largely as a man reaction with vascular thrombosis in the tumor and 

Figure 12-4 Phagocytosis and intracellular 
destruction of microbes. 

Microbes may be ingested by different mem- 
brane receptors of phagocytes; some directly bind 
microbes, and others bind opsonized microbes. (Note 
that the Mac-1 integrin binds microbes opsonized 
with complement proteins, not shown.) The microbes 
are internalized into phagosomes, which fuse with 
lysosomes to form phagolysosomes, where the 
microbes are killed by reactive oxygen and nitrogen 
intermediates. iNOS, inducible nitric oxide synthase; 
NO, nitric oxide; ROls, reactive oxygen intermediates. 
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induced and activated by many stimuli, including IFN- 
Y and signals from TLRs. The function of this enzyme 
is to reduce molecular oxygen into ROIs such as super- 
oxide radicals, with the reduced form of nicotinamide 
adenine dinucleotide phosphate (NADPH) acting as 
a cofactor. Superoxide is enzymatically dismutated 
into hydrogen peroxide, which is used by the enzyme 
myeloperoxidase to convert normally unreactive halide 
ions into reactive hypohalous acids that are toxic 
for bacteria. The process by which ROIs are produced 
is called the respiratory burst. A disease called chronic 

granulomatous disease is caused by an inherited 
deficiency of one of the components of phagocyte 
oxidase; this deficiency compromises the capacity 
of neutrophils to kill gram-positive bacteria (see 
Chapter 20). 

In addition to ROIs, macrophages produce reactive 
nitrogen intermediates, mainly nitric oxide, by the 
action of an enzyme called inducible nitric oxide syn- 
thase (iNOS). iNOS is a cytosolic enzyme that is absent 
in resting macrophages but can be induced in response 
to LPS and other microbial products that activate TLRs, 
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these products enter the extracellular environment, 
they are capable of causing tissue injury. 

Other Effector Functions of Activated Macrophages 

In addition to killing phagocytosed microbes, macro- 
phages serve many other functions in defense against 
infections (Fig. 12-5). Many of these functions are 
mediated by cytokines that were described in Chapter 
11 as the cytokines of innate immunity. We have already 
referred to the role of TNF, I L l ,  and chemokines 
in inducing inflammatory reactions to microbes. In 
addition to these cytokines, macrophages produce 
IL12, which stimulates NK cells and T cells to produce 
IFN-y. High concentrations of LPS induce a systemic 
disease characterized by disseminated coagulation, 
vascular collapse, and metabolic abnormalities, all of 
which are pathologic effects of high levels of cytokines 
secreted by activated macrophages (see Box 12-2). Acti- 
vated macrophages also produce growth factors for 
fibroblasts and endothelial cells that participate in 
the remodeling of tissues after infections and injury. 
The effector functions of macrophages, and their role 
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in host defense, are described in more detail in 
Chapter 13. 

especially in combination with IFN-y. iNOS catalyzes 
the conversion of arginine to citrulline, and freely 
diffusible nitric oxide gas is released. Within phagolyso- 
somes, nitric oxide may combine with hydrogen per- 
oxide or superoxide, generated by phagocyte oxidase, 
to produce highly reactive peroxynitrite radicals that 
can kill microbes. The cooperative and redundant func- 
tion of ROIs and nitric oxide is demonstrated by the 
finding that knockout mice lacking both iNOS and 
phagocyte oxidase are more susceptible to bacterial 
infections than single phagocyte oxidase or iNOS 
knockout animals are. 

Activated neutrophils and macrophages also pro- 
duce several proteolytic enzymes in the phagolyso- 
somes, which function to destroy microbes. One of the 
important enzymes in neutrophils is elastase, a broad- 
spectrum serine protease known to be required for 
killing many types of bacteria. 

When neutrophils and macrophages are strongly 
activated, they can injure normal host tissues by 
release of ROZs, nitric oxide, and lysosomal enzymes. 
The microbicidal products of these cells do not distin- 
guish between self tissues and microbes. As a result, if 

and inhibitory receptors (Fig. 12-7). There are several 
families of these receptors, which are described in 
detail in Box 12-3. The receptors are composed of 
ligand-binding chains and signaling chains. The ligands 
for the activating receptors are not well defined but may 
include molecules that are commonly expressed on the 
surfaces of most cells and some microbial products. The 
inhibitory receptors of NK cells bind to self class I MHC 
molecules, which are expressed on most normal cells. 
When both activating and inhibitory receptors are 
engaged, the influence of the inhibitory receptors is 
dominant, and the NK cell is not activated. This mech- 
anism prevents killing of normal host cells. Infection of 
the host cells, especially by some viruses, often leads to 
an inhibition of class I MHC expression, and therefore 
the ligands for the inhibitory NK cell receptors are 
lost. As a result, the NK cells are released from their 
normal state of inhibition, and the infected cells are 
killed. 

A common feature of NK cell-activating receptors is 
the presence of signaling molecules with immunore- 
ceptor tyrosine-based activation motifs (ITAMs) in their 
cytoplasmic tails, as is the case for the signaling com- 
ponents of antigen receptors of T and B lymphocytes 
(see Chapters 8 and 9). Not surprisingly, the signaling 
pathways engaged by the NK cell-activating receptors 
involve recruitment and activation of tyrosine kinases 
and adapter proteins and activation of gene transcrip- 
tion and cytoskeletal reorganization, similar to the 
events that occur in T and B lymphocytes on antigen 
recognition. A common feature of the inhibitory recep- 
tors of NK cells are signaling chains with immunore- 
ceptor tyrosine-based inhibitory motifs (ITIMs) in their 
cytoplasmic tails. On ligand binding to the receptors, 
these ITIMs become phosphorylated on tyrosine res- 
idues and bind tyrosine phosphatases, such as SHP-1, 
which in turn dephosphorylate signaling intermediates 
of the activation pathways. 

NK cells also recognize antibody-coated targets by 
FcyRIIIa (CD16), a low-affinity receptor for the Fc por- 
tions of IgGl and IgG3 antibodies. As a result of 
this recognition, NK cells kill target cells that have 
been coated with antibody molecules. This process, 
called antibody-dependent cell-mediated cytotoxicity, 
will be described in more detail in Chapter 14 when 
we consider the effector mechanisms of humoral 
immunity. 

The expansion and activities of NK cells are also 
stimulated by cytokines, mainly IL-15 and ZL-12. IL- 
15, which is produced by macrophages and many other 
cell types, is a growth factor for NK cells, and knockout 
mice lacking IL-15 or its receptors show a profound 
deficiency in the number of NK cells. The macrophage- 
derived cytokine IL-12 is a powerful inducer of NK 
cell LEN-y production and cytolytic activity. IL18 may 
augment these actions of IL-12. Recall that IL12 and 
IL-18 also stimulate IFN-y production by T cells and 
are thus central participants in IFN-y production 
and the subsequent IFN-y-mediated activation of 
macrophages in both innate and adaptive immunity. 
The type I IFNs, IFN-a and IFN-P, also activate the 
cytolytic potential of NK cells, perhaps by increasing 

NK Cells 

NK (natural killer) cells are a subset of lymphocytes 
that kill infected cells and cells that have lost expres- 
sion of class Z MHC molecules, and they secrete 
cytokines, mainly ZFN-y (Fig. 12-6). The principal 
physiologic role of NK cells is in defense against infec- 
tions by viruses and some other intracellular microbes. 
The term natural killw derives from the fact that if these 
cells are isolated from the blood or spleen, they kill 
various target cells without a need for additional acti- 
vation. (In contrast, CD8' T lymphocytes need to be 
activated before they differentiate into cytolytic T lym- 
phocytes [CTLs] with the ability to kill targets.) NK cells 
are derived from bone marrow precursors and appear 
as large lymphocytes with numerous cytoplasmic gran- 
ules, because of which they are sometimes called large 
granular lymphocytes. By surface phenotype and 
lineage, NK cells are neither T nor B lymphocytes, and 
they do not express somatically rearranged, clonally dis- 
tributed antigen receptors like immunoglobulin or '1' 
cell receptors. NK cells constitute 5% to 20% of the 
mononuclear cells in the blood and spleen and are rare 
in other lymphoid organs. 

Recognition of Infected Cells by NK Cells 

NK cell activation is regulated by a balance between 
signals that are generated from activating receptors 
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Figure 12-5 Effector functions of macrophages. 
Macrophages are activated by microbial products such as lipopolysaccharide (LPS) and by NK cell- 

derived IFN-y. The process of macrophage activation leads to the activation of transcription factors, 
the transcription of various genes, and the synthesis of proteins that mediate the functions of these 
cells. In adaptive cell-mediated immunity, macrophages are activated by stimuli from T lymphocytes 
(CD40 ligand and IFN-y) and respond in essentially the same way (Chapter 13, Fig. 13-14). 

Figure 1 2 6  Functions of NK cells. 
A. NK cells kill host cells infected by intracellular microbes, thus 

eliminating reservoirs of infection. 
B. NK cells respond to IL-12 produced by macrophages and 

secrete IFN-y, which activates the macrophages to kill phagocytosed 
microbes. 
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Figure 12-7 Activating and inhibitory rerep- 
tors of NK cells. 

A. Activating receptors of NK cells recognize 
ligands on target cells and activate protein tyrosine 
kinase (PTK), whose activity is inhibited by inhibitory 
receptors that recognize class I MHC molecules and 
activate protein tyrosine phosphatase (PTP). As a 
result, NK cells do not efficiently kill class I MHC- 
expressing targets. 

B. If a virus infection inhibits class I MHC expres- 
sion on infected cells, the NK cell inhibitory receptor 
is not engaged and the activating receptor functions 
unopposed to trigger responses of NK cells, such as 
cytolysis and cytokine secretion. 

the expression of IL-12 receptors and therefore respon- 
siveness to IL12. IL15, IL12, and type I IFNs are 
produced by macrophages in response to infection, 
and thus all three cytokines activate NK cells in 
innate immunity. High concentrations of I L 2  also 
stimulate the activities of NK cells, and by this means 
NK cells may function in adaptive T cell-mediated 
immunity. 

Effector Functions of NK Cells 

The eflector functions of NK cells are to kill infected 
cells and to activate macrophages to destroy phago- 
cytosed microbes (see Fig. 12-6). The mechanism of 
NK cell-mediated cytolysis is essentially the same as that 
of cytolysis by CTLs (see Chapter 13). NK cells, like 
CTLs, have granules that contain a protein called per- 
forin, which creates pores in  target cell membranes, 
and enzymes called granzymes, which enter through 
perforin pores and induce apoptosis of target cells. By 
killing cells infected by viruses and intracellular bacte- 

ria, NK cells eliminate reservoirs of infection. Some 
tumors, especially those of hematopoietic origin, are 
targets of NK cells, perhaps because the tumor cells 
do  not express normal levels or  types of class I MHC 
molecules. NK cell-derived IFN-)I serves to activate 
macrophages, like IFN-y produced by T cells, and 
increases the capacity of macrophages to kill phagocy- 
tosed bacteria (see Chapter 13). 

NK cells play several important roles in defense 
against intracellular microbes. They kill virally infected 
cells before antigen-specific CTLs can become fully 
active, that is, during the first few days after viral infec- 
tion. Early in the course of a viral infection, NK cells are 
expanded and activated by cytokines of innate immu- 
nity, such as IL12 and IL15, and they kill infected 
cells, especially those that display reduced levels of 
class I molecules. In  addition, the IFN-y secreted by 
NK cells activates macrophages to destroy phagocy- 
tosed microbes. This IFN-y-dependent NK cell- 
macrophage reaction can control an infection with 
intracellular bacteria such as L i s t m i a  monoqtogenes 
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for several days or  weeks and thus allow time for cell response may be adequate to keep inrection 
T cell-mediated immunity to develop and eradicate with such microbes in check for some time, but 
the infection. Depletion of NK cells leads to increased the animals eventually succumb in the absence of 
susceptibility to infection by some viruses and in- T cell-mediated immunity. NK cells may also kill 
tracellular bacteria. In  mice lacking T cells, the NK infected cells that attempt to escape CTL-mediated 

I Inhibitory and Activating Receptors of NK Cells 

NK cells recognize and kill infected or malignantly trans- 
formed cells, but they do not usually harm normal cells. 
This ability to distinguish potentially dangerous targets 
from healthy self is dependent on the expression of both 
inhibitory and activating receptors. Inhibitory receptors 
on NK cells recognize class I MHC molecules, which are 
normally and constitutively expressed on most healthy 
cells in the body but are often not expressed by cells 
infected with virus or cancer cells. For the most part, acti- 
vating receptors on NK cells recognize structures that are 
present on both dangerous target cells and normal cells, 
but the influence of the inhibitory pathways dominates 
when class I MHC is recognized. Some activating receptors 
recognize class I MHGlike molecules that are expressed 
only on stressed or transformed cells. Different families of 
NK cell receptors exist, and many of these receptors have 
evolved recently, as indicated by their absence in rodents 
and their structural divergence between chimpanzees and 
humans. The following discussion focuses on the proper- 
ties of human NK cell inhibitory and activating receptors, 
with only brief consideration of murine NK receptors. 

Numerous human NK inhibitory receptors have been 
identified, all of which have immunoreceptor tyrosine 
inhibitory motifs (ITIMs) in their cytoplasmic tails (see 
Figure). ITIMs recruit cytoplasmic protein tyrosine phos- 
phatases SHP-1 and SHP-2, which dephosphorylate and 
thereby inactivate signaling intermediates generated by 
activating receptors on the same cell. Inhibitory NK recep- 
tors fall into three main families. The first family to be dis  
covered is called the killer Ig-like receptor (KIR) family 
because its members contain two or three extracellular Ig- 
like domains. The KIRs recognize different alleles of HLA- 
A, -B, and -C molecules. Structural and binding studies 
indicate that the sequence of the peptides bound to the 
MHC molecules is important for KIR recognition of MHC 
molecules. HLA molecule binding to KIRs is characterized 
by very fast on-rates and off-rates, which would be consis- 
tent with the ability of NKcells to rapidly "test" for the pres- 
ence of MHC expression on many cells in a short time. 
Furthermore, the inhibitory signals generated in an NK 
cell by KIR recognition of an MHC molecule are not long- 
lived, and the same NK cell can quickly go on to kill an 
MHGnegative target cell. Some members of the KIRfamily 
have short cytoplasmic tails without ITIMs, and these func- 
tion as activating receptors, as discussed in more detail 
below. Mice do not express KIRs but instead use the Ly49 
family of proteins, which have similar class I MHC speci- 
ficities and ITIMs in their cytoplasmic tails. 

A second family of inhibitory receptors consists of 
the Ig-like transcripts (ILTs), which also contain Ig-like 
domains. One member of this family, ILT-2, has a broad 
specificity for many class I MHC alleles and contains four 
ITIMs in its cytoplasmic tail. Interestingly, cytomegalovirus 

encodes a molecule called UL18 that is homologous to 
human class I MHC and that can bind to ILT-2. This may 
represent a decoy mechanism by which the virus engages 
an inhibitory receptor and protects its cellular host from 
NK cell-mediated killing. 

The third NK inhibitory receptor family consists of het- 
erodimers composed of either of the Gtype lectins NKG2A 
or NKG2B covalently bound to CD94. NKG2A and NKG2B 
have two ITIMs in their cytoplasmic tails. The CD94/NKG2 
receptors bind HLA-E, a nonclassical MHC molecule. 
Stable expression of HLA-E on the surface of cells depends 
on the binding of signal peptides derived from HLA-A, -B, 
-C, or -G. Therefore, the CD94/NKG2 inhibitory receptors 
perform a surveillance function for the absence of HLA- 
E, classical class I MHC, and HLA-G molecules. As is the 
case for the KIR receptors, some CD49/NKG2 receptors 
do not have cytoplasmic ITIM motifs, and these function 
as NK-activating receptors, as discussed below. 

The activating receptors on NK cells include several 
structurally distinct groups of molecules, and only some of 
the ligands they bind are known. A shared feature of these 
receptors is their association with signaling molecules that 
contain immunoreceptor tyrosine-based activation motifs 
(ITAMs), including FCERQ, (, and DAP12 proteins. The 
activating NK receptors engage signaling pathways involv- 
ing protein tyrosine kinases Syk and ZAP-70 and adapter 
molecules that are also part of the signaling pathways asso- 
ciated with lymphocyte antigen receptors and Ig Fc recep- 
tors (see Chapter 8). CD16, one of the first activating 
receptors identified on NK cells, is a low-affinity IgG Fc 
receptor that associates with FceRTy and ( proteins and is 
responsible for NK cell-mediated antibody-dependent cel- 
lular cytotoxicity. A more recently discovered group of 
human NK-activating receptors, called natural cytotoxicity 
receptors, includes NKp46, NKpSO, and NKp44. These are 
members of the Ig superfamily; they associate with FcRy 
and ( proteins and are expressed exclusively on NK cells. 
Although their ligands are not yet known, antibody- 
blocking studies suggest that they play a dominant role in 
NK-mediated killing of various tumor target cells. Ligand 
binding to activating NK cell receptors leads to cytokine 
production, enhanced migration to sites of infection, and 
killing activity against the ligand-bearing target cells. 

As mentioned, some members of the KIR and CD94/ 
NKG2 families of MHGspecific receptors do not contain 
ITIMs but rather associate with ITAM-bearing accessory 
molecules (such as DAP12) and deliver activating signals 
to NK cells. These include KIWDS, CD49/NKG2C, CD49/ 
NKG2E, and CD49/NKG2H. All these receptors are 
known to recognize normal class I MHC molecules, and it 
is not clear why these potentially dangerous receptors exist 
on NK cells. These activating receptors bind class I MHC 
molecules with lower affinities than the structurally related 
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immune attack by reducing expression of class I MHC 

Because NK cells can kill certain tumor cells, it has 
also been proposed that NK cells serve to kill malignant 
clones in  vivo. However, tumor-associated inflammatory 
infiltrates typically do not contain large numbers of NK 
cells. 

lectin pathway is triggered by a plasma protein called 
mannose-binding lectin (MBL) , which recognizes ter- 
minal mannose residues on microbial glycoproteins 
and glycolipids. MBL bound to microbes activates one 
of the proteins of the classical pathway, in the absence 
of antibody, by the action of an associated serine pro- 
tease. Recognition of microbes by any of these pathways 
results in sequential recruitment and assembly of addi- 
tional complement proteins into protease complexes. 
The central protein of the complement system, C3, is 
cleaved, and its larger C3b fragment is deposited on the 
microbial surface where complement is activated. C3b 
becomes covalently attached to the microbes and serves 
as an opsonin to promote phagocytosis of the microbes. 
A smaller fragment, C3a, is released and stimulates 
inflammation by acting as a chemoattractant for neu- 
trophils. C3b binds other complement proteins to form 
a protease that cleaves a protein called C5, generating 
a secreted peptide (C5a) and a larger fragment (C5b) 
that remains attached to the microbial cell membranes. 
C5a stimulates the influx of neutrophils to the site of 
infection as well as the vascular component of acute 

Inhibitory and Activating Receptors of NK Cells ( COUIOI d) 

The Complement System 

The complement system consists of several plasma 
proteins that are activated by microbes and promote 
destruction of the microbes and injlammation. Recog- 
nition of microbes by complement occurs in three ways 
(Fig. 12-8). The classical pathway, so called because 
it was discovered first, uses a plasma protein called C1 
to detect IgM, IgG1, or IgG3 antibodies bound to the 
surface of a microbe or other structure. The alternative 
pathway, which was discovered later but is phylogeneti- 
cally older than the classical pathway, is triggered by 
direct recognition of certain microbial surface struc- 
tures and is thus a component of innate immunity. The 
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Figure 12-8 Pathways of complement 
activation. 

The activation of the complement system 
may be initiated by three distinct pathways, 
all of which lead to the production of C3b 
(the early steps). C3b initiates the late steps 
of complement activation. culminatina in the 
production of peptides that stirnu1ate;nflam- ' 
mation (C5a) and polymerized C9, which xamples of inhibitory and activating NK cell receptors and their liqands are 

forms the membrane attack complex, so 
called because it creates holes in plasma 
membranes. The principal functions of major 
proteins produced at different steps are 
shown. The activation, functions, and regu- 
lation of the complement system are dis- 
cussed in much more detail in Chapter 14. 

Membrane attack 
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inflammation. C5b initiates the formation of a complex 
of the complement proteins C6, C7, C8, and C9, which 
are assembled into a membrane pore that causes lysis 
of the cells where complement is activated. Mammalian 
cells express several regulatory proteins that block 
complement activation and thus prevent injury to host 
cells. The complement system will be discussed in more 
detail in Chapter 14. 

Other Circulating Effector Proteins of 
lnnate Immunity 

Many plasma proteins, in addition to members of the 
complement system, are involved in innate immune 
responses to microbes (see Table 12-3). Mannose- 
binding lectin, which was mentioned before, is a plasma 
protein that functions as an opsonin. It belongs to the 
collectin familv. so named because these proteins 

I ' 

contain a collagen-like domain separated by a neck 
region from a calcium-dependent (C-type) lectin (i.e., 
carbohydrate-binding) domain. Plasma MBL, like the 
macrophage mannose receptor, binds carbohydrates 
with terminal mannose and fucose, which are typically 
found in microbial cell surface glycoproteins and gly- 
colipids. Thus, MBL is a soluble pattern recognition 
receptor that binds to microbial but not mammalian 
cells. MBL is a hexamer that is structurally similar to 
the Clq component of the complement system (see 
Chapter 14). MBL binds to a macrophage surface 
receptor that is called the Clq receptor because it also 
binds Clq. This receptor mediates the phagocytosis of 
microbes that are opsonized by MBL. Moreover, MBL 
can activate the complement system, as discussed 
earlier and in Cha~te r  14. 

C-reactive protein is a plasma protein that was iden- 
tified and named because of its ability to bind to the 
capsules of pneumococcal bacteria. It belongs to the 
pentraxin family of plasma proteins, so named because 
they contain five identical globular subunits. C-reactive 
protein typically birds to bac~erial phospholipids such 
as phosphorylcholine. It functions as an opsonin by 
binding Clq and interacting with phagocyte Clq recep- 
tors or by binding directly to Fcy receptors. C-reactive 
protein may also contribute to complement activation 
through its attachment to Clq and activation of the clas- 
sical pathway. C-reactive is called an acute-phase 
reactant because its plasma levels increase during the 
acute stages of many infections. 

Coagulation factors are plasma proteins that mainly 
f~mction to prevent hemorrhage by forming a throm- 
bus at sites where blood vessel integrity is broken. Coag- 
ulation may also serve to wall off microbial infections 
and urevent s ~ r e a d  of the microbes. In addition to cir- 
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culating proteins, surfactant proteins in the lung, which 
also belong to the collectin family, protect the airways 
from infection. 

Cytokines 

The cytokines of innate immunity recruit and activate 
leukocytes and produce systemic alterations, includ- 
ing increases in the synthesis of effector cells and pro- 

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

The cytokines of innate immunity were described 
in Chapter 11 and include cytokines that control 
viral infections, namely, IFN-a and IFN-P; cytokines 
that mediate inflammation, namely, TNF, IL-1, and che- 
mokines; cytokines that stimulate the proliferation and 
activity of NK cells, namely, IL-15 and IL-12; cytokines 
that activate macrophages, especially NK cell-derived 
IFN-y; and cytokines that serve to limit macrophage acti- 
vation, especially IL-10. In addition, some cytokines of 
innate immunity, such as IL-6, increase bone marrow 
production of neutrophils and the synthesis of various 
proteins involved in host defense, such as C-reactive 
protein. 

Role of lnnate Immunity in 
Local and Systemic Defense 
Against Microbes 

The early local reaction of innate immunity is the 
inflammatory response, in  which leukocytes are 
recruited to the site of infection and activated to erad- 
icate the infection. The function of inflammation is to 
destroy invading microbes by bringing activated effec- 
tor cells into contact with invading microbes in an 
infected tissue. As discussed earlier in the chapter, 
inflammation in response to microbes is initiated by 
cytokines, especially TNF, I L l ,  and chemokines, that 
act on endothelial cells and leukocytes to recruit and 
activate the leukocytes. Microbial products, such as LPS, 
and activated coagulation factors, such as thrombin, 
may also act directly on endothelial cells to promote the 
same kinds of changes that are induced by cytokines. 
Cytokines stimulate the expression of adhesion mole- 
cules on endothelial cells; these adhesion molecules 
bind blood leukocytes and initiate the recruitment of 
these cells to the sites of infection. Microbial prod- 
ucts (e.g., N-formylmethionyl peptides), chemokines, 
complement-derived peptides (e.g., C5a), and lipid 
mediators such as leukotriene Bq act on leukocytes to 
stimulate rriigration and activate microbicidal func- 
tions. The composition of inflammatory leukocytes 
within tissues changes with time from neutrophil rich 
to mononuclear cell rich, which is a reflection of 
a change in the recruitment of different leukocyte 
the short life span of neutrophils. Macrophages tha 
recruited to sites of infection are activated by micr 
products and by NK cell-derived IFN-y to phagoc 
and kill microbes. 

a The importance of innate immunity in controlli 
infections is well illustrated by the course of L. m 
cytogenes infection in mice with severe combined 

munodeficiency. These mice lack T and B lympho- 
cytes. L. monocytogenes infection elicits a rapid neu- 
trophil response, followed by a macrophage response, 
which can control the infection for several days or 
weeks. However, in the absence of adaptive immunity, 
the infection is never completely eradicated, and the 
animals eventually succumb. 

Inflammation usually causes little tissue damage 
beyond that produced by the microbe itself. In some 
instances, the host inflammatory response itself 
exacerbates the amount of damage produced by the 
microbe. A typical example is the injury produced by 
LPS, which may damage endothelial cells and cause vas- 
cular thrombosis and ischemic injury to infected tissues 
(see Box 12-2). 

Inflammation produces a variety of systemic 
changes in the host that enhance the ability of the 
innate immune system to eradicate infection and, in 
severe infections, can contribute to systemic tissue 
injury or death. These changes are thought to be medi- 
ated by the endocrine actions of cytokines and are col- 
lectively described as the acute-phase response or the 

Figure 12-9 Stimulation of adap- 
tive immunity by innate immune 
responses. 

A. Macrophaqes and dendritic cells 

(such as 87 botein's, whi& are recognized 
by the CD28 receptor of T cells) and by 
secreting cytokines (such as 11-12). Co- 
stimulators and 11-1 2 functioh. toaether 

B. The complement system is acti- 
vated by extracellular microbes and 
generates proteins, such as C3d, which 
become attached to the microbes. B 

type 2 complement receptor (CR2). 
Signals from the antigen receptor and 
CR2 function cooperatively to activate 
the B cells. 

Note that in both exam~les. the 

d - -  
microbes; thi; recognition provides 
.:_- I . 

lnnate 

immunity lAdaptlve 
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systemic inflammatory response syndrome (see Box 
12-2). This response consists of increased production 
of leukocytes; fever, which increases resistance to infec- 
tion by unknown mechanisms; and changes in the levels 
of several plasma proteins. Plasma concentrations of 
complement proteins, fibrinogen, C-reactive protein, 
and serum amyloid A protein are typically increased. As 
discussed earlier, complement, fibrinogen, and C- 
reactive protein all play direct roles in host defense. In 
extreme cases of severe infection, the systemic response 
leads to shock, disseminated, coagulation with multi- 
organ failure, and even death. 

Role of lnnate Immunity in 
Stimulating Adaptive Immune 
Responses 

The innate immune response provides signals that 
function in concert with antigen to stimulate the pro- 
liferation and differentiation of antigen-specijic T and 
B lymphocytes (Fig. 12-9). The two-signal hypothesis 

) Macrophage, 
dendritic cell 

cytokine Costimulator (B7) 
production expression 

T cell proliferation 
and differentiation 

(cell-mediated immunity) 

Complement 
activation 
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of lymphocyte activation was introduced in Chapter 1, 
as was the concept that signal 1 is always the antigen 
and signal 2 is either a product of a microbe or a com- 
ponent of the innate immune response that identifies 
the antigen as a microbial product (see Chapter 1, 
Fig. 1-8). Thus, innate immunity serves as the initial 
warning signal for the adaptive immune system to 
mount a protective host response. Microbes that colo- 
nize their hosts without eliciting an innate immtme 
reaction with local inflammation may also fail to stim- 
ulate subsequent adaptive immunity. The molecules 
produced during innate immune reactions that func- 
tion as second signals for lymphocyte activation are co- 
stimulators, cytokines, and complement breakdown 
products. 

Costimulators are membrane proteins expressed on 
antigen-presenting cells (APCs) that function together 
with displayed antigens to stimulate specific T lympho- 
cytes. In Chapters 6 and 8, we described the costimula- 
tors for T cells, the best defined of which are two 
structurally similar proteins called B'7-1 (CD80) and B'7- 
2 (CD86). When APCs encounter microbial products, 
such as LPS, and IFN-y produced by NK cells, the APCs 
respond by expressing high levels of B7-1 and B7-2 and 
thus acquire the ability to stimulate T cell responses. In 
response to microbes, macrophages and dendritic cells 
also produce cytokines that promote the growth and 
differentiation of T lymphocytes. The prototype of such 
cytokines is IL12, which stimulates naive T lymphocytes 
to develop into TH1 effector cells that produce IFN-?/. 
Thus, phagocyte-derived IL12 is a key inducer of cell- 
mediated immunity, the reaction that functions prima- 
rily to eradicate phagocytosed microbes (see Chapter 
13, Fig. 13-8). 

The best defined second signal for B cell activation 
is a complement protein called C3d, a breakdown 
product of C3. Microbes activate the complement 
system, either directly or after binding antibodies or 
plasma MBL, and the microbes become coated with 
C3 breakdown products, including C3d. Receptors 
for C3d, called type 2 complement receptors (CR2 or 
CD21), are expressed on mature B lymphocytes. When 
B lymphocytes recognize a microbial antigen by their 
antigen receptors and simultaneously recognize bound 
C3d by the complement receptor, the B cells are acti- 
vated. Such activation results in an antibody response 
against the antigen (see Chapter 9, Fig. 9-5). The crit- 
ical role of the complement system in humoral immune 
responses is demonstrated by the absence of such 
responses in gene knockout mice lacking either the C3 
complement protein or CR2. 

The second signals generated during innate immune 
responses to different microbes not only enhance 
the magnitude of the subsequent adaptive immune 
response but also influence the nature of the adaptive 
response (see Fig. 12-9). In infections by intracellular 
microbes, macrophages phagocytose or recognize the 
microbes and respond by expressing costimulators and 
producing cytokines that stimulate T cell-mediated 
immunity. The main function of cell-mediated immunity 
is to activate macrophages to kill intracellular microbes. 
In contrast, many extracellular microbes that enter the 

blood activate circulating complement proteins, which 
in turn enhances the production of antibodies by B 
lymphocytes. This humoral immune response serves to 
eliminate extracellular microbes. Thus, the cooperation 
between innate immunity and adaptive immunity is 
bidirectional, with each relying on components of the 
other to optimize host defense against infections. 

The role of innate immunity in stimulating adaptive 
immune responses is the basis of the action of adjuvants 
(see Chapter 5), which are substances that need to be 
administered together with protein antigens to elicit 
maximal T cell-dependent immune responses. Many 
powerful adjuvants in experimental use are microbial 
products, such as killed mycobacteria and LPS, 
that elicit strong innate immune reactions and in- 
flammation at the site of antigen entry. Thus, adju- 
vants stimulate the expression of costimulators on 
macrophages and other APCs and the secretion of 
cytokines such as IL12. Consequently, the admin- 
istration of protein antigens with adjuvants promotes 
cell-mediated immunity and T cell-dependent antibody 
production. In this way, adjuvants effectively convert an 
inert, nonmicrobial antigen to a mimic of a microbe. 
Vaccines are most effective for generating specific 
immune responses when they are administered subcu- 
taneously or intradermally together with adjuvants. 
Adjuvants for use in humans are designed to stimulate 
innate immunity with the minimal amount of patho- 
logic inflammation. 

Summary 

The innate immune system provides the first line of 
host defense against microbes. The mechanisms of 
innate immunity exist before exposure to microbes. 
The components of the innate immune system 
include epithelial barriers, leukocytes (neutrophils, 
macrophages, and NK cells), circulating effector pro- 
teins (complement, collectins, pentraxins) , and 
cytokines (e.g., TNF, IL-1, chemokines, IL-12, type I 
IFNs, and IFN-)I). 

The innate immune system uses pattern recognition 
receptors to recognize structures that are shared by 
microbes, are not present on mammalian cells, and 
are often essential for survival of the microbes, thus 
limiting the capacity of microbes to evade detection. 

Neutrophils and macrophages are phagocytes 
that kill ingested microbes by producing ROIs, nitric 
oxide, and enzymes in phagolysosomes. Macrophages 
also produce cytokines that stimulate inflammation 
and promote tissue remodeling at sites of infection. 
Phagocytes recognize and respond to microbial prod- 
ucts by several different types of receptors, including 
Toll-like receptors, mannose receptors, and G 
protein-coupled receptors. 

NK cells are lymphocytes that defend against in- 
tracellular microbes by killing infected cells and pro- 
viding a source of the macrophage-activating 
cytokine IFN-y. NK cell recognition of infected cells 
is regulated by a combination of activating and 

inhibitory receptors. Inhibitory receptors recognize 
class I MHC molecules, because of which NK cells do 
not kill normal host cells but do kill cells in which 
class I MHC expression is reduced, such as virus- 
infected cells. 

The complement system is activated by microbes, and 
products of complement activation promote phago- 
cytosis and killing of microbes and simulate inflam- 
mation. Other plasma proteins of innate immunity 
include mannose-binding lectin and C-reactive 
protein. 

Different cytokines of innate immunity recruit and 
activate leukocytes (e.g., TNF, IL1, chemokines) , 
enhance the microbicidal activities of phagocytes 
(IFN-y), and stimulate NK cell and T cell responses 
(IL12). In severe infections, excess systemic cytokine 
production is harmful and may even cause death of 
the host. 

Molecules produced during innate immune 
responses stimulate adaptive immunity and influence 
the nature of adaptive immune responses. Macro- 
phages activated by microbes and by IFN-? produce 
costimulators that enhance T cell activation and IL- 
12, which stimulates IFN-y production by T cells and 
the development of IFN-y-producing effector T cells. 
Complement fragments generated by the alternative 
pathway provide second signals for B cell activation 
and antibody production. 
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Figure 13-1 Types of T cell-mediated 
immune reactions. 

A. CD4' TH1 cells and CD8' T cells recog- 
nize class I I  MHC-associated or class I MHC- 
associated peptide antigens of phagocytosed 
microbes, respectively, and produce cytokines 
that activate the phagocytes to kill the 
microbes and stimulate inflammation. 

B. CD8' cytolytic T lymphocytes (CTLs) rec- 
ognize class I MHC-associated peptide anti- 
gens of microbes residing in the cytoplasm of 
infected cells and kill the cells. 

- - - 

Phagocytes with ingested microbes; 
microbial antigens in vesicles 

Infected cell with 
microbes in cytoplasm 

anisms of 
Immunity 

I Cvtokine secretion I 
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activation + 

killing of 
ingested 
microbes 

Cell-mediated immunity (CMI) is the effector func- 
tion of T lymphocytes, 'and it serves as the defense 
mechanism against microbes that survive within phago- 
cytes or infect nonphagocytic cells. Historically, immu- 
nologists have divided adaptive immunity into humoral 

~ifferentiation of Naive CD4' T Cells into 
ibsets of Effector Cells 303 

n of Naive CD8' T Cells 

i imminity, which can be idoptively trinsferred from 
an immunized donor to a naive host by antibodies in 1 the absence of cells, and CMI, which can be adoptively 

1 transferred only by viable T lymphocytes. The effector 
phase of humoral immunity is triggered by the recog- 
nition of antigen by secreted antibodies; therefore, 
humoral immunity neutralizes and eliminates extracel- 
lular microbes and toxins that are accessible to anti- 
bodies, but it is not effective against microbes that 
survive and rewlicate inside infected cells. In cnntrast 

microbes. Phagocytes are the major cells of host 
defense early after infection, during innate immunity 
(see Chapter 12). The function of phagocytes is to 
ingest and kill microbes. Many microbes have devel- 
oped mechanisms that enable them to survive and 
even replicate within phagocytes, so innate immunity 
is unable to eradicate infections by such microbes. In 
these situations, CMI functions to enhance the 
microbicidal actions of phagocytes and thus to 
eliminate the microbes. T cell-mediated activation 
of phagocytes is dependent on the cytokine inter- 
feron-~ (IFN-$. The major sources of IFN-y are 
differentiated CD4' helper T cells of the TH1 subset 
as well as CD8' T lymphocytes. T cells also produce 
tumor necrosis factor (TNF) and lymphotoxin, 
which promote leukocyte recruitment and inflam- 
mation. In CMI against phagocytosed microbes, 
the specificity of the response is due to T cells, but 
the actual effector function, that is, killing of 
microbes, is mediated by phagocytes. This coopera- 
tion of '1' lymphocytes and phagocytes illustrates an 
important link between adaptive and innate immu- 
nity: by means of cytokine secretion, T cells stimulate 
the function and focus the activity of nonspecific 
effector cells of innate immunity (phagocytes), 
thereby converting these cells into agents of adaptive 
immunity. 

0 The fundamental concept that T cells are responsible 
for specific recognition of microbes but that phago- 
cytes actually destroy the microbes in many cell- 
mediated immune responses was established with the 
original description of CMI to the intracellular bac- 
terium Listeria monocytogenes. In the 1950s, George 
Mackaness showed that mice infected with a low dose 
of Listha were protected from challenge with higher, 

lethal doses. Protection could be transferred to naive 
animals with lymphocytes (later shown to be T 
lymphocytes) from the infected mice, but not with 
serum (Fig. 13-2). In vitro, the bacteria were killed not 
by T cells from immune animals but by activated 
macrophages, emphasizing the central role of T cells 
in recognition and the roles of macrophages in the 
execution of effector function. 

T cell-dependent macrophage activation and 
inflammation may cause tissue injury. This reaction 
is called delayed-type hypersensitivity (DTH) , the 
term hypersensitivity referring to tissue injury caused 
by an immune response. DTH is a commonly used 
assay for cell-mediated immune reactions and a fre- 
quent accompaniment of protective CMI against 
microbes. 

The adaptive immune response to microbes that 
infect and replicate in the cytoplasm of various cell 
types, including nonphagocytic cells, i s  mediated 
by CD8' cytolytic T lymphocytes (CTLs), which 
kill infected cells and eliminate the reservoirs of 
infection (see Fig. 13-1). CTLs are the principal 
defense mechanism against viruses that infect 
various ccll types and replicate in the cytoplasm. If 
the infected cells lack the capacity to kill microbes, 
the infection can be eradicated only by destroying 
these cells. CTL-mediated killing is also a mechanism 
for eliminating microbes that are taken up by phago- 
cytes but escape from phagosomes into the cytosol, 
where they are not susceptible to the microbicidal 
activities of phagocytes. 

The adaptive immune response to helminthic para- 
sites is mediated by TH2 cells, which stimulate 
the production of ZgE antibodies and activate 
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T Cell-Mediated Activation of Marronhan~q - - - - - - - - - - -- -, 
in CMI, the effector phase is initiated by the recogni- 
tion of antigens by T cells. T lymphocytes recognize 
protein antigens of intracellular microbes that are dis- 
;laved on &e surfaces of infected cells as nentides - -- - . . - r -r ---- 
bohnd to self major histocompatibility complex (MHC) 
molecules. Defects in CMI result in increased suscewti- 
bility to infection by viruses and intracellular bacteria. 
Cell-mediated immune reactions are also imnortant - - - - -- - - r 
in allograft rejection (see Chapter 16) and in anti- 
tumor immunity (see Chapter 17). In this chapter. we 

I 

discuss the de;elopment bf effector T cells and the 
effector mechanisms of cell-mediated immiine rpac- - - - -. - - .- - - - - - - 
tions. Antigen presentation to T lymphocytes and the 
process of T cell activation are described in Chawters 5,  

Types of Cell-Mediated 
Immune Reactions 

Different types of microbes elicit distinct protective 
T cell responses (Fig. 13-1). 

The adaptive immune response to microbes residing 
within the phagosomes of phagocytes is  mediated 
by T lymphocytes that recognize microbial antigens 
and activate the phagocy tes to destroy the ingested 
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Figure 13-2 Cell-mediated immunity to Listeria 
monocytogenes. 

lmmunity to L ,  monocytogenes is measured by inhibi- 
tion of bacterial growth in the spleens of animals inocu- 
lated with a known dose of viable bacteria. Such immunity 
can be transferred to normal mice by T lymphocytes (A) 
but not by serum (B) from syngeneic mice previously 
immunized with killed or low doses of L. monocytogenes. 
In an in vitro assay of cell-mediated immunity, the bacte- 
ria are actually killed by activated macrophages and not 
by T cells (C). 
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enter circulation 
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eosinophils that bind to and destroy IgE-coated 
helminths. The TH2 subset of helpcr T cells also 
inhibits macrophage activation and is therefore 
important for limiting DTH reactions. 

elicited by protein antigens of intracellular microbes 
and by soluble protein antigens that are administered 
with adjuvants. CD4" cells respond to antigens that 
are internalized into vesicles by antigen-presenting 
cells (APCs) because protein antigens in vesicles are 
degraded and presented in association with class I1 MHC 
molecules and recognized by CD4+ (class 11-restricted) 
T cells (see Chapter 5). CD8' T cell responses are elicited 
by microbes that reside in the cytosol of infected cells 
because cytoplasmic proteins are degraded in the 
cytosol, presented in association with class I MHC mol- 
ecules, and recognized by CD8+ (class I-restricted) 
T cells. The microbes that produce cytosolic antigens are 
typically viruses, which express proteins in the cytoplasm 
of infected cells. CD8+ T cells may also respond to some 
phagocytosed bacteria and viruses because these 
microbes or their protein antigens may be transported 
or escape from phagosomes into the cytosol. Some 
chemicals introduced through the skin also elicit DTH 
reactions, called contact sensitivity reactions. It is 
believed that contact-sensitizing chemicals bind to and 
modify self proteins, creating new antigenic determi- 
nants that are presented to CD4+ or C D ~ ' T  cells. 

I Miaration of effector 
I Effector T cells  cells and other 

leukocytes to site 
of antigen 

encounter antigens 
'l'he protective immune response to viruses and 
other intracellular microbes also consists of NK 
(natural killer) cells, which destroy infected cells 
early in the infection, as a component of innate 
immunity (see Chapter 12). 

Intracellular microbes 

I Activation of 
effector T cells 

Development of Effector T Cells 

Cell-mediated immune responses consist of the devel- 
opment of effector T cells from naive cells in  periph- 
eral lymphoid organs, migration of these effector T 
cells and other leukocytes to sites of infection, and 
either cytokine-mediated activation of leukocytes to 
destroy microbes or direct killing of infected cells (Fig. 
13-3). We first describe the differentiation of naive T 
cells into effector cells and then the mechanisms by 
which these effector cells eradicate microbes. 

Naive T cells do not produce effector cytokines or the 
molecules required to kill other cells; to eradicate 
microbes, the naive T cells must differentiate into 
effector cells with these functional capabilities. The 
development of the effector T cells of CMI involves the 
sequence of antigen recognition, clonal expansion, and 
differentiation that was discussed in Chapter 8 and is 
summarized here. Cell-mediated immune reactions are 

Figure 13-3 The induction and effector phases of cell-mediated immunity. 
lnduction of response: CD4' T cells and CD8' T cells recognize peptides that are derived 

from protein antigens and presented by professional antigen-presenting cells in peripheral lymphoid 
organs. The T lymphocytes are stimulated to proliferate and differentiate, and effector cells enter the 
circulation. 

Migration of effector T cells and other leukocytes to the site of antigen: Effector T cells and other 
leukocytes migrate through blood vessels in peripheral tissues by binding to endothelial cells that have 
been activated by cytokines produced in response to infection in these tissues. 

Effector functions of T cells: Effector T cells recognize the antigen in the tissues and respond by 
secreting cytokines that activate phagocytes to eradicate the infection. T cell-derived cytokines also 
stimulate inflammation. 

T Cell Antigen Recognition 
and Costimulation 

The differentiation o f  naive T lymphocytes into effec- 
tor cells of CMZ requires antigen recognition and co- 
stimulation. When a microbe infects an individual or 
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a protein antigen is injected into the skin, specialized 
APCs, mainly dendritic cells in the skin and other 
epithelia, bind microbial antigens and transport these 
antigens from the portals of entry to the draining 
lymph nodes. During their migration to the lymph 
nodes, dendritic cells mature and become efficient 
APCs (see Chapter 5, Fig. 5-4). In the lymph nodes, 
these APCs present class 11-associated peptides derived 
from the protein antigens for rccognition by CD4' T 
lymphocytes. At the same time as the antigens are being 
presented by the APCs, the microbe or the adjuvant 
administered with the antigen elicits an innate immune 
response. This reaction stimulates the APCs to express 
high levels of costimulators, such as B7-1 and B7-2 pro- 
teins, which provide second signals for T cell activation, 
and to secrete cytokines such as interleukin (1L)-12, 
which stimulate differentiation of the T cells (see 
Chapter 8, Fig. 8-3). 

The activation of CD8' T cells is also initiated by 
recognition of antigens on specialized APCs in periph- 
eral lymphoid organs. However, CD8' T cells respond 
to microbes that may infect any nucleated cell (and to 
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the defects in CTL generation seen in individuals 
infected with human immunodeficiency virus (HIV), 
in which the virus infects and eliminates only CD4' 
T cells. However, many viruses and tissue allografts 
are capable of inducing nearly normal levels of CTLs 
in mice lacking CD4' helper cells. It may be that if 
infected cells are ingested and presented by pro- 
fessional APCs (i.e., by the process of cross-presenta- 
tion), the APCs will provide the signals that stimulate 
the development of CTLs without T cell help, but with 
less effective cross-presentation, the role of helper cells 
becomes critical. 

Clonal Expansion of T Cells 

After naive T cells encounter antigen and costimulators 
in peripheral lymphoid organs, they proliferate mainly 
in response to the autocrine growth factor IL-2. 
Antigen-stimulated T cells may undergo great prolifer- 
ation, providing a large population of antigen-specific 
lymphocytes with the capacity to differentiate into effec- 
tor cells (Fig. 13-5). Methods for estimating the fre- 
quency of antigen-specific T lymphocytes in a normal 
individual reveal an astonishing expansion of virus- 
specific CD8+ T cells after viral infections (see Chapter 
8, Box 8-1). At the peak of a viral infection in mice, 
a 50,000- to 100,000-fold increase in the number of 
antigen-specific CD8+ T cells may be detected, and up 
to a third of the CD8+ T cells in the spleen of the 
infected mouse may be specific for the antigens of 
that virus. Similarly, in humans infected with Epstein- 
Barr virus or HIV, up to 10% of the circulating CD8' 
T cells are specific for the virus during the acute phase 
of the infection. The magnitude of clonal expansion 
of CD4' T cells is considerably less, estimated to be 
100- to 1000-fold. Some of the T cells that have pro- 
liferated differentiate into effector cells. As the antigens 
are eliminated, many of the activated T cells die 
by apoptosis, thereby providing a homeostatic mecha- 
nism that returns the immune system to its basal 
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Figure 13-4 Role of costimulation and helper T cells in the differentiation o CD8+ T 
lymphocytes. f 

Differentiation of naive CD8' T cells into effector cytolytic T lymphocytes (CTLs) requires antigen 
recognition (signal 1) and additional stimuli (signal 2). The second signal may be provided by co- 
stimulators, such as 87 molecules, expressed on professional antigen-presenting cells (APCs) (A) or by 
cytokines produced by CD4' helper T cells (B). CD4' helper T cells may also activate APCs and make 
them able to stimulate CTL development, for example, by stimulating expression of B7 mole~ules (C). 

Figure 13-5 Clonal expansion of T cells. 
T cells expand in response to infection, some of the progeny dif- 

ferentiate into effector cells, the majority die, and memory cells 
persist. The kinetics and numbers of cells are typical of the response 
of CD8'T cells in the spleen of a mouse infected with a virus, such 
as lymphocytic choriomeningitis virus; other intracellular microbes 
elicit qualitatively similar responses. 

state of rest after the infection is cleared (see Chapter 
10). Other progeny of the antigen-stimulated lym- 
phocytes differentiate into memory cells, which are 
long-lived and poised to respond rapidly to antigen 
challenge. 

Differentiation of Naive CD4+ T Cells into 
Subsets of Effector Cells 

C D P  T cells may differentiate into subsets of effector 
cells that produce distinct sets of cytokines and there- 
fore perform distinct effector functions (Fig. 13-6). 
One of the best examples of specialization of adaptive 
immunity is the ability of CD4' T lymphocytes to acti- 
vate diverse effector mechanisms in response to differ- 
ent types of microbes. The basis of this specialization 
is the heterogeneity of CD4+ T cells, illustrated by the 
existence of subsets that differ in how they are induced, 
what cytokines they produce, and what effector mecha- 
nisms they activate. We have referred to these subpop- 
ulations in previous chapters and now describe them in 
more detail. 

Properties o f  THI and TH2 Subsets o f  Effector T 
Lymphocytes 

The best defined subsets of effector T cells of the CD4+ 
helper lineage are TH1 and TH2 cells; IFN-yis the sig- 
nature cytokine of TH1 cells, and IL-4 and IL-5 are the 
dejining cytokines of TH2 cells (see Fig. 13-6). Popula- 
tions of helper T cells that could be distinguished on 
the basis of their secreted cytokines were discovered in 
the 1980s by studying large panels of cloned cell lines 
derived from antigen-stimulated mouse CD4' T cells. It 
is now clear that individual T cells may express various 
mixtures of cytokines, and there may be many subpop- 
ulations with more heterogeneous patterns of cytokine 
production, especially in humans. However, chronic 
immune reactions are often dominated by either TH1 
or TH2 populations. The relative proportions of these 
subsets induced during an immune response are major 
determinants of the protective functions and patho- 
logic consequences of the response. 

TH1 and TH2 populations are distinguished most 
clearly by the cytokines they produce (see Fig. 13-6). 
To date, no other phenotypic markers provide defini- 
tive classification. These subsets do show differences in 
the expression of various cytokine receptors, but such 
differences may reflect the activation status of the cells 
and may not be stable. The cy~okines produced by 
these T cell subsets not only determine their effector 
functions but also participate in the development 
and expansion of the respective subsets. For instance, 
IFN-y secreted by TH1 cells promotes further TH1 dif- 
ferentiation and inhibits the proliferation of TH2 cells. 
Conversely, IL4 produced by TH2 cells promotes T H ~  
differentiation, and IL-10, also produced by Tw2 cells 
(as well as by other cells), inhibits activation of TH1 
cells. Thus, each subset amplifies itself and cross- 
regulates the reciprocal subset. For this reason, once 
an immune response develops along one pathway, it 
becomes increasingly polarized in that direction, and 
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Figure 13-6 Properties of THI and TH2 subsets of CD4+ 
helper T cells. 

Naive CD4' T cells may differentiate into distinct subsets, such 
as TH1 and TH2 cells, in response to antigen, costimulators, and 
cytokines. The table lists the major differences between these two 
subsets. 
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Figure 13-7 Development of TH1 and TH2 subsets. 
Cytokines produced in the innate immune response to microbes or early in adaptive immune 

responses influence the differentiation of naive CD4' T cells into TH1 or TH2 cells. IL-12, made by acti- 
vated macrophages and dendritic cells, induces TH1 cell development through a STAT4-dependent 
pathway. IL-4, which may be produced mainly by T cells themselves, favors induction of TH2 cells 
through a STAT6-dependent pathway. The transcription factor T-bet, produced in response to IFN-y, 
amplifies TH1 responses, and GATA-3 is critical for TH2 differentiation. Other cytokines that may influ- 
ence helper T cell differentiation are not shown. 

develop? A likely explanation is that antigen-stimulateddted 
CD4' T cells secrete small amounts of IG4 from their 
initial activation. If the antigen is persistent and present 
at high concentrations, the local concentration of IL-4 
gradually increases. If the antigen also does not trigger 
inflammation with attendant IL-12 production, the 
result is increasing differentiation of T cells to the 
TH2 subset. Thus, TH2 cells may develop in response 
to helminthic parasites and environmental allergens 
because these microbes and antigens cause persistent 
or repeated T cell stimulation with little inflammation 
or macrophage activation. In some situations, IL-4 
produced by mast cells and a rare population of CD4+ 
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T cells that express markers of NK cells may contribute 
to TH2 development. 

Stimuli other than cytokines also influence the 
pattern of helper T cell differentiation. These stimuli 
include the amount of the antigen and the costim- 
ulators expressed on APCs. In addition, the genetic 
makeup of the host is an important determinant of 
the pattern of T cell differentiation. Inbred mice 
of some strains develop TH2 responses to thc same 
microbes that stimulate TH1 differentiation in most 
other strains. Mice that develop TH2 dominant 
responscs are susceptible to infections by intracellular 
microbes (see Chapter 15). 

Effector Functions of TH 1 and TH2 Subsets 

The principal function of THl cells is in  phagocyte- 
mediated defense against infections, especially with 
intracellular microbes (Fig. 13-9). As we shall discuss 
in more detail later, IFN-y produced by TH1 cells stim- 
ulates the microbicidal activities of phagocytes, thereby 
promoting the intracellular destruction of phagocy- 
tosed microbes. IFN-y also stimulates the production of 
opsonizing and complement-fixing IgG antibodies, 
which promote the phagocytosis of microbes. Many 
organ-specific autoimmune diseases (see Chapter 18) 
and inflammatory reactions such as granulomas are 
due to excessive activation of THl cells. 

The principal effector function of T H ~  cells is in  IgE- 
and eosinophil/mast cell-mediated immune reactions 
(Fig. 13-10). These reactions are induced by IL4, IL-5, 
and IL13 and are described later. TH2 cells are respon- 
sible for defense against helminthic and arthropod 
infections and for allergic reactions (see Chapter 19). 
The antibodies stimulated by TH2 cytokines do not 
promote phagocytosis or activate complement effi- 
ciently. In addition, several of the cytokines produced 

Figure 13-8 Role of IL-12 
and IFN-y in cell-mediated 
immunity. 

Antigen-presenting cells se- 
crete 11-1 2 in response to microbial 
products such as lipopolysaccha- 
ride (LPS), IFN-y produced by NK 
cells and T cells, and CD40 
engagement by T cell CD40L. IL- 
12 stimulates the differentiation 
of CD4' helper T cells to TH1 
effectors, which produce IFN-y. 
IFN-y then activates macrophages 
to kill phagocytosed microbes 
(and to secrete more IL-12). 

by TH2 cells (notably IL-4, IL13, and IL10) antagonize 
the actions of IFN-?I and inhibit macrophage activation. 
This is the reason that TH2 development is associated 
with deficient CMI to infections with intracellular 
microbes, such as Leishmania and mycobacteria (see 
Chapter 15). 

Differentiation of Naive CD8+ T Cells 
into CTLs 

Naive C D 8  T cells differentiate into CTLs, which are 
effector T cells that recognize and kill target cells 
expressing foreign peptide antigens in association 
with class I MHC molecules. Differentiation of pre- 
CTLs to active CTLs involves acquisition of the machin- 
ery to perform target cell killing. The most specific 
feature of CTL differentiation is the development of 
membrane-bound cytoplasmic granules that contain 
proteins, including perforin and granzyrnes, whose 
function is to kill other cells (described later). In addi- 
tion, differentiated CTLs, like TH1 cells, arc capable of 
secreting cytokines, mostly IFN-y, lymphotoxin, and 
TNF, which function to activate phagocytes and induce 
inflammation. The signals that stimulate differentiation 
of naive CD8' T cells into CTLs are antigen, costimula- 
tors, and helper T cells, and these are described earlier 
in the chapter. 

Migration of Effector T Cells 
and Other Leukocytes to Sites 
of Antigen 

Effector T cells migrate to sites of infection and ar 
retained a t  these sites (Fig. To trigger 

Figure 13-9 Effector functions of THl 
cells. 

CD4' T cells that differentiate into TH1 
cells secrete IFN-y, lymphotoxin (LT) and 
tumor necrosis factor (TNF), and IL-2. IFN-y 
acts on macrophages to increase phagocy- 
tosis and killing of microbes in phagolyso- 
somes and on B lymphocytes to stimulate 
production of IgG antibodies that opsonize 
microbes for phagocytosis. LT and TNF acti- 
vate neutrophils and stimulate inflammation. 
11-2 is the autocrine growth factor made by 
this subset of T cells (not shown). APC, 
antigen-presenting cell. 
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effector phase of CMI, effector T cells have to come 
into contact with phagocytes or infected cells present- 
ing the antigens that initiated the response. To locate 
microbes at any site, effector T cells that developed in 
lymphoid organs, such as lymph nodes, and entered the 
circulation have to leave the vasculature and enter the 
site of infection. (Noninfectious protein antigens elicit 
essentially the same reactions as do microbes, particu- 
larly if the proteins are introduced with adjuvants.) The 
directed migration of effector T lymphocytes to sites of 
infection is part of a more general process of leukocyte 
recruitment to these sites, the net result of which is the 
development of local inflammation. An initial phase of 
leukocyte influx may occur before 'I' cells enter the site 
and are activated; this early inflammation is part of the 
innate immune response to microbes (see Chapter 12). 
After T cells enter the site of infection and are activated 
by antigen, they stimulate much greater leukocyte 
migration. This later, enhanced inflammation is some- 
times called immune inflammation to indicate the role 

I of T lymphocytes (immune cells) in the process. 

The sequence of leukocyte migration and subse- 
quent macrophage activation in CMI has been defined 
largely by analyses of DTH reactions in experimental 
animals. In the classical animal model, a guinea pig is 
first immunized by the administration of a protein 
antigen in adjuvant; this step is called the sensitization 
phase. About 2 weeks later, the animal is challenged sub- 
cutaneously with the same antigen and the subsequent 
reaction is analyzed; this step is called the elicitation 
phase. Humans may be sensitized for DTH reactions by 
microbial infection, by contact sensitization with chem- 
icals and environmental antigens, or by intradermal or 
subcutaneous injection of protein antigens (Fig. 13-12). 
Subsequent exposure to the same antigen (also called 
challenge) elicits the reaction. For example, purified 
protein derivative (PPD), a protein antigen of Mycobac- 
tem'um tuberculosis, elicits a DTH reaction, called the 
tuberculin reaction, when it is injected into individuals 
who have been exposed to M. tuberculosis. The charac- 
teristic response of DTH evolves during 24 to 48 hours. 
About 4 hours after the injection of antigen, neutrophils 
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Figure 13-1 1 Migration and retention of effector 
and memory T cells at sites of infection. 

previously activated effector and memory T cells, but not 
naive cells, migrate through endothelium that is activated by 
@okines (e.g., TNF) produced at a site of infection. In 
extravascular tissue, the T cells that specifically recognize 
antigen are activated and retained, whereas T cells that do 
not encounter the antigen for which they are specific return 
to the circulation, largely through lymphatic vessels (not 
shown). 

Effectorlmemory T cells 
Naive (increased expression 
T cell of adhesion I molecules) I 

Figure 13-10 Effector func- 
tions of TH2 cells. 

CD4' T cells that differentiate 
into TH2 cells secrete IL-4 and IL-5. 
IL-4 acts on B cells to stimulate 
production of antibodies that bind 
to mast cells, such as IgE. IL-4 is 
also an autocrine growth and 
differentiation cytokine for TH2 
cells. IL-5 activates eosinophils, a 
response that is important for 
defense against helminthic infec- 
tions. Cytokines from TH2 cells 
also inhibit macrophage activation 
and T,1 -mediated reactions. APC, 
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accumulate around thc postcapillary venules at the 
injection site. By about 12 hours, the injection site 
becomes infiltrated by T cells and blood monocytes, also 
organized in a perivenular distribution (Fig. 13-13). 
The endothelial cells lining these venules become 
plump, show increased biosynthetic organelles, and 
become leaky to plasma macromolecules. Fibrinogen 
escapes from the blood vessels into the surrounding 
tissues, where it is converted into fibrin. The deposition 
of fibrin and, to a lesser extent, the accumulation of T 
cells and monocytes within the extravascular tissue 
space around the injection site cause the tissue to swell 
and become hard (indurated). Induration, the hall- 
mark of DTH, is detectable by about 18 hours after the 
injection of antigen and is maximal by 24 to 48 hours. 
This lag in the onset of palpable induration is the reason 
for calling the response "delayed type." A positive tuber- 
culin skin test response is a widely used clinical indica- 
tor for evidence of previous or active tuberculosis 
infection. In clinical practice, loss of DTH responses 
to universally encountered antigens (e.g., Candida 
antigens) is an indication of deficient T cell function, 
a condition known as anergy. (This general loss of 
immune responsiveness is different from clonal anergy, 
a mechanism for maintaining tolerance to specific 
antigens, discussed in Chapter 10.) 

Migration of leukocytes to sites of infection is  
stimulated by cytokines, which induce the expression 
of adhesion molecules on endothelial cells and the 

chemotaxis of leukocytes (see Fig. 13-1 1). Cytokines 
are produced by macrophages and endothelial cells 
stimulated by microbial products and, later in the reac- 
tion, by T lymphocytes responding to antigen. The 
most important cytokines in this reaction are TNF, 
IL1, and chemokines. TNF and IL-1 activate endothe- 
lial cells to express ligands for leukocyte adhesion 
molecules, thereby resulting in the attachment of 
leukocytes to the endothelium at the site of infection. 
Chemokines increase the affinity of leukocyte integrins 
for their endothelial ligands and promote the 
transendothelial migration of the attached leukocytes 
into the extravascular tissue. This process of leukocyte 
migration was described in Chapter 12 (see Fig. 12-2). 
Cytokines have several other actions that contribute to 
DTH reactions. TNF activates endothelial cells to 
produce vasodilator substances, such as prostacyclin, 
that cause increased local blood flow and increased 
delivery of leukocytes to the site of inflammation. TNF 
and IFN-y cause endothelial cells to undergo shape 
changes and basement membrane remodeling, which 
favors extravasation of cells and leakage of macromole- 
cules. Leakage of plasma macromolecules, especially 
fibrinogen, is the basis of the induration seen in 
DTH reactions. The deposition of fibrinogen (and its 
insoluble cleavage product fibrin), as well as plasma 
fibronectin, in the tissues also forms a scaffold that 
facilitates the migration and subsequent retention of 
leukocytes in extravascular tissues. 

Activated antigen- 
specific T cells are 
retained at site of 

infection and perform 
effector functions 

T cells that 
do not recognize 

antigen return 
to circulation r 

Effector T lymphocytes express adhesion molecules activated endothelium. Previously activated effector T 
and chemokine receptors that promote the migration cells migrate preferentially to peripheral tissues at sites 
of the cells to sites of infection and injammation (see of infection, in contrast to naive T lymphocytes, which 
Fig. 13-11). Migration of activated T cells to peripheral migrate preferentially to peripheral lymph nodes, 
tissues is mediated by the same adhesion molecules, where immune responses are initiated. The reason for 
the selectins and integrins, that are responsible for this difference is that compared with naive cells, acti- 
the migration of other leukocytes through cytokine- vated T cells cxprcss higher levels of functional ligands 
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Figure 13-12 Delayed-type hypersensitivity reaction. 
Infection or immunization (vaccination) sensitizes an individual, 

and subsequent challenge with an antigen from the infectious agent 
elicits a delayed-type hypersensitivity (DTH) reaction. The reaction 
is manifested by induration with redness and swelling at the site of 
the challenge, which is undetectable at -4 hours and peaks at -48 
hours. (Courtesy of Dr. J. Faix, Department of Pathology, Stanford 
University School of Medicine, Palo Alto, Calif.) 

for E-selectin and P-selectin and higher levels of inte- 
grins (mainly LFA-1 and VLA-4). The endothelium at 
sites of infection expresses higher levels of selectins and 
the ligands for these integrins. Moreover, distinct pop- 
ulations of effector T cells may migrate to different 
tissues (skin, gut) because of the expression of distinct 

adhesion molecules. T cells that migrate preferentially 
to the skin express a carbohydrate ligand called cuta- 
neous lymphocyte antigen (CLA) that binds E-selectin, 
and T cells that migrate to the intestines express an 
integrin called a$,, the ligand for which is present 
on the endothelium in the intestine. Effector T cell 
recruitment to peripheral sites of inflammation is also 
dependent on chemokines. Chemokines produced by 
endothelial cells or tissue macrophages at these sites 
bind to glycosaminoglycans on the endothelial cell 
surface and are displayed to effector (and memory) 
T cells that have engaged in low-affinity selectin- 
dependent rolling interactions with the endothelial 
cells. If the chemokines bind to receptors on the rolling 
T cells, the T cell integrin affinity for endothelial adhe- 
sion molecules is increased, and the T cell stops rolling, 
spreads out, and crawls to the interendothelial junc- 
tions. The T cells can then react to a chemical gradient 
of the chemokines in the extravascular tissue and 
migrate to the inflammatory site. Several different 
chemokine receptors and their chemokine ligands may 
be involved in T cell recruitment. Helper T cell subsets 
differ in some of the chemokine receptors they express, 
and therefore different chemokines can promote selec- 
tive TIIl or TH2 recruitment to inflammatory sites. For 
example, TH1 cells express CCR5 and CXCR3 and 
respond to the chemokines IP-10, iTAC, Mipl-a, Mipl- 
p, and RANTES, all of which are produced in response 
to microbes and stimuli generated during innate 
immune responses to microbes (such as the cytokine 
IFN-)I). TH2 cells express the chemokine receptors 
CCR4 and CCR8 and respond to other chemokines that 
are often produced by epithelial cells (see Chapter 19). 
In contrast to effector T cells, naive T lymphocytes 
express high levels of Lselectin, whose ligand is 
expressed on the high endothelial venules of lymph 
nodes, and the chemokinc receptor CCR'7, which rec- 
ognizes chemokines produced in the T cell zones of 
lymph nodes (see Chapter 2). 

The migration of effector T cells from the circula- 
tion to peripheral sites of infection is  largely inde- 
pendent of antigen, but cells that recognize antigen i n  
extravascular tissues are preferentially retained there 
(see Fig. 13-11). T cell migration through blood and 
lymphatic vessels is controlled mainly by adhesion mol- 
ecules and not by engagement of antigen receptors. 
Therefore, this process of migration results in the 
recruitment of circulating effector T cells to inflamma- 
tory sites, regardless of antigen specificity. This adhe- 
sion-dependent migration ensures that the maximum 
possible number of previously activated T cells have the 
opportunity to locate infectious microbes and eradicate 
the infection. Some memory T cells also migrate to 
peripheral tissues, even in the absence of infection, and 
survey the tissues for microbes. Once in the tissues, T 
cells encounter microbial antigens presented by 
macrophages and other APCs. T cells that specifically 
recognize antigens receive signals through their 
antigen receptors that increase the affinity of integrins 
for their ligands (see Chapter 6, Fig. 6-11). Two of 
these integrins, VLA-4 and VLA-5, bind to fibronectin 
in extracellular matrices, and a third adhesion mole- 
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Figure 13-1 3 Morphology of a delayed-type hypersensitivity reaction. 
Histopathologic examination of the reaction illustrated in Figure 13-12 shows perivascular 

mononuclear cell infiltrates in the dermis (A). At higher magnification, the infiltrate is seen to consist 
of activated lymphocytes and macrophages surrounding small blood vessels in which the endothelial 
cells are also activated (B). (Courtesy of Dr. J. Faix, Department of Pathology, Stanford University School 
of Medicine, Palo Alto, Calif.) 

cule, CD44, which is also expressed at high levels on 
effector and memory T cells, binds to hyaluronate. As 
a result, antigen-specific effector and memory T cells 
that encounter the antigen are preferentially retained 
at the extravascular site where the antigen is present. T 
cells not specific for the antigen may return through 
lymphatic vessels to the circulation. 

Effector Mechanisms of 
Cell-Mediated Immunity 

After effector T cells migrate to peripheral sites of 
infection or antigen challenge and recognize the 
antigen for which they are specific, the cells are acti- 
vated to perform their effector functions. In CMI, the 
principal effector function of CD4' T cells is to stimu- 
late the microbicidal activities of macrophages and 
other leukocytes, and the effector functions of CD8' 
CTLs are to kill infected cells and activate phagocytes. 

T Cell-Mediated Activation of 
Macrophages and Other Leukocytes 

Activated macrophages are the effector cells of CMZ 
that function to eliminate phagocytosed microbes. 
Monocytes are recruited from blood into tissues and are 
exposed to signals from THl effector cells and CD8+ 
effector cells responding to antigen in the tissues. This 
interaction results in conversion of the monocytes to 
activated macrophages that are able to kill microbes. 
Activation consists of quantitative changes in the 
expression of various proteins that endow activated 
macrophages with the capacity to perform some func- 
tions that cannot be performed by resting monocytes. 
A macrophage is considered to bc activated if it per- 

forms a function measured in a specific assay, for 
example, microbial killing. In the following sections, we 
describe the T cell signals that activate macrophages in 
cell-mediated immune reactions and the effector func- 
tions of these macrophages. 

Stimuli for Macrophage Activation 

C D 4  THl and CD8+ T cells activate macrophages by 
contact-mediated signals delivered by CD40L-CD40 
interactions and by the cytokine IFN-y (Fig. 13-14). 
(Recall that helper T cells stimulate B lymphocyte pro- 
liferation and differentiation also by CD4O-mediated 
signals and cytokines; see Chapter 9, Fig. 9-10.) When 
effector TH1 cells and CD8' T cells are stimulated by 
antigen, the cells secrete cytokines, notably IFN-y, and 
they express CD40L. IFN-y is the major macrophage- 
activating cytokine. It activates some macrophage 
responses by itself and functions together with bacter- 
ial LPS or CD40 signals to elicit other responses. Knock- 
out mice lacking IFN-y or the IFN-y receptor are 
extremely susceptible to infection by intracellular 
microbes. CD40L engages CD40 on macrophages that 
are presenting antigen to the T cells and activates an 
intracellular signal transduction pathway that is similar 
to the pathway activated by TNF receptors (see Chapter 
11, Box 11-1). The importance of CD40 in macrophage 
activation is demonstrated by the immunologic defects 
in humans with inherited mutations in CD40L (X- 
linked hyper-IgM syndrome) and mice in which the 
gene for CD40 or CD40L is knocked out (see Chapter 
20). All these disorders are characterized by severe defi- 
ciencies in CMI to intracellular microbes, and children 
with the X-linked hyper-IgM syndrome often succumb 
to infection by the intracellular pathogen Pneumocystis 
cam'nii. As expected, these patients and knockout mice 
also have defects in helper T cell-dependent antibody 
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and AP-1, and IFN-y activates the transcription factors 
STAT1 and IRF-1. As a result of these signals, activated 
macrophages produce increased amounts of the 
proteins that are responsible for the effector functions 
of these cells in CMI (see Fig. 13-14). The effector 
functions of activated macrophages include the 
following. 

Activated macrophages kill phagocytosed mic- 
robes, mainly by producing microbicidal reactive 
oxygen intermediates, nitric oxide, and lysosomal ' 

enzymes. The microbicidal mechanisms of macr- 
ophages were described in Chapter 12. To reiterate 
the key points, macrophage activation leads to 
increased synthesis of reactive oxygen intermediates, 
and nitric oxide, which are potent microbicidal 
agents that are produced within the lysosomes of 
macrophages and kill ingested microbes. Activated 
macrophages contain increased amounts of lysoso- 
ma1 enzymes, which destroy phagocytosed microbes 
after phagosomes fuse with lysosomes. Reactive 

Figure 13-14 Activation and functions of macrophages In cell-mediated immunity. 
In cell-mediated immunity, macrophages are activated by CD40L-CD40 interactions and by IFN-y 

and perform several functions that kill microbes, stimulate inflammation, and enhance the antigen- 
presenting capacity of the cells. Macrophages are also activated during innate immune reactions and 
perform the same functions (see Chapter 12, Fig. 12-5). 

production. The requirement for CD40LCD40 inter- 
actions for macrophage activation ensures that 
macrophages that are presenting antigens to the T cells 
(i.e., the macrophages that are harboring intracellular 
microbes) are also the macrophages that are most effi- 
ciently activated by the T cells. CD8+ T cells can activate 
macrophages by the same mechanisms and with the 
same functional outcomes. In this case, the T cells 
recognize microbial antigens that are present in 
the cytosol of the antigen-presenting macrophages. 
In innate immune reactions, the same process of 
macrophage activation is triggered by microbial 
products such as LPS, which turn on some of the same 
biochemical pathways as CD40, and by EN-? secreted 
by NK cells (see Chapter 12). 

Functions of Activated Macrophages 

In response to CD40 signals and IFN-y, production of 
several proteins in macrophages is increased. CD40 
ligation activates the transcription factors NF-KB 

oxygen intermediates, nitric oxide, and lysosomal 
enzymes may also be released into adjacent tissue, 
where they kill extracellular microbes and may cause 
damage to normal tissue. 

Activated macrophages stimulate acute inflamma- 
tion through the secretion of cytokines, mainly TNF, 
IL1, and chemokines, and short-lived lipid media- 
tors such as platelet-activating factor, prostaglandins, 
and leukotrienes. The collective action of these 
macrophage-derived cytokines and lipid mediators is 
to produce a local inflammation that is rich in neu- 
trophils, which phagocytose and destroy infectious 
organisms. 

Activated macrophages (and neutrophils) remove 
dead tissues to facilitate repair after the infection is 
controlled. Activated macrophages also induce the 
formation of repair tissue by secreting growth factors 
that stimulate fibroblast proliferation (platelet- 
derived growth factor), collagen synthesis (trans- 
forming growth factor-P), and new blood vessel 
formation or angiogenesis (fibroblast growth 
factor). Thus, the activated macrophage acts as an 
endogenous surgeon to cauterize the wound and 
thereby eliminate antigen and resolve the inflam- 
matory reaction. 

Even though macrophages can respond directly 
to microbes in innate immune reactions, the ability of 
macrophages to kill ingested microorganisms is greatly 
enhanced by T cells. This is why CMI is able to eradi- 
cate microbes that have evolved to survive within 
macrophages in the absence of adaptive immunity. 
In addition to these effector functions, activated 
macrophages become more efficient APCs because of 
increased levels of molecules involved in antigen pro- 
cessing (such as components of the proteasome and 
cathepsins) , increased surface expression of class I1 
MHC molecules and costimulators, and production of 
cytokines (such as IL-12) that stimulate T lymphocyte 
proliferation and differentiation. These macrophage 
responses function to enhance T cell activation, thus 
serving as amplification mechanisms for CMI. 

Some tissue injury may normally accompany 
cell-mediated immune reactions to microbes because 
the microbicidal products released by activated 
macrophages and neutrophils are capable of injuring 
normal tissue and do not discriminate between 
microbes and host tissue. However, this tissue injury is 
usually limited in extent and duration, and it resolves 
as the infection is cleared. If the activated macrophages 
fail to eradicate the infection, they continue to produce 
cytokines and growth factors, which progressively 
modify the local tissue environment. As a result, tissue 
injury is followed by replacement with connective tissue 
(fibrosis), and fibrosis is a hallmark of chronic 
DTH reactions. In chronic DTH reactions, activated 
macrophages also undergo changes in response to per- 
sistent cytokine signals. These macrophages develop 
increased cytoplasm and cytoplasmic organelles and 
histologically may resemble skin epithelial cells, 
because 01 which they are sometimes called epithelioid 
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Figure 13-15 Granulomatous Inflammation. 
Histopathologic examination of a lymph node shows a granu- 

loma with activated macrophages and lymphocytes. In some 
granulomas, there may be a central area of necrosis. Immunohisto- 
chemical studies would identify the lymphocytes as T cells. This type 
of inflammation is a chronic delayed-type hypersensitivity reaction 
against persistent microbial and other antigens. (Courtesy of Dr. 
Henry Sanchez, Department of Pathology, UCSF School of Medicine, 
San Francisco.) 

cells. Activated macrophages may fuse to form multin- 
ucleate giant cells. Clusters of activated macrophages, 
often surrounding particulate sources of antigen, 
produce nodules of inflammatory tissue called granu- 
lomas (Fig. 13-15). Granulomatous inflammation is 
a characteristic response to some persistent microbes, 
such as M. tuberculosis and some fungi, and represents 
a form of chronic DTH. Granulomatous inflammation 
is frequently associated with tissue fibrosis. Although 
fibrosis is normally a "healing reaction" to injury, it can 
also interfere with normal tissue function. In fact, much 
of the respiratory difficulty associated with tuberculosis 
or chronic fungal infection of the lung is caused by 
replacement of normal lung with fibrotic tissue and not 
directly attributable to the microbes. 

Role of TH2 Cells and Eosinophils in Defense 
Against Helminths 

T'2 cells induce inflammatory reactions that are dom- 
inated by eosinofihils and mast cells (see Fig. 13-10). 
This t& of immune reswonse functions to -eliminate 

I I 

helminthic infections and may play a role in defense 
against some ectoparasites. Helminths are too large to 
be phagocytosed and may be more resistant to the 
microbicidal activities of macrophages than are most 
bacteria and viruses. The immune response to 
helminths consists largely of TH2 cells, which secrete I L  
4, IL5, and IL13. IL4 (and IL13) stimulates the pro- 
duction of helminth-swecific IgE antibodies, which " 
opsonize the helminths. IL-5 activates eosinophils, 
which bind to the IgE-coated helminths by virtue of Fc 
receptors specific for thc E heavy chain. Activated 
e ~ s i ~ o ~ h i l s ~ r e l e a s e  their granule contents, including 
major basic protein and major cationic protein, which 
are capable of destroying even the tough integuments 
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Figure 13-16 Steps in CTL-mediated lysis of target cells. 

A CTL recognizes the antigen-expressing target cell and is acti- 
vated. Activation results in the release of granule contents from the 
CTL, which delivers a lethal hit to  the target. The CTL may detach 
and kill another target cell while the first target goes on to die. Note 
that formation of conjugates between a CTL and i t s  target and 
activation of the CTL also require interactions between accessory 
molecules (LFA-1, CD8) on the CTL and their specific ligands on the 
target cell; these are not shown. 

In the CTL-target cell conjugate, the antigen recep- 
tors of the CTL recognize MHGassociated peptides on 
the target cell. This recognition induces clustering of T 
cell receptors into a synapse and generates biochemical 
signals that activate the CTL. The biochemical signals 
are similar to the signals involved in the activation of 
helper T cells (see Chapter 8). Costimulators and 
cytokines, which are required for the differentiation of 
naive CD8' T cells into active CTLs, are not necessary 
for triggering the effector function of CTLs (i.e., 
target cell killing). Therefore, once CD8' T cells 
specific for an antigen have differentiated into fully 
functional CTLs, they can kill any nucleated cell 
that displays that antigen. 

Killing of Target Cells by CTLs 

Within a few minutes of a CTL's recognizing its target, 
the target cell undergoes changes that induce it to die 
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by apoptosis. Target cell death occurs during the next 
2 to 6 hours and proceeds even if the CTL detaches. 
Thus, the CTL is said to deliver a lethal hit to the target 
that results in cytolysis. 

The principal mechanism of CTL-mediated cytoly- 
sis is the deliuey of cytotoxic granule proteins 
to the target cell that is recognized by the CTL 
(Fig. 13-18). When the antigen receptors of the 
CTL recognize MHC-associated peptides on the target 
cell, the cytoskeleton of the CTL is reorganized 
such that the microtubule organizing center of the 
CTL moves to the area of the cytoplasm near the 
contact with the target cell. The cytoplasmic granules 
of the CTL become concentrated in this same region, 
and the granule membrane fuses with the plasma 
membrane. Membrane fusion results in exocytosis of 
the CTL's granule contents onto the surface of the 
target cell. 

The two granule proteins that are the most impor- 
tant for CTL killing function are perforin and 
granzymes. Perforin is a pore-forming protein that is 
present as a monomer in the granules of CTLs (and NK 
cells). When it is exocytosed from the granules, the per- 

of helminths. Mast cells also express FcE receptors and 
react to IgE-associated antigens by degranulating. The 
granule contents of mast cells include vasoactive 
amines, cytokines such as TNF, and lipid mediators that 
induce local inflammation. We will return to the patho- 
logic consequences of TH~-mediated inflammatory 
reactions in Chapter 19, when we discuss immediate 
hypersensitivity diseases. 

TH2 cells also inhibit CMI by the actions of cytokines 
that suppress macrophage activation. This role of TH2 
cells is mediated by the secretion of IL4 and IL13, 
which, are antagonists of IFN-)I and therefore block 
T cell-mediated macrophage activation, and by the 
secretion of IL10, which is a direct inhibitor of 
macrophage activation. 

Taraet 

and conjugate 
formation 

Mechanisms of CTL-Mediated Killing of 
Infected Cells Fiqure 13-17 Coniugate formation between CTLs and a - - 

target cell. 
Three CTLs from a cloned cell line specific for the human MHC Intracellular microbes that find a haven outside phago- 

somes, and in nonphagocytic cells, cannot be elimi- 
nated by T cell-mediated activation of phagocytes. The 
only way to eradicate established infections by such 
microbes is to kill the infected cells, and this is the func- 
tion of CTLs. Cell killing by CTLs is antigen specific and 
contact dependent. CTLs kill targets that express 
the same class I-associated antigen that triggered the 
proliferation and differentiation of pre-CTLs and do 
not kill adjacent uninfected cells that do not express 
this antigen. In fact, even the CTLs themselves are 
not injured during the killing of antigen-expressing 
targets. This specificity of CTL effector function 
ensures that normal cells are not killed by CTLs react- 
ing against infected cells. This highly specific killing 
occurs because CTL activity is triggered by physical 
contact with their targets and is directed toward the 
targets. 

The process of CTL-mediated killing of targets con- 
sists of antigen recognition, activation of the CTLs, 
delivery of the "lethal hit" that kills the target cells, 
and release of the CTLs (Fig. 13-16). Each of these 
steps is controlled by specific proteins and molecular 
interactions. 

molecule HLA-A2 bind to an HLA-A2-expressing target cell (TC) 
within 1 minute after the CTLs and targets are mixed. Note that in 
the CTL on the upper left, the granules have been redistributed 
toward the target cell. (Courtesy of Dr. P. Peters, Netherlands Cancer 
Institute, Amsterdam.) , letachment of CTL 

111111) 

of target cell 

T I ~etforin holes I 
x I ' activation of I 

\, 1 . I caspases I 

Recognition of Antigen and Activation of CTLs 

The CTL binds to the target cell by using its antigen 
receptor and accessory molecules, such as CD8 and the 
LFA-1 integrin. To be efficiently recognized by CTLs, 
target cells must express class I MHC molecules com- 
plexed to a peptide (the complex serving as the ligand 
for the T cell receptor and the CD8 coreceptor) and 
intercellular adhesion molecule-1 (the principal ligand 
for LFA-1). 

6r FasL 

I FasL on CTL interacts 
with Fas on taraet cell 0 Conjugates of CTLs attached to target ceIls can be visu- 

alized by microscopy, and conjugate formation is the 
prelude to target cell lysis (Fig. 13-17). Figure 13-18 Mechanisms of CTL-mediated lysis of target cells. 

CTLs kill target cells by two main mechanisms. 
A. Perforin is exocytosed in CTL granules and polymerizes in the target cell plasma membrane to 

form pores. Granzymes are also exocytosed in CTL granules, enter target cells through the perforin 
pores, and induce target cell apoptosis. 

B. Fas lisand (FasL) is expressed on activated CTLs, engages Fas on the surface of target cells, and 

0 Antibodies that block any of these interactions inhibit 
CTLmediated lysis in vitro, thus indicating that all 
these interactions function cooperatively in the 
process of CTL recognition of targets. induces apoptosis. 



forin monomer comes into contact with high extracel- 
lular concentrations of calcium (typically 1 to 2 mM) 
and undergoes polymerization. Polymerization of per- 
forin preferentially occurs in the lipid bilayer of the 
target cell plasma membrane, and here the polymer- 
ized perforin forms an aqueous channel. Granzymes 
(granule enzymes) are serine proteases that enter 
the target cell through these channels. Granzyme B, 
the most important of these enzymes, proteolytically 
cleaves and thereby activates cellular enzymes called 
caspases (see Chapter 10, Box 10-2), which in turn 
cleave several substrates and induce target cell apopto- 
sis. In addition, if a sufficient number of perforin 
pores is created in the target cell membrane, the cell 
will be unable to exclude ions and water. The targel 
cell dies partly because the influx of water induces 
osmotic swelling and partly because the high con- 
centration of calcium ion that enters the cell may 
trigger apoptosis. This mechanism of cell killing is anal- 
ogous to that used by the membrane attack complex of 
complement, and perforin is structurally homologous 
to the ninth component of complement, the principal 
constituent of the membrane attack complex (see 
Chapter 14). 

CTLs use another mechanism of killing that is medi- 
ated by interactions of membrane molecules on the 
CTLs and target cells. On activation, CTLs express a 
membrane protein, called Fas ligand (FasL), that binds 
to its target protein Fas, which is expressed on many 
cell types. This interaction also results in activation of 
caspases and apoptosis of targets (Chapter 10, Box 
10-2). Studies with knockout mice lacking perforin, 
granzyme B, or FasL indicate that granule proteins 
are the principal mediators of killing by CD8+ CTLs. 
Some CD4+ T cells are also capable of killing target 
cells (which, of course, must express class I1 MHC- 
associated peptides to be recognized by the CD4+ 
cells). CD4' T cells are deficient in perforin and 
granzymes, and FasL may be more important for their 
killing activity. 

In infections by intracellular microbes, the killing 
activity of CTLs is important for eradicating the reser- 
voir of infection. In addition, the caspases that are acti- 
vated in target cells by granzymes and FasL cleave many 
substrates, including nucleoproteins, and activate 
enzymes that degrade DNA, but they do not distinguish 
between host and microbial proteins. Therefore, by 
activating an apoptotic death pathway in target cells, 
CTLs can initiate the destruction of microbial DNA as 
well as the target cell genome, thereby eliminating 
potentially infectious DNA. Another protein found in 
human CTL (and NK cell) granules, called granulysin, 
can alter the permeability of target cell and microbial 
membranes. 

After delivering the lethal hit, the CTL is released 
from its target cell, a process that may be facilitated by 
decreases in the affinity of accessory molecules for their 
ligands. This release usually occurs even before the 
target cell goes on 'to die. CTLs themselves are not 
injured during target cell killing. The probable reason 
for CTLs not being injured is that the directed granule 
exocytosis process during CTLmediated killing prefer- 

Summary 

CMI is the adaptive immune response against intra- 
cellular microbes. It is mediated by T lymphocytes 
and can be transferred from immunized to naive 
individuals by T cells and not by antibodies. 

There are two main forms of cell-mediated immune 
reactions. In one, which is exemplified by DTH reac- 
tions, CD4+ TH1 cells, as well as CD8+ T cells, recog- 
nize antigens of microbes that have been ingested by 
phagocytes and activate the phagocytes to kill the 
microbes. In the second type of CMI, CD8+ CTLs kill 
any nucleated cell that contains foreign antigens 
(microbial or tumor antigens) in the cytosol. 

Cell-mediated immune reactions consist of several 
steps: naive T cell recognition of cell-associated anti- 
gens in peripheral lymphoid organs, clonal expan- 
sion of the T cells and heir  differentiation into 
effector cells, migration of the effector T cells to the 
site of infection or antigen challenge, and elimina- 
tion of the microbe or antigen. 

, 

CD4+ helper T lymphocytes may differentiate into ' 
specialized effector TH1 cells that secrete IFN-y, 
which favors phagocyte-mediated immunity, or into 
TH2 cells that secrete IL4 and IL5, which favor Ig& 
and eosinophil/mast cell-mediated immune reac- 
tions. The differentiation of naive CD4+ T cells into 
TH1 arid TH2 populations is controlled by cytokines 
produced by APCs and by the T cells themselves. I: 

CD8+ T lymphocytes differentiate into effector CTLs, b 
acquiring the capacity to kill targets, under the influ- 1 
ence of costimulators and help from CD4+ T cells. 

The migration of T cells to sites of infection is 
mediated by chemokines and by the binding of 1 
adhesion molecules to their ligands on activated 
endothelium. 

The activation of macrophages by TH1 cells is medi- 
ated by IFN-7 and CD40L-CD40 interactions. 
Activated macrophages kill phagocytosed microbes, 
stimulate inflammation, and repair damaged tissues. 
If the infection is not fully resolved, activated 
macrophages cause tissue injury and fibrosis. 

CD8+ CTLs kill cells that express peptides derived 
from cytosolic antigens (e.g., viral antigens) that 
are presented in association with class I MHC 
molecules. CTL-mediated killing is mediated mainly 
by granule exocytosis, which releases perforin, a 
membrane pore-forming protein that forms pores in 
the target cell membrane, and granzymes, which 
enter the target cell through the perforin channel 
and induce apoptotic death of the target cell. CTLs 
also express FasL, which engages Fas on the target 
cell membrane and triggers apoptosis of the target 
cell. 
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Humora l  immunity is mediated by secreted anti- 
bodies, and its physiologic function is defense against 
extracellular microbes and microbial toxins. This type 
of immunity contrasts with cell-mediated immunity, the 
other effector arm of the adaptive immune system, 
which is mediated by T lymphocytes and functions to 
eradicate microbes that infect and live within host cells 
(see Chapter 13). Humoral immunity against microbial 
toxins was discovered in the early 1900s as a form of 
immunity that could be transferred from immunized 
to naive individuals by serum. The types of microbes 
that are combated by humoral immunity are extra- 
cellular bacteria, fungi, and even obligate intracellular 
microbes such as viruses, which are targets of antibodies 
before they infect cells or when they are released from 
infected cells. Defects in antibody production result in 
increased susceptibility to infection with cxtracellular 
microbes, notably bacteria and fungi. In this chapter, 
we discuss the effector mechanisms that are used , 
by antibodies to eliminate antigens. The structure 
of antibodies is described in Chapter 3 and the process 
of antibody production in Chapter 9. 

Overview of Humoral Immunity 

The effector functions of antibodies are the neutral- 
ization and elimination of infectious microbes and 
microbial toxins (Fig. 14-1). As we shall see later, 
antibody-mediated elimination of antigens requires the 
participation of other effector systems, including 
phagocytes and complement proteins. Before these 
individual effector mechanisms are described, it is 
useful to summarize the important general features 
of the effector functions of antibodies. 

B Antibodies are produced by B lymphocytes and 
plasma cells in  the lymphoid organs and bone 
marrow, but antibodies perform their efector func- 
tions a t  sites distant from their production. Anti- 
bodies enter mucosal secretions, where they provide 
defense against ingested and inhaled microbes, and 
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Figure 14-1 Effector func- 
tions of antibodies. 

Antibodies against microbes 
(and their toxins, not shown here) 
neutralize these agents, opsonize 
them for phagocytosis and anti- 
body-dependent cellular cytotoxi- 
city, and activate the complement 
system. These various effector 
functions may be mediated by dif- 
ferent antibody isotypes. 

Neutralization 
of microbes 
and toxins 

Lysis of microbes 

Phagocytosis of 
microbes opsonized 

with complement 
fragments (e.g., C3b) r- 
lnf lammation 

, *." 

the blood, from which they are able to circulate to 
any site where antigen is located. Therefore, the 
effector phase of humoral immunity is systemic, even 
though the initial recognition and activation phases 
occur in the spleen, lymph nodes, and mucosal lym- 
phoid tissue. Antibodies are also actively transported 
across the placenta into the circulation of the devel- 
oping fetus. In cell-mediated immunity, activated T 
lymphocytes are able to migrate to peripheral sites 
of infection and inflammation, but they are not 
transported into mucosal secretions or across the 
placenta. 

The antibodies that mediate protective immun- 
ity may be derived from long-lived antibody- 
producing plasma cells generated by previous 
antigen exposure and, in  secondary immune 
responses, by the activation of memory B cells (see 
Chapter 9 ,  Fig. 9-2). The first exposure to a microbe 
or antigen, either by infection or by vaccination, 
leads to the activation of naive B lymphocytes and 
their differentiation into antibody-producing cells 
and memory cells. Some of the antibody-producing 

cells migrate to the bone marrow and live in this site, 
where they continue to produce antibodies for years 
after the antigen is eliminated. It is estimated that 
more than half the IgG found in the serum of 
normal individuals is derived from these long-lived 
antibody-producing cells, which were induced by 
exposure to various antigens throughout the life of 
the individual. If a previously immunized individual 
encounters the antigen, such as a microbe, the level 
of circulating antibody produced by the persisting 
antibody-producing cells provides immediate pro- 
tection against the infection. At the same time, the 
antigen activates long-lived memory B cells, which 
generates a larger burst of antibody that provides the 
second and more erlective wave o l  protection. 

W Many of the effector functions of antibodies are 
mediated by the heavy chain constant regions of 
immunoglobulin (Zg) molecules, and different Ig 
heavy chain isotypes serve distinct effector func- 
tions (Table 14-1). For instance, some IgG sub- 
classes bind to phagocyte Fc receptors and promote 
the phagocytosis of antibody-coated particles, IgM 
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Figure 14-2 Neutralization of 
microbes and toxins by anti- 

. A. Antibodies prevent the 
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and eosinophils are especially potent in destroying 
helminths. Neutralization is the only function of 
antibodies that is mediated entirely by binding of 
antigen and does not require participation of the Ig 
constant regions. 

Table 14-1. Functions of Antibody lsotypes 

I Infection of cell by microbe 

Cell surface Microbe 
receptor Infected binding of microbe 
for microbe epithelial cells and infection of cell 

binding of microbes'to cells and 
thus block the ability of the 
microbes to infect host cells. lpsonization of antigens for phagocytosis 

uy macrophages and neutrophils 

Activation of the classical pathway 
of complement 

Antibody-dependent cell-mediated 
cytotoxicity mediated by natural killer 
cells and macrophages 

Neonatal immunity: transfer of maternal 
nntibody across the placenta and gut 

Although many effector functions of antibodies are 
mediated by the Ig heavy chain constant regions, 
all these functions are triggered by the binding of 
antigens to the variable regions. The binding of 
antibodies to multiple copies of an antigen brings 
the Fc regions of antibodies close together, and this 
leads to complement activation and enhanced inter- 
actions of the antibodies with Fc receptors on phago- 
cytes. The requirement for antigen binding ensures 
that antibodies activate various effector mechanisms 
only when they are needed, that is, when the anti- 
bodies encounter and specifically bind antigens, not 
when the antibodies are circulating in an antigen- 
free form. 

B. Antibodies inhibit the spread 
of microbes from an infected cell to 
an adjacent uninfected cell. 

C. Antibodies block the binding 
of toxins to cells and thus inhibit the 
pathologic effects of the toxins. 

Epithelial 
cells 

Infect,, 
tissue r cell 

1 Release of microbe from infected cell 
and infection of adjacent cell 

. . Feedback inhibition of B cell activation 
%-- 

'-; Activation of the classical pathway of 
I complement 

Antibody blocks 
infection of 
adiacent cell Release of microbe 

Infected A 
tissue L 

from deacl 
cell 

With this introduction to humoral immunity, we 
proceed to a discussion of the various functions of anti- 
bodies in host defense. 

cell - 
Uninfected V 
adjacent Spread of I 

cell :.-.c--b:-- 
Neutralization of Microbes and 
Microbial Toxins 

Antibodies against microbes and microbial toxins 
block the binding of these microbes and toxins to 
cellular receptors (Fig. 14-2). In this way, antibodies 
inhibit, or "neutralize," the infectivity of microbes as 
well as the potential injurious effects of infection. Many 
microbes enter host cells by the binding of particular 
surface molecules to proteins of host cells. For example, 
influenza viruses use their envelope hemagglutinin to 
infect respiratory epithelial cells, and gram-negative 
hacteria use pili to attach to and infect a variety of host 
cells. Antibodies that bind to these microbial structures 
interfere with the ability of the microbes to interact 
with cellular receptors; these are examples of steric 
hindrance. In some cases, very few antibody molecules 
may bind to a microbe and induce conformational 
changes in surface molecules that prevent the microbe 
from interacting with cellular receptors; such interac- 
tions are examples of the allosteric effects of anti- 
bodies. Many microbial toxins mediate their pathologic 
effects also by binding to specific cellular receptors. For 
instance, tetanus toxin binds to receptors in the motor 
end plate of neuromuscular junctions and inhibits 
neuromuscular transmission, which leads to paralysis, 
and diphtheria toxin binds to cellular receptors and 
enters various cells, where it inhibits protein synthesis. 
Antitoxin antibodies sterically hinder the interactions 
of toxins with host cells and prevent the toxins from 
causing tissue injury and disease. 

Antibody-mediated neutralization of microbes and 
toxins requires only the antigen-binding regions of 
the antibodies. Therefore, such neutralization may be 
mediated by antibodies of any isotype in the circulation 
and in mucosal secretions and can experimentally also: 

f 

Pathologic effect of toxin 
of toxin (e.g., 
cell necrosis) 

- ---eW- - Cell surface 
receptor 
for toxin,, ;TcV'- 

I 

ese functions are mediated by membrane-bound and not 
eted antibodies. 
--- 

and some IgG antibodies activate the complement 
system, and IgE binds to the Fc receptors of mast 
cells and eosinophils and triggers their activation. 
Each of these effector mechanisms will be discussed 
later in the chapter. The humoral immune system is 
specialized in such a way that different microbes or 
antigen exposures stimulate B cell switching to the 
Ig isotypes that are best for combating these 
microbes. The major stimuli for isotype switching 
during the process of B cell activation are helper T 
cell-derived cytokines together with CD40 ligand 
expressed by helper T cells (see Chapter 9). Differ- 
ent types of microbes stimulate thc development of 
helper T cells, such as TH1 and TH2 subsets, that 
produce distinct sets of cytokines and therefore 
induce switching of B cells to different heavy chain 
isotypes. For instance, viruses and many bacteria 
stimulate the production of TH1-dependent IgG iso- 
types that bind to phagocytes and NK (natural killer) 
cells and activate complement, whereas helminthic 
parasites stimulate the production of TH2-dependent 
IgE antibody, which binds to arid activates eosino- 
phils. Phagocytes, NK cells, and complement are 
effective at eliminating many viruses and bacteria, 

be mediated by Fab or F(ab')* fragments of specific anti- 
bodies. Most neutralizing antibodies in the blood are of 
the IgG isotype; in mucosal organs, they are of the IgA 
isotype. The most effective neutralizing antibodies 
are those with high affinities for their antigens. High- 
affinity antibodies are produced by the process of 
affinity maturation (see Chapter 9). Many prophylactic 
vaccines work by stimulating the production of 
high-affinity neutralizing antibodies (Table 14-2). A 
mechanism that microbes have developed to evade host 
immunity is to mutate the surface antigens that are the 
targets of neutralizing antibodies (see Chapter 15). 

variety of surface recemors that directlv bind microbes 
and ingest them, even without antibodies, providing 
one mechanism of innate immunity (see Chapter 12). 
The efficiency of this process is markedly enhanced 
if the phago-cyte can -bind the particle' with high 
affinity (Fig. 14-3). Mononuclear phagocytes and neu- 
trophils express receptors for the Fc portions of 
IgG antibodies that specifically bind antibody-coated 
(bponized) particles. -~icrobes may also be opsonized 
by a product of complement activation called C3b and 
are phagocytosed by binding to a leukocyte receptor for 
C3b. This process is described later in the chapter. The 
process of coating particles for phagocytosis~is called 
opsonization, and substances that. p&form this func- 
tion, including antibodies and complement proteins, 
are called specific opsonins. 

Antibody-Mediated Opsonization 
and Phagocytosis 

Antibodies of the IgG isotype coat (opsonize) microbes 
and promote their phagocytosis by binding to Fc 
receptors on phagocytes. Mononuclcar phagocytes and 
neutrophils ingest microbes as a prelude to intracellular 
killing and degradation. These phagocytes express a 

Phagocyte Fc Receptors 

Leukocyte Fc receptors promote the phagocytosis of 
opsonized particles and deliver signals that stimulate 
the microbicidal activities of the leukocytes. Fc recep- 
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Table 14-2. Vaccine-Induced Humoral Immunity 

MectianSsm of 
protective immunity 

Pneumococcal 

Selected examples of vaccines that work by stimulating protective humoral immunity are 
listed. 

tors for different Ig heavy chain isotypes are expressed 
on many leukocyte populations and serve diverse func- 
tions in immunity (Box 14-1). Of these Fc receptors, 
the ones that are most important for phagocytosis of 
opsonized particles are receptors for the heavy chains 
of IgG antibodies, called Fcy receptors. There are three 
types of Fcy receptors, which have different affinities 
for the heavy chains of different IgG subclasses and 
are expressed on different cell types. The major 
high-affinity phagocyte Fcy receptor is called FcyRI 
(CD64). It binds human IgGl and IgG3 strongly, 
with a K, of to lo-' M. (In mice, the high-affinity 
FcyRI receptor preferentially binds IgG2a and IgG2b 
antibodies.) FcyRI is composed of an Fc-binding a 
chain expressed in association with a disulfide-linked 
homodimer of a signaling protein called the FcR y 
chain, which is homologous to the signal-transducing < chain of the T cell receptor (TCR) complex. The 

FcR y chain, like the TCR < chain, contains immuno- 
receptor tyrosine-based activation motifs (ITAMs) in its 
cytoplasmic portion and is required for signal trans- 
duction and surface expression of the complete Fc 
receptor. 

Phagocytosis of IgGcoated particles is mediated by 
binding of the Fc portions of opsonizing antibodies to 
Fcy receptors on phagocytes. Therefore, the IgG sub- 
types that bind best to these receptors (IgG1 and IgG3) 
are the most efficient opsonins for promoting phago- 
cytosis. Antibody molecules attached to the surface of a 
microbe or macromolecular antigen form multivalent 
arrays and are bound by phagocyte Fc receptors with 
much higher avidity than are free circulating anti- 
bodies. For this reason, FcyRI binds antibodies attached 
to antigens better than it binds free antibodies. 
Sequential binding of Fc receptors to antibody-coated 
particles leads to engulfment of the particles and their 

pson Binding of Fc receptor 
of mi opsonized microbes signals 

by 
to phagocyte activate 
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rtgure 14-3 Antibody-mediated opsonization and phagocytosis of microbes. 
Antibodies of certain IgG subclasses bind to microbes and are then recognized by Fc receptors on 

phagocytes. Signals from the Fc receptors promote the phagocytosis of the opsonized microbes and 
activate the phagocytes to destroy these microbes. 

BOX 14-1 ' 
Leukocyte Fc Receptors 

Leukocytes express cell surface receptors that specifically 
bind the Fc portions pf yarious Ig isotypes and subtypes. 
The Fc receptors on neutrophils and macrophages 
mediate the phagocytosis of opsonized particles and the 
activation of leukocytes to destroy phagocytosed particles. 
Fc receptors on NK cells are,+$yolved in activation of these 
cells to kill antibodycoa€ed target cells. Fc receptors on B 
cells negatively regulate antibody responses. l k o  non- 
leukocyte Fc receptors are expressed on epithelial cells 
and mediate transepithelial wansport of antibodies. Here 
we discuss the specific Fc receptors of leukocytes that 
mediate functional responses, namely, FcyRI, F W I ,  
FqRIII, FcERI, FcERII, and FcaR (see Table). 

Each of the leukocyte FcRs contains one Fc-binding 
polypeptide chain, called the a chain, which is a member 
of the Ig superfamily Differences in specificities or affini- 
ties of each FcR for the various IgG isotypes are based on 
differences in the structure of these a chains. In all the 
FcRs except FcyRII, the a chain is associated with one or 
more additional polypeptide chains involved in signal 
transduction, 
functions of F 
the a chain. 

There are 
have different affinities for heavy chains of different IgG 
subclasses. The major phagoc$e Fey -feceptor, FcyRI 
(CD64), is expressed on macrophages and neutrophils and 
is a high-affinity receptor for IgGl and IgG3 (in h-ans). 
The large extracellular amino terminal re@& 6f ife 

receptor polypeptide folds into three tandem Ig-like 
domains. The Fc-binding a chain of FcyRI is associated 
with a disulflde-linked homodimer of a signaling protein 
called the FcR y chain. This y chain is also found in the 
signaling complexes associated with FcyRIII, FcaR, and 
Fc&RI. The y chain has only a short extracellular amino 
terminus but a large cytoplasmic carboxyl terminus, with 
struct+@ homology to the c chain of the TCR complex. 
L i k e ~ ~ ~ ~ ~ ' ~ C R  6 chain, the FcR y chain contains an 
irnm~n'ofece~tor tyrosine-based activation motif (ITAM) 
that couples receptor clustering to activation of protein 
tyrosine kinases. Transcription of the FcyRI gene is stimu- 
lated by the macrophage-activating cytokine IFNr, and for 
this reason activated macrophages express higher levels of 
the receptor than do resting monocytes. 

Both humans and mice express two different classes of 
low-affinity receptors for IgG, called FcyRII ( 0 3 2 )  and 
FcyRIII (CD16). FcyRII is expressed on phagocytes 
and other cell types and binds human IgG subtypes (IgGl 
and IgG3) with sufficiently low affinity (Kd ~ o - ~ M )  that 
monomeric IgG molecules are unable to occupy this recep 
tor at physiologic antibody concentrations. Therefore, 
FcyRII b i d s  IgG mainly when the antibody is in immune 
complexes or on opsonized microbes or cells, which 
display arrays of Fc regions. In humans, there are three di- 
ferent isoforms of FcyRII (called A, B and C) that arise 
from alternative RNA splicing. These isoforms have similar 
intracellular domains and ligand specificities but differ in 
cytoplasmic tail structure, cell distribution, and functions. 

High lgGl (Kd and - M); binds Macrophages, Phagocytosis; 
lgG3, can bind neutrophils; activation 

monomeric IgG also eosinophils of phagocytes 

Continued on following page 
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FcyRl FcyRIIAIC i FC~RIIB i FcyRlllA i FcyRlllB FcaR j FccRI 

lustrate the Fc-binding 

activates NK cells to kill the targets, thereby mediating ant iagocytes anh probabl$ partici{ates in the phagocytosis 
bf opsonized particles. F W I A  is also expressed by certain 
vascular endothelia and other cell types in which its func- 
tion is unknown; it may play a role in the binding of mol- 
ecules other than Ig, such as lipoproteins. The carboxyl 
termini of FcyRIIA and FcyRIIC contain ITAMs and, on 
clustering by IgGl- or IgG3-coated particles or cells, can 
deliver an activation signal to phagocytes. FcyRIIB is 
expressed exclusively by lymphocytes, especially B cells. 
The intracellular carboxyl terminus of this isoform con- 
tains an immunoreceptor tyrosine-based inhibition motif 
(ITIM) that can deliver inhibitory signals, counteracting 
the positive signals delivered to B cells by the antigen- 
induced cross-linking of membrane Ig. Thus, FcyRIIB 
clustering, induced by occupancy with polyvalent IgGl or 
IgG3, may shut off B cell activation (see Chapter 9, Fig. 
9-19). 

The extracellular ligand-binding portion of FqRIII 
(CD16) is similar to FcyRII in structure and affinity and 
specificity for IgG. Two separate genes code for this mole- 
cule in humans. The FcyRIIIA isoform, the product of the 
A e, is a transmembrane protein expressed mainly on 
"k cells. FcyRIIIA associates with homodimers of the FcR 

:hain, homodimers of the TCR c chain, or heterodimers 
composed of the FcR y chain and the c chain. This associ- 
ation is necessary for cell surface expression and, through 
the ITAMs in these signaling chains, can deliver intra- 

llular activating signals. Receptor clustering induced by 

body-dependent cell-mediatea cytotoxici& (ADCC). Th 
FcyRIIIB isoform, a product of the B gene, is a glycc 
sylphosphatidylinositol (GP1)-linked protein expressed o 
neutrophils; it does not mediate phagocytosis or trigger 
neutrophil activation. 

FceRI is an IgE receptor expressed mainly on mast 
cells and basophils (see Chapter 19). The affinity of 
this receptor for IgE is extremely high (Kd 10-lo M), and 
therefore it readily binds monomeric IgE molecules even 
at the low normal plasma concentrations of this antibody 
isotype. The IgE-binding a chain is associated with a P 
chain and an FcR y chain homodimer. The P chain spans 
the plasma membrane four times; both its amino terminus 
and carboxyl terminus are intracellular, and its carboxyl 
terminus contains an ITAM. Antigen-mediated cross- 
linking of IgE that is prebound to FceRI results in activa- 
tion and degranulation of the mast cells or basophils, 
leading to immediate hypersensitivity reactions (Chapter 
19). FceRI is also expressed on eosinophils, where it 
can mediate IgE-directed ADCC, a mechanism of defense 
against helminths. FceRI is variably expressed on antigen- 
presenting cells such as monocytes, L 
tissue dendritic cells. The function o 
antigen-presenting cells is not known. 

Human Fc&RII (CD23) is a Gtype lec 
with low affinity. It exists in two forms: CD23a is constitu- 
tively expressed on B cells, and CD23b is induced by I "B 

Continued on following pa; 

on T cells, Langerhans cells, monocytes, macrophages, and 
eosinophils. Both forms mediate endocytosis of IgE-coated 
particles. The physiologic function of this receptor is not 
known. 

FcaR (CD89) is an IgA receptor expressed on neu- 
trophils, monocytes, and eosinophils. Its ligand-binding a 
chain is associated with an FcR y homodimer. 

As noted before, on binding of Ig molecules, most of 
the FcRs serve to activate the cells on which they are 
expressed. Activation requires cross-linking of the FcRs by 
several linked Ig molecules (e.g., on Ig-coated microbes 
or in immune complexes). Cross-linking of the ligand- 
binding a chains of an FcR results in signal transduction 
events that are similar to those that occur after antigen- 
receptor cross-linking in lymphocytes (see Chapter 8). 
These include Src kinase-mediated tyrosine phosphoryla- 
tion of the ITAMs in the signaling chains of the FcRs; SH2 
domain-mediated recruitment of Syk family kinases to the 
ITAMs; activation of PI-3 kinase; recruitment of adapter 
molecules, including SLP-76 and BLNK; and recruitment 
of enzymes such as phospholipase cy and Tec family 
kinases. These events lead to generation of inositol trispho- 
sphate and diacylglycerol and sustained calcium mobiliza- 

tion. Responses to these mediators in leukocytes include 
transcription of genes encoding cytokines, inflammatory 
mediators, and microbicidal enzymes and mobilization of 
the cytoskeleton leading to phagocytosis, granule exocyto- 
sis, and cell migration. 

Immune complex-mediated cross-linking of the 
inhibitory FcyRIIB on B cells leads to tyrosine phosphory- 
lation of the ITIM in the cytoplasmic tail, recruitment and 
activation of the SHIP phosphatase, and subsequent 
inhibition of B cell receptor-mediated, ITAM-dependent 
activation pathways. FcyRIIB may also generate ITIM- 
independent pro-apoptotic signals, which may be one 
mechanism of maintaining peripheral B cell tolerance. 
In addition, FcyRIIB is expressed on neutrophils, macro- 
phages, and mast cells and may play a role in regulating the 
responses of these cells generated by activating FcRs. 

The physiologic roles of FcRs have been addressed by 
generating knockout mice that fail to express these mole- 
cules. Knockout of the FcR y chain in mice results in loss 
of expression of FCyRI, FcyRII, and FceRI. These animals 
are impaired in their ability to clear opsonized microbes 
and to mount inflammatory reactions to immune 
complexes. 

internalization in phagocytic vesicles. These phago- 
somes fuse with lysosomes, and the phagocytosed 
particles are destroyed in the phagolysosomes (see 
Chapter 12, Fig. 12-4). 

Binding of opsonized particles to phagocyte Fc 
receptors, particularly FcyRI, also activates phagocytes 
by virtue of signals transduced by the FcR y chain. These 
signals result in the activation of several tyrosine kinases 
in the phagocytes, which stimulate production of 
various microbicidal molecules. One consequence of 
phagocyte activation is production of the enzyme 
phagocyte oxidase, which catalyzes the intracellular 
generation of reactive oxygen intermediates that are 
cytotoxic for phagocytosed microbes. In addition, 
leukocytes that are activated by their Fc receptors 
secrete hydrolytic enzymes and reactive oxygen inter- 
mediates into the external milieu that are capable of 
killing extracellular microbes too large to be phagocy- 
tosed. The same toxic products may damage tissues; this 
mechanism of antibody-mediated tissue injury is impor- 
tant in hypersensitivity diseases (Chapter 18). Knockout 
mice lacking the Fc-binding chain of FcyRI or  the 
signal-transducing FcR y chain are defective in anti- 
body-mediated defense against microbes and do not 
develop some forms of IgG antibody-mediated tissue 
injury, thus demonstrating the essential role of Fc 
receptors in these processes. 

Expression of FcyRI on macrophages is stimulated by 
the macrophage-activating cytokine interferon-y (IFN- 
y). The antibody isotypes that bind best to Fcyreceptors 
(such as IgG2a in mice) are also produced as a result 
of IFN-y-mediated isotype switching of B cells. In addi- 
tion, IFN-y directly stimulates the microbicidal activities 
of phagocytes (see Chapter 13). Thus, IFN-y is an excel- 

lent example of a cytokine that has multiple actions 
that function cooperatively in one mechanism of 
host defense, namely, elimination of microbes by 
phagocytes. 

Antibody-Dependent Cell-Mediated 
Cytotoxicity 

NK cells and other leukocytes bind to antibody- 
coated cells by Fc receptors and destroy these cells. 
This process is called antibody-dependent cell-mediated 
cytotoxicity (ADCC) (Fig. 14-4). It was first described 
as a function of NK cells, which use their Fc receptor, 
FcyRIII, to bind to antibody-coated cells. FcyRIII is a 
low-affinity receptor that binds clustered IgG molecules 
displayed on cell surfaces and does not bind circulating 
monomeric IgG. Therefore, ADCC occurs only when 
the target cell is coated with antibody molecules, and 
free I ~ G  in plasma neither activates NK cells nor com- 
petes effectively with cell-bound IgG for binding to 
FcyRIII. Engagement of FcyRIII by antibody-coated 
target cells activates the NK cells to synthesize and 
secrete cytokines such as IFN-y as well as to discharge 
the contents of their granules, which mediate the 
killing functions of this cell type (see Chapter 12). 
ADCC can readilv be demonstrated in vitro. but its role 
in host defense against microbes is not definitively 
established. 

Eosinophils mediate a special type of ADCC directed 
against some helminthic parasites (see Fig. 14-4). 
Helminths are too large to be engulfed by phagocytes, 
and their integument is relatively resistant to the micro- 
bicidal products of neutrophils and macrophages, but 
they can be killed by a basic protein present in thc 
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- Figure 14-4 Antibody-dependent cell- 
mediated cytotoxicity. 

A. Antibodies of certain lgG subclasses bind 
to cells (e.g., infected cells), and the Fc regions 
of the bound antibodies are recognized by an 
Fcy receptor on NK cells. The NK cells are 
activated and kill the antibody-coated cells. 
Presumably, NK cells can lyse even class I 
MHC-expressing targets when these target 
cells are opsonized because the Fc receptor- 
mediated stimulation may overcome the = inhibitory actions of class I MHC-recognizing 
NK cell inhibitory receptors (see Chapter 12). 

B. IgE antibodies bind to helminthic para- 
sites, and the Fc regions of the bound anti- 
bodies are recognized by Fce receptors on 
eosinophils. The eosinophils are activated to 
release their granule contents, which kill the 
parasites. 

- 

teolytic enzymatic activity by the action of other pro- 
teases are called zymogens. The process of sequen- 
tial zymogen activation, that is, an enzymatic cascade, 
is also characteristic of the coagulation and kinin 
systems. Proteolytic cascades allow tremendous 
amplification because each enzyme molecule acti- 
vated at one step can generate multiple activated 
enzyme molecules at the next step. 

The products of complement activation become 
covalently attached to microbial cell surfaces or to 
antibodies bound to microbes and to other antigens. 
In the fluid phase, complement proteins are inactive 
or only transiently active (for seconds), and they 
become stably activated after they are attached to 
microbes or to antibodies. Many of the biologically 
active cleavage products of complement proteins 
also bind covalently to microbes, antibodies, and 
tissues in which the complement is activated. This 
characteristic ensures that the full activation and 
therefore the biologic functions of the complement 
system are limited to microbial cell surfaces or to 
sites of antibodies bound to antigens and do not 
occur in the blood. 

Complement activation is  inhibited by regulatory 
proteins that are present on normal host cells and 
absent from microbes. The regulatory proteins are 
an adaptation of normal cells that minimize com- 
plement-mediated damage to host cells. Microbes. 
lack these regulatory proteins, which allows comple- 
ment activation to occur on microbial surfaces. 

Pathways of Complement Activation 

There are three major Pathways of complement acti- 
vation: the classical pathway, which is  activated by 
certain isotylbes of antibodies bound to antigens; the 
alternative pathway, which is activated on microbial 
cell surfaces in the absence of antibody; and the lectin 
pathway, which is activated by a plasma lectin thatA 
binds to mannose residues on microbes (see Pig. 12-8, 
Chapter 12). The names classical and alternative arose 
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granules of eosinophils. IgE coats the helminths, and 
eosinophils can then bind to the IgE through their 
FceRI. The eosinophils are activated by FceRI-induced 
signals and release their granule contents, which results 
in killing of the helminths. 

I microbial surface 
'I The Complement System 

The complement system is one of the major effector 
mechanisms of humoral immunity and is also an impor- 
tant effector mechanism of innate immunity. We briefly 
discussed the role of complement in innate immunity 
in Chapter 12. Here we describe the activation and reg- 
ulation of complement in more detail. 

The name of the complement system is derived from 
experiments performed by Jules Bordet shortly after 
the discovery of antibodies. He demonstrated that if 
fresh serum containing an antibacterial antibody was 
added to the bacteria at physiologic temperature 
(3Y0C), the bacteria were lysed. If, however, the serum 
was heated to 56•‹C or more, it lost its lytic capacity. This 
loss of lytic capacity was not due to decay of antibody 
activity because antibodies are heat stable, and even 
heated serum was capable of agglutinating the bacteria. 
Bordet concluded that the serum must contain another 
heat-labile component that assists, or complements, the 
lytic function of antibodies, and this component was 
later given the name complement. 

The complement system consists of serum and cell 
surface proteins that interact with one another and 
with other molecules of the immune system in a highly 
regulated manner. Complement proteins are plasma 
prot.eins that are normally inactive; they are activated 
only under particular conditions to generate products 
that mediate various effector functions of complement. 
Several features of complement activation are essential 
for its normal function. 

convertase i i l  G; I 
convertase 

Late steps of 
complement 

Figure 14-5 The early steps of complement activation by the alternative and classical 
pathways. The alternative pathway (A) is activated by C3b binding to various activating surfaces, such as 

microbial cell walls, and the classical pathway (6) is initiated by C1 binding to antigen-antibody com- 
plexes. The C3b that is generated by the action of the C3 convertase binds to the microbial cell surface 
or the antibody and becomes a component of the enzyme that cleaves C5 (C5 convertase) and initi- 
ates the late steps of complement activation. The late steps of both pathways are the same (not shown 
here), and complement activated by both pathways serves the same functions. The lectin pathway 
(not shown) activates C1 in the absence of antibody, and the remaining steps are the same as in the 
classical pathway. 

because the classical pathway was discovered and char- 
acterized first, but the alternative pathway is phyloge- 
netically older. Although the pathways of complement 
activation differ in how they are initiated, all of them 
result in the generation of enzyme complexes that are 
able to cleave the most abundant complement protein, 
C3. The alternative and lectin pathways are effector 
mechanisms of innate immunity, whereas the classical 
pathway is a mechanism of humoral immunity. 

The central event in complement activation is pro- 
teolysis of the complement protein C3 to generate bio- 
logically active products and the subsequent covalent 
attachment of a product of C3, called C3b, to micro- 

bial cell surfaces or to antibody bound to antigen 
(Fig. 1 4 5 ) .  Complement activation consists of early 
steps, which result in the proteolysis of C3, and late 
steps, which lead to thc formation of a protein complex 
that lyses cells. The early steps of complement activa- 
tion generate two proteolytic products of C3 called C3a 
and C3b. (By convention, the proteolytic products of 
each complement protein are identified by lowercase 
letter suffixes, a referring to the smaller product and b 
to the larger one.) C3b becomes covalently attached to 
the microbial cell surface or to the antibody molecules 
where complement is activated, and here it binds to 
other complement proteins and initiates the late steps 

Activation of complement involves the sequential 
proteolysis of proteins to generate enzymes with 
proteolytic activity. Proteins that acquire pro- 
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way o f  complement activation. 

Soluble C3 in plasma undergoes 
slow spontaneous hydrolysis of its 
internal thioester bond, which leads 
to the formation of a fluid-phase C3 
convertase (not shown) and the gen- 
eration of C3b. If the C3b is deposited 
on the surfaces of microbes, it binds 
factor B and forms the alternative 
pathway C3 convertase. This conver- 
tase cleaves C3 to produce more C3b, 
which binds to the microbial surface 
and participates in the formation of a 
C5 convertase. The C5 convertase 
cleaves C5 to generate C5b, the initi- 
ating event in the late steps of com- 
plement activation. 

I Spontaneous 
cleavage of C3 

Microbial 
surface I 

of complement activation. The pathways of comple- 
ment activation differ in how C3b is produced, that is, 
in the early steps, but they share the same late steps. All 
the biologic functions of complement are dependent 
on proteolytic cleavage of C3. For example, comple- 
ment activation promotes phagocytosis because leuko- 
cytes express receptors for C3b. Peptides produced by 
proteolysis of C3 (and other complement proteins) 
stimulate inflammation. With this background, we 
proceed to more detailed descriptions of the alterna- 
tive and classical pathways. 

faces, without a role for antibody (Fig. 14-6 and lable 
14-3). Normally, C3 in plasma is being continuously 
cleaved at a low rate to generate C3b in a process that 
is called C3 tickover. A small amount of the C3b may 
become covalently attached to the surfaces of cells, 
including microbes. An internal thioester bond in C3 
becomes unstable when the molecule is cleaved, and it 
reacts with the amino or hydroxyl groups of cell surface 
proteins or polysaccharides to form amide or ester 
bonds (Fig. 14-7). If these bonds are not formed, the 
C3b remains in the fluid phase, its thioester is quickly 
hydrolyzed, and it becomes inactive, and complement 
activation stops. The bound C3b next binds a plasma 
protein called Factor B, and after it is bound, Factor B 
is cleaved by a plasma serine protease called Factor D 
to generate a fragment called Bb that remains attached 

Hydrolysis and 
inactivation of 

C3b in fluid phase 
- 

Inactive C3b 

microbial surfaces, 
binds factor B 

- Surface of 

I 
microbe 

Factor D I) -$ The Alternative Pathway 
The alternative pathway of complement activation 
results i n  the proteolysis of C3 and the stable attach- 
ment of its breakdown product C3b to microbial sur- 
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Table 14-3. Proteins of the Alternative Pathway of Complement 

*protein Structure Serum ealnction 
concentration 

Cell- 

C3b 
associated Im-'$=O 

9 
185 kD (a-subunit, 1000-1 200 
1 10 kD; p-subunit, 

" . 75 kD) 

C3b binds to the surface of the 
microbe, where it functions as 
an opsonin and as a component 
of C3 and C5 convertases 

1 ~nactive 
, , ; C=o C3b 

ncl 

In fluid phase, Covalent attachment of C3b 
C3b is inactivated to protein or polysaccharide 

by hydrolysis by thioester linkage 1 C3a stimulates inflammation 
(anaphylatoxin) 

200 Bb is a serine protease and the 
active enzyme of the C3 and 
C5 convettases 

1-2 Plasma serine protease, cleaves 
factor B when it is bound to C3b 

93-kD monomer 

Figure 14-7 Internal thioester bonds o f  C3 molecules. 
A schematic view of the internal thioester groups in C3 and their role in forming covalent bonds 

with other molecules is shown. Proteolytic cleavage of the a chain of C3 converts it into a metastable 
form in which the internal thioester bonds are exposed and susceptible to nucleophilic attack by 
oxygen (as shown) or nitrogen atoms. The result is the formation of covalent bonds with proteins or 
carbohydrates on the cell surfaces. C4 is structurally homologous to C3 and has an identical thioester 
group. 

25-kD monomer 
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pathway. When C3 is broken down and C3b remains 
attached to cells, C3a is released, and it has several 
biologic activities that are discussed later in the 
chapter. 

Stable alternatiue pathway activation occurs on 
microbial cell surfaces and not on mammalian cells. If 
the C3bBb complex is formed on mammalian cells, it 
is rapidly degraded and the reaction is terminated by 
the action of several regulatory proteins present on 

to C3b (and releases a smaller fragment called Ba) . The 
C3bBb complex is the alternative pathway C3 conver- 
tase, and it functions to cleave more C3 molecules, 
thus setting up an amplification sequence. Even when 
C3b is generated by the classical pathway, it can form 
a complex with Bb, and this complex is able to cleave 
more C3. Thus, the alternative pathway C3 convertase 
functions to amplify complement activation when it 
is initiated by either the alternative or the classical 

these cells (discussed later in the chapter). Lack of the 
regulatory proteins on microbial cells allows binding 
and activation of the alternative pathway C3 convertase. 
In addition, another protein of the alternative pathway, 
called properdin, can bind to and stabilize the C3bBb 
complex, and the attachment of properdin is favored 
on microbial as opposed to normal host cells. 

Some of the C3b molecules generated by the alter- 
native pathway C3 convertase bind to the convertase 
itself. This results in the formation of a C3bBb3b 

each of which has a globular head connected by a 
collagen-like arm to a central stalk (Fig. 14-9). This 
hexamer performs the recognition function of the mol- 
ecule and binds specifically to the Fc regions of p and 
some y heavy chains. Each Ig Fc region has a single Clq- 
binding site, and each Clq molecule must bind to two 
Ig heavy chains to be activated. This requirement 
explains why antibodies bound to antigens and not free 
circulating antibodies can initiate classical pathway acti- 
vation (Fig. 14-10). Because each IgG molecule has 
only one Fc region, multiple IgG molecules must be 
brought close togelher before Clq can bind, and mul- 
tiple IgG antibodies are brought together only when 
they bind to a multivalent antigen. Even though free 
(circulating) IgM is pentameric, it does not bind Clq, 
apparently because the Fc regions of free IgM are 
inaccessible to Clq. Binding of the IgM to an antigen 
induces a conformational change that exposes the Clq 
binding sites in the Fc regions and allows Clq to bind. 
Because of its pentameric structure, a single molecule 
of IgM can bind two Clq molecules, and this is one 
reason that IgM is a more efficient complement- 
binding (also called complement-fixing) antibody than 

Clr is. and Cls are serine esterases that form a tetramer 

containing two molecules of each. Binding of two or 

complex, which functions as the alternative pathway C5 
convertase to cleave C5 and initiate the late steps of 
complement activation. 

4 
i 
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i 

Figure 14-8 The classical pathway 
of complement activation. 

Antigen-antibody complexes that 
activate the classical pathway may be 
soluble, fixed on the surface of cells (as 
shown), or deposited on extracellular 
matrices. The classical pathway is 
initiated by the binding of C1 to 
antigen-complexed antibody mole- 
cules, which leads to the production 
of C3 and C5 convertases attached to 
the surfaces where the antibody was 
deposited. The C5 convertase cleaves 
C5 to begin the late steps of comple- 
ment activation. 

The Classical Pathway 
Binding of antibodies 
to multivalent antigen; 

binding of C1 to antibodie I' The classical pathway is initiated by binding of the 
complement protein C1 to the CH2 domains of IgG or 
the CH3 domains of IgM molecules that have bound 
antigen (Fig. 14-8 and Table 14-4). Among IgG anti- 
bodies, IgG3 and IgGl (in humans) are more efficient 
activators of complement than other subclasses are. C1 
is a large, multimeric protein complex composed of 
Clq, Clr, and Cls subunits; Clq binds to the antibody, 
and Clr and Cls are proteases. The Clq subunit is 
made up of an umbrella-like radial array of six chains, 

.%. , m.w .!R<%p~%-- 

Binding of C4 to 
I I 

Ig-associated C l  c 

Cleavage of C4 by C l  r2si 
enzyme; covalent attachment 
of C4b to antigenic surface 

and to antibodies 1 Table 14-4. Proteins of the Classical Pathway of Complement 

1 Protein 1 Structure 1 Serum I Function 

es the classical pathway 

2a 

C3 convertase 
I C l  a 1 460 kD; hexamer 175-150 I Binds to the Fc portion of. 

Clr 1 8 5 - k ~  dimer I 50 
Serine protease, cleaves C l  s to 
make it an active protease 

I 

C-4 s 85-kD dimer 50 I Serine protease, cleaves C4 
and C2 , I! 

C3 convertase 210 kD, trimer 300-600 
of 97-, 75-, and 
33-kD chains 

C4b covalently binds to the 
surface of a microbe or cell, where 
antibody is bound and complement 
is activated 

I C4b binds C2 for cleavage by C l  s 

I Binding of C3b to antigenic 
surface and to C4b2a comple 

I C4a stimulates inflammation 
(anaphylatoxin) 

102-kD manomgr 20 C2a is a serine protease and 

I functions as the active enzyme of 
C3 and C5 convertases to cleave 
C3 and C5 . . .a 

See Table 14-3 
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microbial polysaccharides to circulating lectins, such as 
plasma mannose (or mannan)-binding lectin (MBL) . 
MBL binds to mannose residues on polysaccharides, 
and because it is structurally similar to Clq, it triggers 
the complement system either by activating the Clr- 
Cls enzyme complex (like Clq) or by associating with 
another serine esterase, called mannose-binding 
protein-associated serine esterase, which cleaves C4. 
Apart from being activated in the absence of antibody, 
the rest of this pathway is the same as the classical 
pathway. 

into the lipid bilayer of cell membranes, where it 
becomes a high-affinity receptor for one C8 molecule. 
The C8 protein is a trimer composed of three chains, 
one of which binds to the C5b,6,7 complex; another 
inserts into the lipid bilayer of the membrane. This 
stably inserted C5b,6,7,8 complex (C5b-8) has a limited 
ability to lyse cells. The formation of a fully active MAC 
is accomplished by the binding of C9, the final compo- 
nent of the complemcnt cascades, to the C5b-8 
complex. C9 is a serum protein that polymerizes at the 
site of the bound C5b-8 to form po;es in plasma mem- 
branes. These pores are about lOOA in diameter, and 
they form channels that allow free movement of water 
and ions (Fig. 14-12). The entry of water results in 
osmotic swelling and rupture of the cells on whose 
surface the MAC is deposited. Calcium, which is present 
at much higher concentrations outside cells than 
inside, also enters, and high calcium concentrations 
can induce apoptosis in nucleated cells. The pores 
formed by polymerized C9 are similar to the membrane 
pores formed by perforin, the cytolytic granule protein 
found in cytolytic T lymphocytes (CTLs) and NK cells 
(see Chapter 13), and C9 is structurally homologous to 
perforin. 

@soluble IgM (inaccessible Fc) I 

Antigen-bound I 

Tissue 
antigen 

Late Steps o f  Complement Activation 
Yes 

C5 convertases generated by the alternative, classical, 
or lectin pathway initiate activation of the late com- 
ponents of the complement system, which culminates 
in formation of the cytocidal membrane attack 
complex (MAC) (Table 14-5 and Fig. 14-11). C5 con- 
vertases cleave C5 into a small C5a fragment that is 
released and a two-chain C5b fragment that remains 
bound to the complement proteins deposited on the 
cell surface. (C5a has potent biologic effects on several 
cells that are discussed later in the chapter.) The 
remaining components of the complement cascade, 
C6, C7, C8, and C9, are structurally related proteins 
without enzymatic activity. C5b transiently maintains a 
conformation capable of binding the next proteins in 
the cascade, C6 and C7. The C7 component of the 
resulting C5b,6,7 complex is hydrophobic, and it inserts 

6 soluble IgG (Fc portions 
not adjacent) 

Antigen-bound IgG 

Figure 14-9 Structure of C1. 
Cl q consists of six identical subunits arranged to form a central 

core and symmetrically projecting radial arms. The globular heads 
at the end of each arm, designated H, are the contact regions for 
immunoglobulin. Cl  r and Cls form a tetramer composed of two 
Cl  r and two Cl  s molecules. The ends of Cl  r and Cl  s contain the 
catalytic domains of these proteins. One Clr2s2 tetramer wraps 
around the radial arms of the Cl  q complex in a manner that juxta- 
poses the catalytic domains of Cl r and Cl  s. Receptors for Complement Proteins 

Yes 
Many of the biologic activities of the complement 
system are mediated by the binding of complement 

more of the globular heads of Clq to the Fc regions of 
IgG or IgM leads to enzymatic activation of the asso- 
ciated Clr, which cleaves and activates Cls (scc Fig. 
14-8). Activated Cls cleaves the next protein in the 
cascade, C4, to generate C4b. (The smaller C4a frag- 
ment is released and has biologic activities that are 
described later.) C4 is homologous to C3, and C4b has 
an internal thioester bond, as in C3b, that forms cova- 
lent amide or ester linkages with the antigen-antibody 
complex or with the adjacent surface of a cell to which 
the antibody is bound. This attachment of C4b ensures 
that classical pathway activation proceeds on a cell 
surface or immune complex. The next complement 
protein, C2, then complexes with the cell surface- 
bound C4b and is cleaved by a nearby Cls molecule to 
generate a soluble C2b fragment of unknown impor- 
tance and a larger C2a fragment that remains physically 
associated with C4b on the cell surface. (Note that in 
C2, the smaller fragment is called C2b and the larger 
one is called C2a for historical reason, an exception to 
the rule.) The resulting C4b2a complex is the classical 
pathway C3 convertase and has the ability to bind to 
and proteolytically cleave C3. Binding of this enzyme 
complex to C3 is mediated by the C4b component, and 
proteolysis is catalyzed by the C2a component. Cleavage 
of C3 results in the removal of the small C3a fragment, 
and C3b can form covalent bonds with cell surfaces or 
with the antibody where complement activation was 
initiated. Once C3b-is deposited, it can bind factor B 
and generate more C3 convertase by the alternative 
pathway, as discussed before. The net effect of the mul- 

Figure 14-10 C1  binding to the Fc portions of IgM and 
IgG. 

C1 must bind to two or more Fc portions to initiate the com- 
plement cascade. The Fc portions of soluble pentameric IgM are not 
accessible to C1 (A). After IgM binds to surface-bound antigens, it 
undergoes a shape change that permits C1 binding and activation 
(B). Soluble IgG molecules will also not activate C1 because each 
IgG has only one Fc region (C), but after binding to cell surface anti- 
gens, adjacent IgG Fc portions can bind and activate C1 (D). 

Table 14-5. Proteins of the Late Steps of Complement Activation 
-- 

Protein Structure Serum Function 
concentration 
(PsJ~L) 

tiple enzymatic steps and amplification is that a single 
molecule of C3 convertase can lead to the deposition 
of hundreds or thousands of molecules of C3b on the 
cell surface where complement is activated. The key 
early steps of the alternative and classical pathways are 
analogous: C3 in the alternative pathway is homologous 
to C4 in the classical pathway, and factor B is homolo- 
gous to C2. 

Some of the C3h molecules generated by the classi- 
cal pathway C3 convertase bind to the convertase (as in 
the alternative pathway) and form a C4b2a3b complex. 
This complex functions as the classical pathway C5 con- 
vertase; it cleaves C5 and initiates the late steps of com- 
plement activation. 

-, -0<5= ; 
Pa- 

- 190-kD dimer of 1 15- 80 C5b initiates assembly 
-bzL: and 75- kD chains of the MAC 

C5a stimulates inflammation 
(anaphylatoxin) I 

"I ' 1 0-kD monomer Component of the MAC: binds to 
C5b and accepts C7 

100-kD monomer 7 Component of the MAC: binds to 
C5b,6 and inserts into lipid 
membranes 

60 Component of the MAC: binds to 
C5b,6,7 and initiates the binding 
and polymerization of C9 

60 Component of the MAC: binds to 
C5b,6,7,8 and polymerizes to 
form membrane pores 

The Lectin Pathway 

The lectin pathway of complement activation is trig- 
gered in the absence of antibody by the binding of 
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fragments to membrane receptors expressed on various 
cell types. The best characterized of these receptors are 
specific for fragments of C3 and are described here 
(Table 14-6). Other receptors include those for C3a, 
C4a, and C5a, which stimulate inflammation, and some 
that regulate complement activation. 

The type 1 complement receptor (CRl ,  or CD35) 
functions mainly to promote phagocytosis of C3b- 
and C4b-coated particles and clearance of immune 
complexes from the circulation. CR1 is a high-affinity 
receptor for C3b and C4b. It is expressed mainly on 
blood cells, including erythrocytes, neutrophils, mono- 
cytes, eosinophils, and T and A lymphocytes; it is also 
found on follicular dendritic cells in the follicles of 
peripheral lymphoid organs. Phagocytes use this recep- 
tor to bind and internalize particles opsonized with C3b 
or C4b. The binding of C3b- or C4b-coated particles to 
CRl also transduces signals that activate the microbici- 
dal mechanisms of the phagocytes, especially when the 
Fcy receptor is simultaneously engaged by antibody- 
coated particles. CR1 on erythrocytes binds circulating 
immune complexes with attached C3b and C4b and 
transports the complexes to the liver and spleen. Here, 
the immune complexes are removed from the erythro- 
cyte surface by phagocytes, and the erythrocytes con- 
tinue to circulate. CR1 is also a regulator of 
complement activation (see later). 

The type 2 complement receptor (CR2, or CD21) 
functions to stimulate humoral immune responses by 

enhancing B cell activation by antigen and by pro- 
moting the trapping of antigen-antibody complexes i n  
germinal centers. CR2 is present on B lymphocytes, 
follicular dendritic cells, and some epithelial cells. It 
specifically binds the cleavage products of C3b, called 
C3d, C3dg, and iC3b (i referring to inactive), which are 
generated by factor I-mediated proteolysis (discussed 
later). On B cells, CR2 is expressed as part of a trimol- 
ecular complex that includes two other noncovalently 
attached proteins called CD19 and target of antiprolif- 
erative antibody-1 (TAPA-1, or CD81). This complex 
delivers signals to B cells that enhance the responses of 
B cells to antigen (see Chapter 9, Fig. 9-5). On follicu- 
lar dendritic cells, CR2 serves to trap iC3b- and C3dg- 
coated antigen-antibody complexes in germinal 
centers. The functions of CR2 in B cell activation are 
described later. 

In humans, CR2 is the cell surface receptor for 
Epstein-Barr virus, a herpesvirus that causes infectious 
mononucleosis and is also linked to several human 
malignant tumors (see Chapter 17, Box 17-2). Epstein- 
Barr virus infects B cells and can remain latent for 
life. 

The type 3 complement receptor, also called Mac-1 
(CR3, CDl lbCDlS) ,  is an integrin that functions as a 
receptor for the iC3b fragment generated by proteoly- 
sis of C3b. Mac-1 is expressed on neutrophils, mono- 
nuclear phagocytes, mast cells, and NK cells. It is a 
member of the integrin family of cell surface receptors 

C9 

Membrane attack 

I 'lasma membrane 

complex (MAC) 

Figure 14-1 1 Late steps of complement activation and formation of the MAC. 
A schematic view of the cell surface events leading to formation of the MAC is shown. Cell- 

associated C5 convertase cleaves C5 and generates C5b, which becomes bound to the convertase. 
C6 and C7 bind sequentially, and the C5b,6,7 complex becomes directly inserted into the lipid bilayer 
of the plasma membrane, followed by stable insertion of C8. Up to 15 C9 molecules may then poly- 
merize around the complex to form the MAC, which creates pores in the membrane and induces cell 
lysis. C5a released on proteolysis of C5 stimulates inflammation. 

Figure 14-12 Structure of the 
MAC in cell membranes. 

A. Complement lesions in ery- 
throcyte membranes are shown 
in this electron micrograph. The 
lesions consist of holes approxi- 
mately 100A in diameter that 
are formed by poly-C9 tubular 
complexes. 

B. For comparison, membrane 
lesions induced on a target cell by 
a cloned CTL line are shown in this 
electron micrograph. The lesions 
appear morphologically similar to 
complement-mediated lesions, ex- 
cept for a larger internal diameter 
(1 60A). CTL- and NK cell-induce 
membrane lesions are formed by 
tubular complexes of a polymerized 

Table 14-6. Receptors for Fragments of C3 

Receptor Structure Frvoei- --I-- 
160-250 kD; C3b > C4b > iC3b I Mononuclear I Phagocytosis 

k i i i $ e n t  l 
multiple 

i CCPRs I 
- .  

phagocytes, neutrophils, 
B and T cells, Clearance of immune 
ervthrocvtes, eosino~hils. 

I Promotes dissociation 
of C3 convertases 
by acting as cofactor 
for cleavage of C3b,C4b 

protein (pedorin), which k homol- 
ogous to C9 (see Chapter 13). 

C. A model of the subunit 
arrangement of the MAC is shown. 
The transmembrane region consists 
of 12 to 15 C9 molecules arranged 
as a tubule, in addition to single 
molecules of C6, C7, and C8 a and 
y chains. The C5ba, CSbP, and C8P 
chains form an appendage that 
projects above the transmembrane 
pore. (From Podack ER. Molecular 
mechanisms of cytolysis by comple- 
ment and cytolytic lymphocytes. 
Journal of Cellular Biochemistry 
30:133-170, 1986. Copvriaht 1986. 

I I 1 Receptor for EBV ' 

Integrin, with iC3b, ICAM-I; also Mononuclear phagocytes, Phagocytosis 
t 165-kD a chain binds microbes neutrophils, NK cells Leukocyte adhesion and 95-kD P2 chain to endothelium 

(via ICAM-1) 

Abbreviations: CCPR, complement control protein repeat; FDC, follicular dendritic cell; 
ICAM-1, intercellular adhesion molecule-1 . 

Reprinted by permissib;l f Wiley- 
Liss, Inc., a subsidiary of John Wiley 
& Sons, Inc.) 



I Section IV - Effector Mechanisms of Immune Responses Chapter 14 - Effector Mechanisms of Humoral Immunity 

Regulation of Complement Activation Figure 14-13 Regulation of C1 activity by C1 
inhibitor (C1 INH). 

C1 INH displaces C1 r2s2 from Cl q and terminates clas- 
sical pathway activation. 

(see Chapter 6, Box 6-2) and consists of an a chain 
(CDllb) noncovalently linked to a P chain (CD18) that 
is identical to the P chains of two closely related 
integrin molecules, leukocyte function-associated 
antigen-1 (LFA-1) and p150,95 (see next). Mac-1 on 
neutrophils and monocytes promotes phagocytosis of 
microbes opsonized with iC3b. In addition, Mac-1 may 
directly recognize bacteria for phagocytosis by binding 
to some unknown microbial molecules (see Chaptcr 
12). It also binds to intercellular adhesion molecule-1 
(ICAM-1) on endothelial cells and promotes stable 
attachment of the leukocytes to endothelium, even 
without complement activation. This binding leads to 
the recruitment of leukocytes to sites of infection and 
tissue irlj ury. 

The type 4 complement receptor (CR4, p150,95, 
CDllcCD18) is another integrin with a different a 
chain (CDllc) and the same P chain as Mac-1. It also 
binds iC3b, and the function of this receptor is proba- 
bly similar to that of Mac-1. CDllc is also abundantly 
expressed on dendritic cells and is used as a marker for 
this cell type. 

Activation of the complement cascade and the stabil- 
ity of active complement proteins are tightly regu- 
lated to prevent complement activation on normal 
host cells and to limit the duration of complement 
activation even on microbial cells and antigen- 
antibody complexes. Regulation of complement is 
mediated by several circulating and cell membrane pro- 
teins (Table 14-7). Many of these proteins, as well as 
several proteins of the classical and alternative path- 
ways, belong to a family callcd rcgulators of comple- 
ment activity (RCA) and are encoded by homologous 
adjacent genes. 

Complement activation needs to be regulated for 
two reasons. First, low-level complement activation goes 
on spontaneously, and if such activation is allowed to 
proceed on normal cells, the result can be damage to 
normal cells and tissues. Second, even when comple- 
ment is activated where needed, such as on microbial 
cells or antigen-antibody complexes, it needs to be con- 
trolled because degradation products of complement 

proteins can diffuse to adjacent cells and injure them. 
Different regulatory mechanisms inhibit the formation 
of C3 convertases in the early steps of complement acti- 
vation, break down and inactivate C3 and C5 conver- 
tases, and inhibit formation of the MAC in the late steps 
of the complement pathway. 

Theproteolytic actiuity of C l r  and C l s  is inhibited 
by a plasma protein called C1 inhibitor (C1 INH). C1 
INH is a serine protease inhibitor (serpin) that mimics 
the normal substrates of Clr  and Cls. If Clq binds to 
an antibody and begins the process of complement acti- 
vation, C1 INH becomes a target of the enzymatic activ- 
ity of the bound Clr2-Cls2. C1 INH is cleaved by and 
becomes covalently attached to these complement pro- 
teins, and as a result, the C1r2-Cls, tetramer dissociates 
from Clq, thus stopping activation by the classical 
pathway (Fig. 14-13). In this way, C1 INH prevents the 
accumulation of enzymatically active C1r2-Cls2 in thc 
plasma and limits the time for which active Clr2-Cls2 
is available to activate subsequent steps in the com- 
plement cascade. An autosomal dominant inherited 
disease called hereditary angioneurotic edema is due 
to a deficiency of C1 INH. Clinical manifestations of 
the disease include intcrmittent acute accumulation 
of edema fluid in the skin and mucosa, which causes 
abdominal pain, vomiting, diarrhea, and potentially 
life-threatening airway obstruction. In these patients, 
the plasma levels of C1 INH protein are sufficiently 
reduced (<20% to 30% of normal) that activation of C1 
by immune complexes is not properly controlled and 
increased breakdown of C4 and C2 occurs. The media- 
tors of edema formation in patients with hereditary 
angioneurotic edema include a proteolytic fragment of 
C2, called C2 kinin, and bradykinin. C1 INH is an 
inhibitor of other plasma serine proteases besides C1, 
including kallikrein and coagulation factor XII, and 
both activated kallikrein and factor XI1 can promote 
increased formation of bradykinin. 

Assembly of the components of C3 and C5 conver- 
tases is inhibited by the binding of regulatory proteins 
to C3b and C4b deposited on cell surfaces (Fig. 14-14). 
If C3b is deposited on the surfaces of normal mam- 
malian cells, it may be bound by several membrane pro- 
teins, including membrane cofactor protein (MCP, or 
CD46), type 1 complement receptor (CR1) , and decay- 
accelerating factor (Dm) ,  and a plasma protein called 

Factor H. C4b deposited on cell surfaces is similarly 
bound by DAF, CR1, and another plasma protein called 
C4binding protein (C4BP). By binding to C3b or C4b, 
these proteins competitively inhibit the binding of 
other components of the C3 convertase, such as Bb 
of the alternative pathway and C2a of thc classical 
pathway, thus blocking further progression of the com- 
plement cascade. (Factor H inhibits binding of only Bb 
to C3b and is thus a regulator of the alternative but not 
the classical pathway.) MCP, CR1, and DAF are pro- 
duced by mammalian cells but not by microbes. There- 
fore, these regulators of complement selectively inhibi~ 
complement activation on host cells and allow comple- 
ment activation to proceed on microbes. In addition, 
cell surfaces rich in sialic acid favor binding of the reg- 

Table 14-7. Regulators of Complement Activation 

Interacts Function 
with 

1 Receptor (Structure Distribution - 
C1 inhibitor 104 kD 
(C1 lNHj 

C 3 ~ t ~ ~  I 88-kD dimer 
of 50- and 38 
kD subunits 

Serine protease inhibitor; 
binds to C l  r and C l  s 
and dissociates them 
from C l  q 

Serine protease; cleaves 
C3b and C4b by using 
factor H, MCP, C4BP, 
or CRl as cofactors 

Binds C3b and 
displaces Bb 
Cofactor for factor I- 
mediated cleavage of 
C3b 

Plasma protein; 
conc. 200 pg/mL 

Plasma protein; 
conc. 35 pg1mL 

Formation of C4b2a 

multiple 
CCPRs 

Plasma protein; 
conc. 480 pg/mL 

(C4BP) CCPRS 

Binds C4b and 
displaces C2 

Cofactor for factor I- 
mediated cleavage of 
C4b 

Plasma protein; 
conc. 300 pgImL 

Cofactor for factor I- 
mediated cleavage of 
C3b and C4b 

Membrane k:)-E$DpRs cofactor , 

for protein 
(MCP, CD46) 

Leukocytes, 
epithelial cells, 
endothelial cells 

- 170 kD; GPI Blood cells, 
endothelial cells, 
epithelial cells 

Displaces C2b from C4b 
and Bb from C3b 
(dissociation of C3 
converiases) 

Blocks C9 binding and 
prevents formation of 
the MAC 

Blood cells, 
endothelial cells, 
epithelial cells 

Figure 14-14 Inhibition of the formation of C3 conver- 
tases. 

Several membrane proteins present on normal cells displace 
either C2a from the classical pathway C3 convertase (A) or Bb 
from the alternative pathway C3 convertase (B) and stop comple- 
ment activation. CR1, type 1 complement receptor; DAF, decay- 
accelerating factor; MCP, membrane cofactor protein. 

Abbreviations: CCPR, complement control protein repeat; conc., concentration; 
GPI, glycophosphatidylinositol; MAC, membrane attack complex. 
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that lysis of innocent bystander cells does not occur 
near the site of complement activation. 

Much of the analysis of the function of complement 
regulatory proteins has relied on in vitro experiments, 
and most of these experiments have focused on assays 
that measure MAC-mediated cell lysis as an end point. 
On the basis of these studies, a hierarchy of importance 
for inhibiting complement activation is believed to 
be CD59 > DAF > MCP, and this hierarchy may reflect 
the relative abundance of these proteins on cell 
surfaces. 

The function of regulatory proteins may be over- 
come by increasing amounts of complement activa- 
tion. We have emphasized the importance of these 
regulatory proteins in preventing complement activa- 
tion on normal cells. However, complement-mediated 
phagocytosis and damage to normal cells are important 
pathogenetic mechanisms in many immunologic dis- 
eases (Chapter 18). In these diseases, large amounts 
of antibodies may be deposited on host cells, generat- 
ing enough active complement proteins that the regu- 
latory molecules are unable to control complement. 
activation. 

ulatory protein Factor H over the alternative pathway 
protein Factor B. Mammalian cells express higher levels 
of sialic acid than microbes do, which is another reason 
that complement activation is prevented on normal 

Formation 

host cellsand permitted on microbes. 
DAF is a glycophosphatidylinositol-linked membrane 

protein expressed on endothelial cells and erythro- 
cytes. ~efi i iency of an enzyme required to form such 
protein-lipid linkages results in faihre to express many 
glycophosphatidylinositol-linked membrane proteins, 
including DAF and CD59 (see following), and causes a 
disease called paroxysmal nocturnal hem~~lobinuria. 

poly-C9 
assemblv 

This disease ii characterized by recurrent bouts of 
intravascular hemolysis, at least partly attributable to 
unrewlated complement activation on the surface 
of eF&hrocvtes. Recurrent intravascular hemolvsis in 
turn leads to chronic hemolytic anemia and venous 
thrombosis. 

Cell-associated C3b is  proteolytically degraded by 
a plasma serine protease called factor I, which is 
active only in the presence of regulatory proteins (Fig. 
1415) .  MCP, factor H, C4BP, and CR1 all serve as cofac- 
tors for Factor I-mediated cleavage of C3b (and C4b). 

lnhibition 
of MAC 

formation 

Thus, these regulatory host cell proteins promote 
proteolytic degradation of complement proteins; as 
discussed before, the same regulatory proteins cause 
dissociation of C3b (and C4b)-containing complexes. 
Factor I-mediated cleavage of C3b generates fragments 
called iC3b, C3d, and C3dg, which do not participate 
in complement activation but may be recognized by 
receptors on phagocytes. 

Formation of the MAC is  inhibited by a membrane 
protein called CD59. CD59 is a glycophosphatidylinos- 
itol-linked protein expressed on many cell types. It 
works by incorporating itself into growing MAGS after 
the membrane insertion of C5b-8, thereby inhibiting 
the subsequent addition of C9 molcculcs (Fig. 14-16). 
CD59 is present on normal host cells, where it limits 
MAC formation, but it is not present on microbes. For- 
mation of the MAC is also inhibited by plasma proteins 
such as S protein, which functions by binding to soluble 
C5b,6,7 complexes and thereby preventing their inser- 
tion into cell membranes near the site where the com- 

Functions of Complement 
/S protein inhibits 

The principal effector functions of the complement 
system i n  innate immunity and specijic humoral 
immunity are to promote phagocytosis of microbes on 
which complement is activated, to stimulate inPam- 
mation, and to induce the lysis of these microbes. In 
addition, products of complement activation provide 
second signals for the activation of B lymphocytes 
and the production of antibodies. Phagocytosis, inflam- 
mation, and stimulation of humoral immunity are 
all mediated by the binding of proteolytic fragments 
of complement proteins to various cell surface recep- 
tors, whereas cell lysis is mediated by the MAC. In the 
following section, we describe each of these function< 
of the complement system and their role in hos 
defense. 

of MAC 
formation 

Figure 14-16 Regulation of formation of the MAC. 
The MAC is formed on cell surfaces as an end result of complement activation. The membrane 

protein CD59 and plasma S protein inhibit formation of the MAC. 

C3b, iC3b, or C4b and are phagocytosed by the binding 
of these proteins to specijic receptors on macrophages 
and neutrophils (Fig. 1417A). As discussed previously, 
activation of both the alternative and classical pathways 
leads to the generation of C3b and iC3b covalently 
bound to cell surfaces. Both C3b and iC3b act as 
opsonins by virtue of the fact that they specifically bind 
to receptors on neutrophils and macrophages. C3b and 
C4b (the latter generated by the classical pathway only) 
bind to CR1, and iC3b binds to CR3 (Mac-1) and CR4. 
By itself, CK1 is inefficient at inducing the phagocyto- 
sis of C3b-coated microbes, but its ability to do so is 
enhanced if the microbes are coated with IgG anti- 
bodies that simultaneously bind to Fcy receptors. 
Macrophage activation by the cytokine IFN-y also 
enhances CR1-mediated phagocytosis. C3b- and iC3b- 
dependent phagocytosis of microorganisms is a major 
defense mechanism against infections in innate and 
adaptive immunity. One example of the importance of 
complement is host defense against bacteria with poly- 
saccharide-rich capsules, such as pncumococci and 

meningococci, which is mediated entirely by humoral 
immunity. IgM antibodies against capsular polysaccha- 
rides bind to the bacteria, activate the classical pathway 
of complement, and cause phagocytic clearance of the 
bacteria in the spleen. This is why individuals lacking 
the spleen (e.g., as a result of surgical removal after 
traumatic rupture) are susceptible to disseminated 
pneumococcal and meningococcal septicemia. C3- 
deficient humans and mice are extremely susceptible 
to lethal bacterial infections. 

plement cascade was initiated. Growing MACs can 
insert into any neighboring cell membrane besides the 
membrane on which they were generated. Inhibitors of 
MAC in the plasma and in host cell membranes ensure 

Opsonization and Phagocytosis 

Microbes on which complement is  activated by the 
alternative or classical pathway become coated with 

Figure 14-15 Factor l-medi- 
ated cleavage of C3b. 

In the presence of cell mem- 
brane-bound cofactors (mem- 
brane cofactor protein [MCP] or 
type 1 complement receptor 
[CRl]), plasma Factor I proteolyti- 
cally cleaves C3b attached to cell 
surfaces, leaving an inactive form 
of C3b (iC3b). Factor H and C4- 
binding protein can also serve as 
cofactors for Factor I-mediated 
cleavage of C3b. The same process 
is involved in the proteolysis of C4. 

dovalent'I 
attachment of C3b 

Stimulation of Inflammatory Responses 

The proteolytic complement fragments C5a, C4a, and 
C3a induce acute inflammation by activating mast 
cells and neutrophils (Fig. 1417B). All three peptides 
bind to mast cells and induce degranulation, with the 
release of vasoactive mediators such as histamine. These 
peptides are also called anaphylatoxins because the 
mast cell reactions they trigger are characteristic of ana- 
phylaxis (see Chapter 19). In neutrophils, C5a stimu- 
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activation of late components complex (MAC) 

of complement 

Figure 14-17 Functions of 
complement. 

The major functions of the com- 
plement system in host defense 
are shown. Cell-bound C3b is an 
opsonin that promotes phagocyto- 
sis of coated cells (A); the proteoly- 
tic products C5a, C3a, and (to a 
lesser extent) C4a stimulate leuko- 
cyte recruitment and inflammation 
(B); and the MAC lyses cells (C). 

lates motility, firm adhesion to endothelial cells, and, at 
high doses, stimulation of the respiratory burst and pro- 
duction of reactive oxygen intermediates. In addition, 
C5a mav act directlv 6; vascular endothelial cells and 
lead to increased vascular permeability and the expres- 
sion of P-selectin, which promotes neutrophil binding. 
This combination of C5a actions on mast cells, neu- 
tro~hils. and endothelial cells contributes to inflam- 

I 

mation at sites of complement activation. C5a is the 
most potent mediator of mast cell degranulation, C3a 
is about 20-fold less potent, and C4a is about 2500-fold 
less. The moinflammatorv effects of C5a, C4a, and C3a 
are medhed  by bindini of the peptides to specific 
receptors on various cell types. The C5a receptor is the 
most thoroughly characterized. It is a member of the 
seven-a-helical . transmembrane receptor family and 
uses trimeric guanosine triphosphate (GTP)-binding 
proteins (G proteins) for coupling to signal transduc- 
tion pathways. The C5a receptor is expressed on many 
cell -types, including neutrbphils, e6sinophils, baso- 
phils, monocytes, macrophages, mast cells, endothelial 
cells, smooth muscle cells, epithelial cells, and astro- 
cytes. The C3a receptor is also a member of the G 
protein-coupled receptor family. 

Complement-Mediated Cytolysis 

Complement-mediated lysis of foreign organisms is 
mediated by the MAC (Fig. 14-17C). This mechanism 

appears to be imporlant Tor derense against only a few 
types of microbes because genetic defects in MAC com- 
ponents result in increased susceptibility only to infec- 
tions by bacteria of the genus Neisseria. 

Other Functions of the Complement System 

By binding to antigen-antibody complexes, comple- 
ment proteins promote the solubilization of these 
complexes and their clearance by phagocytes. Small 
numbers of immune complexes are frequently formed 
in the circulation when an individual mounts a vigor- 
ous antibody response to a circulating antigen. If the 
immune complexes accumulate in the blood, they may 
be deposited in vessel walls and lead to inflammatory 
reactions that damage surrounding tissue. The forma- 
tion of immune complexes may require not only the 
multivalent binding of Ig Fab regions to antigens but 
also noncovalent interactions of Fc regions of juxta- 
posed Ig molecules. Complement activation on Ig 
molecules can sterically block these Fc-Fc interactions, 
thereby promoting dissolution of the immune com- 
plexes. In addition, as discussed before, immune com- 
plexes with attached C3b are bound to CR1 on 
erythrocytcs, and the complexes are cleared by 
phagocytes in the liver. 

The C3d protein generated from C3 binds to CR2 on 
B cells, activates the B cells, and provides a signal for 

initiating humoral immune responses. C3d is gener- 
ated when complement is activated by an antigen, 
either directly (for instance, when the antigen is a 
microbial polysaccharide) or after the binding of anti- 
body. Complement activation results in the covalent 
attachment of C3b and its cleavage product C3d to the 
antigen. B lymphocytes can bind the antigen through 
their Ig receptors and simultaneously bind the attached 
C3d through CR2. The combined signals result in B cell 
activation (see Chapter 9, Fig. 9-5). Opsonized antigens 
are also bound by follicular dendritic cells in the ger- 
minal centers of lymphoid organs. Follicular dendritic 
cells display antigens to B cells in the germinal centers, 
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and this process is important for the selection of high- 
affinity B cells (see Chapter 9, Fig. 9-15). The impor- 
tance of complement in humoral immune responses is 
illustrated by the severe impairment in antibody pro- 
duction and germinal center formation seen in knock- 
out mice lacking C3 or C4 or the CR2 receptor. 

Although our discussion has emphasized the physio- 
logic functions of complement as an effector mecha- 
nism of host defense, the complement system is also 
involved in several pathologic conditions (Box 14-2). 
Some autoimmune diseases are associated with the pro- 
duction of autoantibodies specific for self proteins 
expressed on cell surfaces (see Chapter 18). Binding of 
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I The Complement System in Disease (O,alinuvrl) 

BOX 14-2 

and perhaps by impaired iC3b-dependent phagocytosis of 
bacteria. 

PATHOLOGIC EFFECTS OF A NORMAL COMPLE- 
MENT SYSTEM Even when it is properly regulated 
and appropriately activated, the complement system can 
cause significant tissue damage. Some of the pathologic 
effects associated with bacterial infections may be due to 
complement-mediated acute inflammatory responses to 
infectious organisms. In some situations, complement acti- 
vation is associated with intravascular thrombosis and can 
lead to ischemic injury to tissues. For instance, antien- 
dothelial antibodies against vascularized organ transplants 
and the immune complexes produced in autoimmune dis- 
eases may bind to vascular endothelium and activate com- 
plement, thereby leading to inflammation and generation 
of the membrane attack complex (MAC) with damage to 
the endothelial surface, which favors coagulation. There is 
also evidence that some of the late complement proteins 

these antibodies results in complement-dependent lysis 
and phagocytosis of the cells. In other diseases, immune 
complexes deposit in tissues and induce inflammation 
by complement-mediated recruitment and activation of 
leukocytes. Primary abnormalities of complement pro- 
teins and regulatory proteins are the causes of various 
human diseases. 

The similarities in the roles of complement and Fc 
receptors in phagocytosis and inflammation raise the 
question of which is the more important effector mech- 
anism of humoral immunity. Surprisingly, knockout 
mice lacking C3 or C4 show virtually no defects in IgG 
antibody-mediated phagocytosis of opsonized erythro- 
cytes or in immune complex-mediated vasculitis. Both 
these reactions are abolished in knockout mice lacking 
the high-affinity Fcy receptor. These results suggest that 
in IgG antibody-mediated phagocytosis and inflamma- 
tion, Fc receptor-dependent reactions may be more 
important than complement-mediated reactions. 
Whether this phenomenon is true in humans remains 
to be established. Also, IgM antibody-mediated protec- 
tive immunity and pathologic reactions are dependent 
only on the complement system because IgM is an effi- 
cient activator of complement but does not bind to 
leukocyte Fc receptors. 

Functions of Antibodies at Special 
Anatomic Sites 

So far, we have described the effector functions of anti- 
bodies that are systemic and do not show any particu- 
lar features related to location. Antibodies serve special 
defense functions as a result of active transport into two 
anatomic compartments, the lumens of mucosal organs 
and the developing fetus. In these sites, the principal 
mechanism of protective immunity against microbes is 
antibody-mediated neutralization because lymphocytes 

may activate prothrombinases in the circulation that initi- 
ate thrombosis independent of MAGmediated damage to 
endothelium. 

It has long been believed that the clearest example 
of complement-mediated pathology is immune complex 
disease. Systemic vasculitis and immune complex glomeru- 
lonephritis result from the deposition of antigen-antibody 
complexes in the walls of vessels and kidney glomeruli (see 
Chapter 18). Complement activated by the immunoglob- 
ulin in these deposited immune complexes initiates the 
acute inflammatory responses that destroy the vessel walls 
or glomeruli and lead to thrombosis, ischemic damage to 
tissues, and scarring. However, as mentioned in the text, 
studies with knockout mice lacking the complement 
proteins C3 or C4 or lacking F q  receptors suggest that 
Fc receptor-mediated leukocyte activation may cause 
inflammation and tissue injury as a result of IgG deposi- 
tion even in the absence of complement activation. 

and other effector cells do not pass through mucosal 
epithelia or the placenta. 

Mucosal Immunity 

IgAis the major class of antibody that is  produced in 
the mucosal immune system. The gastrointestinal and 
respiratory tracts are two of the most common portals 
of entry of microbes. Defense against microbes that 
enter by these routes is provided by antibody, largely 
IgA, that is produced in mucosal lymphoid tissues and 
secreted through the mucosal epithelium into the 
lumens of the organs. In mucosal secretions, IgA bin 
to microbes and toxins present in the lumen and n 
tralizes them by blocking their entry into the host ( 
Fig. 14-2). Secretory immunity is the mechanism o 
protective immunity induced by oral vaccines such as 
the polio vaccine. 

The mucosal immune system is a collection of lym 
phocytes and accessory cells, often organized into disj 
Crete anatomic structures resembling lymphoid follicle 
that are located underneath the epithelia of the 
trointestinal and respiratory tracts (see Chapter 2). 
is produced in larger amounts than any other antibo 
isotype, mainly because of the size of the intestin 
surface. It is estimated that a normal 70-kg 
secretes about 2 g of IgA per day, which accoun 
60% to 70% of the total output of antibodies. Beca 
IgA synthesis occurs mainly in mucosal lymphoid tissu 
and transport into the mucosal lumen is effic 
isotype constitutes less than one quarter of the 
in plasma and is a minor component of sys 
humoral immunity compared with IgG and IgM. 
body responses to antigens encountered by ingestion 
inhalation are typically dominated by IgA. In ant 
stimulated B cells, switching to the IgA isotype is 
ulated by transforming growth factor-@ (which m 
produced by T cells as well as by nonlymphoid str 

cells) and the TH2 cytokine interleukin (1L)-5. The 
probable reason ;that larger amounts of IgA are pro- 
duced in the mucosal immune system than in other 
tissues is that isbtype switching to IgA occurs most 
efficiently in mucosal lymphoid tissue, in part because 
IL5-producing helper T cells are more numerous in 
mucosal than in other lymphoid tissue. IgA-producing 
B cells may also have a special propensity to home to 
mucosal tissues. 

Secreted IgA is transported through epithelial cells 
into the intestinal lumen by an IgA-speci$c Fc recep- 
tor called the poly-Ig receptor. IgA is produced by B 
cells in the lamina propria and secreted in the form 
of a dimer that is held together by the coordinately 
produced J chain. (In contrast, serum IgA is usually 
a monomer lacking the J chain.) From the lamina 
propria, the IgA must be transported across the epithe- 
lium into the lumen, and this function is mediated by 
the poly-Ig receptor. This receptor is synthesized by 
mucosal epithelial cells and expressed on their basal 
and lateral surfaces. The membrane-associated form is 
a glycoprotein with five extracellular domains homolo- 
gous to Ig domains and is thus a member of the Ig 
superfamily. The secreted, dimeric IgA containing the 
J chain binds to the membrane-associated poly-Ig re- 
ceptor on mucosal epithelial cells (Fig. 14-18). This 
complex is endocytosed into the epithelial cell and 
actively transported in vesicles to the luminal surface. 
Here the poly-Ig receptor is proteolytically cleaved, its 
transmembrane and cytoplasmic domains are left 
attached to the epithelial cell, and the extracellular 
domain of the receptor, which carries the IgA molecule, 
is released into the intestinal lumen. The IgA-associated 
componcnt of the receptor is called the secretory com- 
ponent. The poly-Ig receptor is also responsible for the 
secretion of IgA into bile, milk, sputum, saliva, and 
sweat. Although its ability to transport IgA has been 
studied most extensively, the receptor is capable of 
transporting IgM into intestinal secretions as well. 
(Note that secreted IgM is also a polymer associated 
with the J chain.) This is the reason that this receptor 
is called the poly-Ig receptor. 
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Neonatal Immunity 

Figure 14-18 Transport of 
IgA through epithelial cells. 

IgA is produced by plasma 
cells in the lamina propria of 
mucosal tissue and binds to the 
poly-lg receptor at the base of an 
epithelial cell. The complex is 
actively transported through the 
epithelial cell, and the bound IgA 
is released into the lumen by pro- 
teolytic cleavage. The process of 
active transport through the cell 
is called transcytosis. 

Neonatal mammals are protected from infection by 
maternally produced antibodies transported across 
the placenta into the fetal circulation and by anti- 
bodies in ingested milk transported across the gut 
epithelium of newborns. Neonates lack the ability to 
mount effective immune responses against microbes, 
and for several months after birth, their major defense 
against infection is passive immunity provided by mater- 
nal antibodies. Maternal IgG is transported across the 
placenta, and maternal IgA and IgG in breast milk 
are ingested by the nursing infant. Ingested IgA and 
IgG can neutralize pathogenic organisms that attempt 
to colonize the infant's gut, and ingested IgG anti- 
bodies are also transported across the gut epithelium 
into the circulation of the newborn. Thus, a newborn 
contains essentially the same IgG antibodies as the 
mother. 

Transport of maternal IgG across the placenta and 
across the neonatal intestinal epithelium is mediated by 
an IgGspecific Fc receptor called the neonatal Fc recep- 
tor (FcRn). The FcRn is unique among Fc receptors in 
that it resembles a class I major histocompatibility 
complex (MHC) molecule containing a transmem- 
brane heavy chain that is noncovalently associated with 
@2-microglobulin. However, the interaction of IgG with 
FcRn does not involve the peptidc-binding cleft used by 
class I MHC molecules to display peptides for T cell 
recognition. 

Adults express an Fc receptor homologous to FcRn 
that functions to protect plasma IgG antibodies from 
catabolism. This Fc receptor is expressed on many 
epithelial cell types. It binds circulating IgG, promotes 
endocytosis of the IgG complexed with the receptor in 
a form that protects the antibody from intracellular 
degradation, and returns the antibody to the circula- 
tion. Knockout mice lacking @p-microglobulin have 
10-fold lower levels of serum IgG than normal mice 
do because of increased catabolism of the antibody 
resulting from failure to express the protective PP- 
microglobulin-associated Fc receptor. 
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Summary ments and phagocytic clearance, activation of inflam- 
matory cells by proteolytic fragments of complement 

Humoral immunity is mediated by antibodies and is proteins called anaphylatoxins (C3a, C4a9 C5a) 
the effector arm of the adaptive immune system cytoly~is mediated by MAC formation on cell sur- 
responsible for defense against extracellular faces, solubilization and clearance of immune com- 
robes and microbial toxins. The antibodies that plexes, and enhancement of humoral immune 
provide protection against infection may be pro- responses. 
duced by long-lived antibody-secreting cells gener- Defense against microbes and toxins in the lumens 
ated by the first exposure to microbial antigen or by of mucosal organs is provided by I ~ A  antibody pro- 
reactivation of mcmory B cells by the antigen. duced in mucosal lymphoid tissue and actively trans- 

* The effector functions of antibodies include ported through epithelial cells into the lumen. 
neutralization of antigens, FC receptor-dependent protective immunity in neonates is a form of passive 
phagocytosis of opsonized particles, and activation of immunity provided by maternal antibodies trans 
the complement system. ported across the placenta or ingested and trans- 

* Antibodies block, or neutralize, the infectivity of ported across gut epithelium by a specialized 
microbes by binding to the microbes and sterically neonatal Fc receptor. 
hindering interactions of the microbes with cellular 
receptors. Antibodies similarly block the pathologic 
actions of toxins by preventing binding of the toxins 
to host cells. Selected Readings Innate Immunity to Extracellular Bacteria 34 

Adaptive lmmune Responses to Extracellular 
(O~sOnized) particles are phagocy- ~~~~i~~~~~ R, M zhang, M ~ 7 i ~ ~ h ~ ~ ,  and MC carroll. The role Bacteria 348 

tosed by binding of the Fc portions of the antibodies of complement In inflammation and adaptive Evasion of Immune Mechanisms by Extracellu 
to phagocyte Fc receptors. There are several types of immunological ~ ~ v i ~ ~ ~  180:5-15, 2001. Bacteria 349 
FC receptors specific for different subclasses of IgG B~~~ M. Role of natural and immune IgM antibodies in 
and Tor IgA and IgE antibodies, and different Fc immune responses. Molecular Immunology 37: 1141-1 149, 
receptors bind the antibodies with varying affinities. 2000. 
Attachment of antigen-complexed Ig to phagocyte Fc Carroll MC. The role of complement and complement recep- 
receptors also delivers signals that stimulate the tors in induction and regulation of Immunity. Annual 

microbicidal activities of phagocytes. Review of Immunology 16:545-568, 1998. Evasion of Immune Mec 
Crawford K, and CA Alper. Genetics of the complement Bacteria 355 

The complement system consists of serum and mem- system. Reviews in Immunogenetics 2:323-338, 2000. 
brane proteins that interact in a highly regulated Kohl J. Anaphylatoxins and infectious and noninfectious 
manner to produce biologically active protein prod- inflammatory disorders. Molecular Immunology 38:175- 

187, 2001. ucts. The two major pathways of complement activa- lmmunity to Viruses 355 tion are the alternative pathway, which is activated on Krych-Goldberg M, and JP Atkinson. Structure-function rela- 
microbial surfaces in the absence of antibody, and the tionships VPe lmmunO1Ogical 

Rev~ews 180:112-122, 2001. 'lassical pathway, which is Liszewski MK, TC Farries, DM Lublin, IA Rooney, and JP Evasion of Immune Mechanisms by Viruses 3q7 antibody The two pathways generate en- Atkinson. Control of the complement system. Advances in 
zymes that cleave the C3 protein, and products of C3 Immunology 61:201-283, 1996. Immunity to Parasites 359 
become covalently attached to microbial surfaces or Parren PW, and DR Burton. The antiviral activity of antibodies 
antibodies, so subsequent steps of complement acti- in vitro and in vivo. Advances in Immunology 77:195-262, Adaptive Immune Responses to 
vation are limited to these sites. Both pathways con- 2001. Evasion of Immune Mechanisms 
verge after C3 proteolysis, and the late steps consist of Petersen SV, S Thiel, and JC Jensenius. The mannan-binding Parasites 362 
the proteolysis and association of several complement kctin pathway of complement activation: biology and 

proteins, culminating in MAC formation. disease association. Molecular Immunology 38:133-149, 
2001. 

Complement activation is regulated by various Radaev S, and P Sun. Recognition of immunoglobulins by Fcy 
plasma and cell membrane proteins that inhibit dif- receptors. Molecular Immunology 38:1073-1083, 2002. 

Ravetch JV, and S Bolland. IgG Fc receptors. Annual Review ferent steps in the cascades. 
of Immunology 19:275-290, 2001. 

The the system Smith GP, and RA Smith. Membrane-targeted complement 
include opsonization of organisms and immune com- inhibitors. Molecular Immunology 38:249-255, 2001. 
plexes by proteolytic fragments of C3, followed by Walport MJ. Complement. New England Journal of Medicine 
binding to phagocyte receptors for complement frag- 344:1058-1066 and 1141-1144, 2001. 

In the preceding chapters, we have described the com- 
ponents of the immune system and the generation and 
functions of immune responses. In this chapter, we inte- 
grate the information and discuss how the immune 
system performs its major physiologic function, which 
is to protect the host against microbial infections. We 
illus6ate the physiologic relevance of various aspects 
of immune system function by describing the main 
features of immunity to different types of pathogenic 
microorganisms and how microbes try to resist the 
mechanisms of host defense. 

The development of an infectious disease in an in- 
dividual involves complex interactions between the 
microbe and the host. The key events during infection 
include entry of the microbe, invasion and coloniza- 
tion of host tissues, evasion from host immunity, and 
tissue injury or functional impairment. Some microbes 
produce disease by liberating toxins, even without 
extensive colonization of host tissues. Many features of 
microorganisms determine their virulcncc, and many 
diverse mechanisms contribute to the pathogenesis of 
infectious diseases. The topic of microbial pathogene- 
sis is beyond the scor>e of this book and will not be dis- 
cussed in detail. Rather, our discussion focuses on host 
immune responses to pathogenic microorganisms. 

General Features of lmmune 
Responses to Microbes 

Uthough antimicrobial host defense reactions are 
numerous and varied, there are several important 
general features of immunity to microbes. 

Defense against microbes is mediated by the efec- 
tor mechanisms of innate and adaptive immunity. 
Thc innatc immunc systcm providcs carly dcfcnsc, 
and the adaptive immune system provides a more 
sustained and stronger response. Many pathogenic 
microbes have evolved to resist innate defense mech- 
anisms, and protection against such microbes is 
critically dependent on adaptive immune responses. 
Adaptive immunity enhances the protective mecha- 
nisms of innate immunity and directs these mecha- 
nisms to sites of infection. Adaptive immune 
responses to microbes induce effector cells that elim- 



Section IV - Effector Mechanisms of Immune Responses Chapter 15 - Immunity to Microbes 

multicellular parasites. Our discussion of the immune 
responses to these microbes illustrates the diversity of 
antimicrobial immunity and the physiologic signifi- 
cance of the effector functions of lymphocytes dis- 
cussed in earlier chapters. 

Table 15-1. (Continued) inate the microbes and memory cells that protect the 
individual from subsequent infections. Microbe 

.................................................... 
Examples of human diseases I Mechanisms of pathogenicity 

The immune system responds in distinct and spe- 
cialized ways to different types of microbes to most 
effectively combat these infectious agents. Because 
microbes differ greatly in patterns of host invasion and 
colonization, their elimination requires diverse effector 
systems. The specialization of adaptive immunity allows 
the host to respond optimally to each type of microbe. 

Tetanus 
neuromuscular junctions and causes irreversible 
muscle contraction 

Immunity to Extracellular Bacteria 

Extracellular bacteria are capable of replicating outside 
host cells, for example, in the circulation, in connective 
tissues, and in tissue spaces such as the airways and 
intestinal lumens. Many different species of extracellu- 
lar bacteria are pathogenic, and disease is caused by two 
principal mechanisms (Table 15-1). First, these bacte- 
ria induce inflammation, which results in tissue destruc- 
tion at the site of infection. This is how pyogenic 
(pus-forming) cocci cause a large number of suppura- 
tive infections in humans. Second, many of these bac- 
teria produce toxins, which have diverse pathologic 
effects. Such toxins may be endotoxins, which are com- 
ponents of bacterial cell walls, or exotoxins, which are 
actively secreted by the bacteria. The endotoxin of 
gram-negative bacteria, also called lipopolysaccharide 
(LPS), has been mentioned in earlier chapters as a 
potcnt activator of macrophages. Many exotoxins are 
cytotoxic, and they kill cells by various biochemical 
mechanisms. Other exotoxins interfere with normal 
cellular functions without killing cells, and yet other 
exotoxins stimulate the production of cytokines that 
cause disease. 

The survival and pathogenicity of microbes in a 
host are critically influenced by the ability of the 
microbes to evade or resist the effector mechanisms 
of immunity. Infectious microbes and their hosts are 
engaged in a constant struggle for survival, and the 
balance between host immune responses and micro- 
bial strategies for resisting immunity often deter- 
mines the outcome of infections. As we shall see later 
in the chapter, microorganisms have developed a 
variety of mechanisms for surviving in the face of 
powerful immunologic defenses. A common strategy 
used by many microbes is antigenic variation, by 
which the microbial structures recognized by the 
adaptive immune system are changed over successive 
generations of the microbe so that the microbes are 
not recognized. 

Diphtheria Diphtheria toxin ADP ribosylates elongation 
factor-2 and inhibits protein synthesi I 

Listeriosis I Listeriolysin damages cell membranes I 

In many infections, tissue injury and disease may 
be caused by the host response to the microbe and 
its products rather than by the microbe itself. 
Immunity, like many other defense mechanisms, is 
necessary for host survival but also has the potential 
of causing injury to the host. I Luna infection causes aranulomatous I inflammation 

- 
I This chapter considers five types of pathogenic 

microorganisms that illustrate the main features of 
immunity to microbes: extracellular bacteria, intra- 
cellular bacteria, fungi, viruses, and protozoan and 

Innate Immunity to Extracellular Bacteria 

The principal mechanisms of innate immunity to 
extracellular bacteria are complement activation, 

impairment of immune cells (see Chapter 20) 

Table 15-1. Examples of Pathogenic Microbes 

6 Skin and soft tissue Skin infections; acute inflammation induced by ': 
! ~nfections, lung absces toxins; cell death caused by pore-forming toxins'' 

* Systemic: toxic shock Systemic: enterotoxin ("superantigenN)-induced ': 
' 

syndrome, food poisoni cytokine production by T cells causing skin ,; necrosis, shock, diarrhea 

Pharyngitis Acute inflammation induced by various toxins, 
skin infections: impetigo, erysipelas; e.g., streptolysin 0 damages cell membranes 

(antiphagocytic action of capsular 
~olvsaccharides) 

Abbreviations: ADP, adenosine diphosphate; AMP, adenosine monophosphate; CTL, cytolytic T lymphocyte; 
LPS, lipopolysaccharide. 

I '  - 1.1 Svstemic: scarlet fever I 

,i Urinary tract infections, gastroenteritis, Toxins act on intestinal epithelium and cause 
septic shock increased chloride and water secretion; 

endotoxin (LPS) stimulates cytokine secretion 
by macrophages 

Examples of pathogenic microbes of different classes are listed, with brief summaries of known or postulated mechanisms of tissue 
injury and disease. 

This table was compiled with the assistance of Dr. Arlene Sharpe, Department of Pathology, Harvard Medical School and Brigham 
and Women's Hospital, Boston. 
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phagocytosis, and the injlammatory response. Gram- 
positive bacteria contain a peptidoglycan in their cell 
walls that activates the alternative pathway of comple- 
ment by promoting formation of the alternative 
pathway C3 convertase (see Chapter 14). LPS in the cell 
walls of gram-negative bacteria also activates the alter- 
native complement pathway in the absence of antibody. 
Bacteria that express mannose on their surface may 
bind mannose-binding lectin, which is homologous to 
Clq, thereby leading to complement activation by the 
lectin pathway. One result of complement activation is 
opsonization and enhanced phagocytosis of the bacte- 
ria. In addition, the membrane attack complex lyses 
bacteria, especially Neissem'a species, and complement 
by-products participate in inflammatory responses by 
recruiting and activating leukocytes. Phagocytes bind 
extracellular bacteria by various surface receptors, 
including mannose receptors and scavenger receptors, 
and bind opsonized bacteria by complement receptors. 
Toll-like receptors of phagocytes participate in the acti- 
vation of the phagocytes as a result of encounter with 
microbes. These various receptors promote the phago- 
cytosis of the microbes and stimulate the microbicidal 

I 
Helper T cells 
(for protein 
antigens) 

activities of the phagocytes (see Chapter 12). In addi- 
tion, activated phagocytes secrete cytokines, which 
induce leukocyte infiltration into sites of infection 
(inflammation). Injury to normal tissue is a pathologic 
side effect of inflammation. Cytokines also induce the 
systemic manifestations of infection, including fever 
and the synthesis of acute-phase proteins. 

Adaptive lmmune Responses to  
Extracellular Bacteria 

Humoral immunity is the principal protective immune 
response against extracellular bacteria, and i t  func- 
tions to eliminate the microbes and neutralize their 
toxins (Fig. 15-1). Antibody responses against extra- 
cellular bacteria are directed against cell wall antigens 
and secreted and cell-associated toxins, which may be 
polysaccharides or proteins. The polysaccharides are 
prototypic thymus-independent antigens, and a major , 
function of humoral immunity is defense against poly- ' 
saccharide-rich encapsulated bacteria. The effector 
mechanisms used by antibodies to combat these infec- 
tions include neutralization, opsonization and phago- 1 

Phagocytosis 
of C3b-coated 

bacteria 

I Inflammation I 

Figure 15-1 Adaptive immune responses to extracellular microbes. 
Adaptive immune responses to extracellular microbes, such as bacteria, and their toxins consist of 

antibody production and the activation of CD4' helper T cells. Antibodies neutralize and eliminate 
microbes and toxins by several mechanisms. Helper T cells produce cytokines that stimulate B cell 
responses, macrophage activation, and inflammation. APC, antigen-presenting cell; IFN-y, interferon- 
y; TNF, tumor necrosis factor. 

cytosis, and activation of complement by the classical 
pathway (see Chapter 14). Neutralization is mediated 
by high-affinity IgG and IgA isotypes, opsonization by 
some subclasses of IgG, and complement activation by 
1gM and subclasses of IgG. The protein antigens of 
extracellular bacteria also activate CD4' helper T cells, 
&ich produce cytokines that stimulate antibody pro- 
duction, induce local inflammation, and enhance the 
phagocyti~ and microbicidal activities of macrophagcs 
(see Fig. 15-1). Interferon-y (IFN-y) is the T cell 
cytokine responsible for macrophage activation, and 
tumor necrosis factor (TNF) and lymphotoxin trigger 
inflammation. 

The principal injurious consequences of host 
responses lo exlracellular bacteria are inflammation 
and septic shock, which are caused by cytokines pro- 
duced mainly by activated macrophages. Septic shock 
is the most severe cytokine-induced pathologic conse- 
quence of infection by gram-negative and some gram- 
positive bacteria. It is a syndrome characterized by 
circulatory collapse and disseminated intravascular 
coagulation (see Chapter 12, Box 12-2). TNF is the 
principal mediator of septic shock. In fact, serum 
levels of TNF are predictive of the outcome of severe 
gram-negative backrial infections. Some bact.eria1 
toxins stimulate all the T cells in an individual that 
express a particular family of Vp T cell receptor genes. 
Such toxins are called superantigens (Box 15-1). Their 
importance lies in their ability to activate many T cells, 
with the subsequent production of large amounts of 
cytokines and clinicopathologic abnormalities that are 
similar to septic shock. 

A late complication of the humoral immune re- 
sponse to bacterial infection may be the generation of 
disease-producing antibodies. The best defined exam- 
ples are two rare sequelae of streptococcal infections of 
the throat or skin that are manifested weeks or even 
months after the infections are controlled. Rheumatic 
fever is a sequel to pharyngeal infection with some sero- 
logic types of P-hemolytic streptococci. Infection leads 
to the production of antibodies against a bacterial 
cell wall protein (M protein). Some of these antibodies 
cross-react with myocardial sarcolemmal proteins and 
myosin and are deposited in the heart and subsequently 
cause inflammation (carditis). Poststreptococcal glomer- 
ulonephritis is a sequel to infection of the skin or throat 
with other serotypes of P-hemolytic streptococci. Anti- 
bodies produced against these bacteria form complexes 
with bacterial antigen, which may be deposited in 
kidney glomeruli and cause nephritis. 

Evasion of lmmune Mechanisms by 
Extracellular Bacteria 

The virulence of extracellular bacteria has been linked 
to a number of mechanisms that resist host immunity 
(Table 15-2), including antiphagocytic mechanisms 
and inhibition of complement or inactivation of com- 
plement productas. Bacteria with polysaccharide-rich 
capsules resist phagocytosis and are therefore much 
more virulent than homologous strains lacking a 
capsule. The capsules of many gram-positive and gram- 
negative bacteria contain sialic acid residues that inhibit 
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Table 15-2. Mechanisms of lmmune Evasion by Bacteria 

I Mechanism of 1 Examples I immune evasion I 
I I Extracellular bacteria I 
Antigenic variatio~ , 

Inhibition of any bacteria 
complement activation 

Resistance to 
phagocytosis 
.. . 

Scavenging of reactive 
oxygen intermediates 

lntracellular bacteria 
6 - 4  . 

Inhibition of Mycobacterm.. . :, ~i $ 
phagolysosome tuberculosis, - ;$ ; 
formation Legionella pneumoph~& 

I Disru~tion of I Listeria monocvtoqenes 8 

complement activation by the alternative pathway. 
The major mechanism used by bacteria to evade 

humoral immunity is genetic variation of surface anti- 
gens. Some surface antigens of bacteria such as gono- 
cocci and Escherichia coli are contained in their pili, 
which are the structures responsible for bacterial adhe- 
sion to host cells. The major antigen of the pili is a 
protein called pilin. The pilin genes of gonococci 
undergo extensive gene conversion, because of which 
the progeny of one organism can produce up to lo6 
antigenically distinct pilin molecules. This ability to 
alter antigens helps the bacteria evade attack by pilin- 
specific antibodies, although its principal significance 
for the bacteria may be to select for pili that are more 
adherent to host cells so that the bacteria are more vir- 
ulent. In other bacteria, such as Haemophilus in$uenzae, 
changes in the production of glycosidases lead to chem- 
ical alterations in surface LPS and other polysaccha- 
rides, which enable the bacteria to evade humoral 
immune responses against these antigens. 

Immunity to lntracellular Bacteria 

A characteristic of facultative intracellular bacteria 
is their ability to survive and even replicate within 
phagocytes. Because these microbes are able to find a 
niche where they are inaccessible to circulating anti- 
bodies, their elimination requires the mechanisms of 
cell-mediated immunity (Fig. 15-2). As we shall discuss 
later in this section, the pathologic consequences of 
infection by many intracellular bacteria are due to the 
host response to these microbes (see Table 15-1). 
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Bacterial Superantigens 
-- 

Innate Immunity to lntracellular Bacteria 

The innate immune response to intracellular bacteria 
consists mainly of phagocytes and NK (natural killer) 
cells. Phagocytes, initially neutrophils and later 
macrophages, ingest and attempt to destroy these 
microbes, but pathogenic intracellular bacteria are 
resistant to degradation within phagocytes. Intracellu- 
lar bacteria activate NK cells either directly or by stim- 
ulating macrophage production of IL12, a powerful 
NK cell-activating cytokine. The NK cells produce IFN- 
y, which in turn activates macrophages and promotes 
killing of the phagocytosed bacteria. Thus, NK cells 
provide an early defense against these microbes, before 
the development of adaptive immunity. In fact., mice 
with severe combined immunodeficiency, which lack T 
and B cells, are able to control infection with the intra- 
cellular bacterium Listeria monocytogenes by NK cell- 
derived IFN-y production. Innate immunity may limit 
bacterial growth for some time but usually fails to erad- 
icate these infections, and eradication requires adaptive 
cell-mediated immunity. 
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Adaptive Immune Responses to 
lntracellular Bacteria 

The major protective immune response against intra- 
cellular bacteria is  cell-mediated immunity. Individu- 
als with deficient cell-mediated immunity, such as 
patients with acquired immunodeficiency syndrome 
(AIDS), are extremely susceptible to infections with 
intracellular bacteria (and viruses). Cell-mediated 
immunity was first identified by George Mackaness in 
the 1950s as protection against the intracellular bac- 
terium L. monocytogenes. This form of immunity could 
be adoptively transferred to naive animals with lym- 
phoid cells but not with serum from infected or immu- 
nized animals (see Chapter 13, Fig. 13-2). 

As we discussed in Chapter 13, cell-mediated immu- 
nity consists of two types of reactions-macrophage 
activation by the T cell-derived signals CD40 ligand and 
IFN-y, which results in killing of phagocytosed 
microbes, and lysis of infected cells by cytolytic T lym- 
phocytes (CTLs). Both CD4' T cells and CD8+ T cells 
respond to protein antigens of phagocytosed microbes, 

L Y m Y 
I 

0 7 14 
Days after infection 

Figure 15-2 lnnate and adaptive immunity to intracellular bacteria. 
The innate immune response to intracellular bacteria consists of phagocytes and NK cells, inter- 

actions among which are mediated by cytokines (11-12 and IFN-y). The typical adaptive immune 
response to these microbes is cell-mediated immunity, in which T cells activate phagocytes to elimi- 
nate the microbes. lnnate immunity may control bacterial growth, but elimination of the bacteria 
requires adaptive immunity. Depletion or blocking of various immune effector mechanisms at differ- 
ent stages of infection leads to unchecked bacterial growth, shown as dashed lines. These principles 
are based largely on analysis of Listeria monocytogenes infection in mice; the numbers of viable bac- 
teria shown on the y-axis are relative values of bacterial colonies that can be grown from the tissues 
of infected mice. (From Unanue ER. Studies in listeriosis show the strong symbiosis between the innate 
cellular system and the T-cell response. lmmunological Reviews 158: 11-25, 1997.) 
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which are displayed as peptides associated with class I1 
and class I major histocompatibility complex (MHC) 
molecules, respectively. CD4' T cells differentiate into 
TH1 effectors under the influence of IL.12, which is pro- 
duced by macrophages and dendritic cells. The T cells 
express CD40 ligand and secrete IFN-y, and these two 
stimuli activate macrophages to produce several micro- 
bicidal substances, including reactive oxygen inter- 
mediates, nitric oxide, and lysosomal enzymes. IFN-y 
also stimulates the production of antibody isotypes 
(e.g., IgG2a in mice) that activate complement and 
opsonize bacteria for phagocytosis, thus aiding the 
effector functions of macrophages. 

I@ The importance of IL12 and IFN-y in immunity to 
intracellular bacteria has been demonstrated in several 
experimental models. For instance, knockout mice 
lacking either of these cytokines are extremely suscep- 
tible to infection with intracellular bacteria such as 
Mycobactm'um tuberculosis and L. monocytogenes (Fig. 
15-3). 

Phagocytosed bacteria stimulate CD8* T cell re- 
sponses if bacterial antigens are transported from 
phagosomes into the cytosol or if the bacteria escape 
from phagosomes and enter the cytoplasm of infected 
cells. In the latter case, the microbes are no longer sus- 
ceptible to the microbicidal mechanisms of phagocytes, 

-0- Wild-type (normal) mice 
+ IL-12 (p40) knockout 
+- IFN-y knockout 

Time (days) after infection 

Figure 15-3 Role of IL-12 and IFN-y in defense against an 
intracellular bacterial infection. 

In this experiment, wild-type (normal control) mice and knock- 
out mice lacking the p40 subunit of IL-I2 or IFN-y were infected 
with the intracellular bacterium Mycobacterium tuberculosis by 
aerosol. Lungs were examined at different times after infection for 
the number of bacteria capable of forming colonies in culture. 
Normal mice control bacterial growth, mice lacking IL-12 have a 
reduced ability to control the infection (and die by day 60), and IFN- 
y knockout mice are incapable of limiting bacterial growth (and die 
by day 30 to 35). Asterisks indicate the time of death. (Data cour- 
tesy of Dr. Andrea Cooper, Department of Microbiology, Colorado 
State University, Fort Collins.) 

and the infection is eradicated by the killing of infected 
cells by CTLs. Thus, the effectors of cell-mediated 
immunity, namely, CD4+ T cells that activate macro- 
phages and CD8+ CTLs, function cooperatively in 
defense against intracellular bacteria (Fig. 15-4). 

@ The role of different T cell subsets in defense against 
intracellular bacteria has been analyzed by adoptively 
transferring T cells from L. monocytogenes-infected 
mice to normal mice and challenging the recipients 
with the bacteria. By depleting particular cell types, it 
is possible to determine which effector population is 
responsible for protection. Such experiments have 
shown that both CD4+ T cells and CD8+ T cells func- 
tion cooperatively to eliminate infection by wild-type L. 
monocytogenes. The CD4+ cells produce large amounts 
of IFN-y, which activates macrophages to kill phagocy- 
tosed microbes. However, L. monocytogenes produces a 
protein called hemolysin that allows bacteria to escape 
from the phagolysosomes of macrophages into the 
cytoplasm. In their cytoplasmic haven, the bacteria 
are protected from the microbicidal mechanisms of 
macrophages, such as reactive oxygen intermediates, 
which are produced mainly within phagolysosomes. 
CD8* T cells are then activated and function by killing 
any macrophages that may be harboring bacteria in 
their cytoplasm. A mutant of L. monocytogenes that lacks 
hemolysin remains confined to phagolysosomes. Such 
mutant bacteria can be completely eradicated by CD4+ 
T cell-derived IFN-y production and macrophage 
activation. 

The macrophage actiuation that occurs in response 
to intracellular microbes is  also capable of causing 
tissue injury. This injury may be manifested as delayed- 
type hypersensitivity (DTH) reactions to microbial 
protein antigens, such as purified protein derivative 
(PPD) of M. tuberculosis (see Chapter 13). Because intra- 
cellular bacteria have evolved to resist killing within 
phagocytes, they often persist for long periods and 
cause chronic antigenic stimulation and T cell and 
macrophage activation, which may result in the forma- 
tion of granulomas surrounding the microbes (see 
Chapter 13, Fig. 13-15). The histologic hallmark of 
infection with some intracellular bacteria is granulo- 
matous inflammation. This type of inflammatory reac- 
tion may serve to localize and prevent spread of the 
microbes, but it is also associated with severe functional 
impairment caused by tissue necrosis and fibrosis. The 
concept that protective immunity and pathologic 
hypersensitivity may coexist because they are manifes- 
tations of the same type of adaptive immune response 
is clearly exemplified in mycobacterial infections (Box 
1 5-2). 

Diferences among individuals i n  the patterns of T 
cell responses to intracellular microbes are important 
determinants of disease progression and clinical 
outcome (Fig. 15-5). An example of this relationship 
between the type of T cell response and disease 
outcome is leprosy, which is caused by Mycobacterium 
leprae. There are two polar forms of leprosy, the lepro- 
matous and tuberculoid forms, although many patients 
fall into less clear intermediate groups. In lepromatous 

Figure 15-4 Cooperation of CD4+ and CD8+ 
T cells in defense against intracellular 
microbes. 

lntracellular bacteria such as Listeria monocyto- 
genes are phagocytosed by macrophages and may 
survive in phagosomes and escape into the cyto- 
plasm. CD4' T cells respond to class I! MHC- 
associated peptide antigens derived from the 
intravesicular bacteria. These T cells produce IFN-y, 
which activates macrophages to destroy the 
microbes in phagosomes. CD8' T cells respond to 
class I-associated peptides derived from cytosolic 
antigens and kill the infected cells. 
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hagocytosed bacteria 
vesicles and cytoplasm 

Viable bacteria 
in cvto~lasm 

Killing of 
bacteria in 

phagolysosome 

leprosy, patients have high specific antibody titers but result in destructive lesions in the skin and underlying 
weak cell-mediated responses to M. leprae antigens. tissue. In contrast, patients with tuberculoid leprosy 
Mycobacteria proliferate within macrophages and are have strong cell-mediated immunity but low antibody 
detectable in large numbers. The bacterial growth and levels. This pattern of immunity is reflected in granu- 
persistent, but inadequate, macrophage activation lomas that form around nerves and produce peripheral 

Figure 15-5 Role of T cells and 
cytokines in determining outcome of 
infections. 

Naive CD4' T lymphocytes may differ- 
entiate into TH1 cells, which activate 
phagocytes to kill ingested microbes, and 
T,2 cells, which inhibit macrophage activa- 
tion. The balance between these two 
subsets may influence the outcome of 
infections, as illustrated by Leishmania 
infection in mice and leprosy in humans. 

Macrophage 
activation: cell- 

Inhibits macrophage 

IL-10, IL-4, IL-13 

L 

lnfection 1 Res~onse 1 outcome I 

I TH1 or dominant T H ~  I (high bacterial cdugt)?. , ::-I 
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I, Immnnity t o  Mycobacterizrm tzrberclrlosis 

Mycobacteria are slow-growing, aerobic, facultative intra- 
cellular bacilli whose cell walls contain high concentra- 
tions of lipids. These lipids are responsible for the 
acid-resistant staining of the bacteria with the red dye 
carbol fuchsin, because of which these organisms are also 
called acid-fast bacilli. The two common human pathogens 
in this class of bacteria are Mycobactmum tuberculoszs and 
Mycobacterium ern, in addition, atypical mycobacteria 
such as Mycobacterium avium-inttacellulare cause OF -- 
tunistic infections in immunodeficient hosts (e.g., AwS 
patients). Mycobactaium bovzs infects cattle and may infect 
humans, and bacillus Calmette-Guerin (BCG) is an atten- 
uated, nonvirulent strain of 1W. bouzs that is used as a 
vaccine against tuberculosis. 

Tuberculosis is an example of an infection with an intrz 
cellular bacterium in which protective immunity ant 
pathologic hypersensitivity coexist, and the lesions ar 
caused mainly by the host response. M. tuberculoszs does not 
produce any known exotoxin or endotoxin. Infection 
usually occurs by the respiratory route and is transmitted 
from person to person. In a primary infection, bacilh mul- 
tiply slowly in the lungs and cause only mild inflammation. 
The infection is contained by alveolar macrophages. More 
than 90% of infected patients remain asymptomatic, but 
bacteria survive in lungs and can be reactivated. By 6 r n  8 
weeks after infection, regional lymph nodes are invol 1, 
and CD4+ T cells are activated. These T cells produce IFN- 
y, which activates macrophages and enhances their ability 
to kill phagocytosed bacilli. TNF produced by T cells 
and macrophages also plays a role in local inflammation 
and macrophage activation, and TNF receptor knockout 
mice are highly susceptible to mycobacterial infections. 
However, M. tuberculosis is capable of surviving within 
macrophages because components of its cell wall inhibit 
the fusion of lysosomes with phagocytic vacuoles. 

Continuing T cell activation leads to the forn ' m or 
granulomas, with central necrosis, called caseous rosis, 
that is caused by macrophage products such as lysosomal 
enzymes and reactive oxygen intermediates. This is a fonn 
of DTH reaction to the bacilli. I t  is postulated that neclc 
sis serves to eliminate infected macrophages and provide 
an anoxic environment in which the bacilli cannot divide. 
Thus, even the tissue injury may serve a protective func- 
tion. Caseating granulomas and the fibrosis (scarring) that 
accompanies granulomatous inflammation are the pr:- -i- 
pal causes of tissue injury and clinical disease in tub( I- 
losis. Only a minority of infected individuals (probably less 
than 10%) develop clinical symptoms. Previously infected 
persons show cutaneous DTH reactions to skin challenge 
with a bacterial antigen preparation (PPD, or tuberculin: 
Bacilli may survive for many years even without overt clir. 
ical manifestations and may be reactivated at any time. This 
is the reason for treating individuals who convert from 
PPD negative to PPD positive with antibiotics such as 
isoniazid and rirampin, even though they may have no 
symptoms of the disease. Although the prevalence of 
tuberculosis was markedly reduced with the use of such 
antibiotics, the incidence of the disease has recently n 

increasing. This is mainly because of the emergence of 
antibiotic-resistant strains and the increased incidence of 
immunodeficiency caused by HIV infection and immuno- 
suppressive therapies. The efficacy of BCG as a prophylac- 
tic vaccine remains controversial. In rare cases, M. 

:bmulosis may cause lesions in extrapulmonary sites. In 
chronic tuberculosis, sustained production of TNF leads 

cachexia. 
fferent inbred strains of mice vary in their suscepti- 

~111ty to infection with M. tuberculosis (and with other intra- 
cellular microbes, such as the protozoan Leishmania majoy). 
Susceptibility or resistance to M. tubercz~losis maps to a 
single gene, originally called b g  or Ish before molecular 
characterization and now identified as a polymorphic 
NRAMPl (NRAMP, natural resistance-associated macro- 
phage protein) gene. NRAMPl is expressed on phagolyso- 
soma1 membranes in macrophages and is involved in 
ivalent cation transport. It is hypothesized that NRAMPl 

,,ontributes to microbial killing hy  depleting the phago- 
some of divalent cations and that allelic variants of 
hrRAMPl are defective in this function. Studies in human 
suggest that some allelic variants of NRAlMPl are also assc 
ciated with susceptibility to mycobacterial infection. 

Some studies have shown that both in viuo and in vitro, 
M. tuberculosis stimulates T cells expressing the y6 form of 
the antigen receptor. These T cells may be reacting to 
mycobacterial antigens that are homologous to heat shock 
proteins. Heat shock proteins are evolutionarily con- 
served, with little structural variations between prokaryotes 
and eukaryotes. They are induced on exposure to many 
kinds of stress, including heat; depletion of oxygen, nutri- 
ents, and essential ions; and exiosure to free radicals. 
Their function may be as chaperones to promote refold- 
ing of proteins after cell injury. In infected cells, heat 
shock proteins may be produced by the stressed cells or by 
the bacteria. It is postulated that the response of y6 T cells 
to these proteins is a primitive defense mechanism against 
some microbes. Some y6 cells, as well as CD4-CD8-TCRaP- 
expressing cells, recognize mycobacterial lipid antigens 
presented in association with nonpolymorphic CD1 mole- 
cules. However, the effector functions of these cells, their 
frequencies in vivo, and their roles in protective immunity 

.ainst mycobacteria are not yet known. 
Atypical mycobacteria constitute a heterogeneous 

group of mycobacteria that are widely distributed in 
the animal kingdom and in nature. They frequently 
colonize humans but rarely cause disease in irnmunocom- 
petent individuals. However, they cause severe disease in 
immunodeficient individuals, such as AIDS patients. 

nlike M. tuberculosis infection in patients with intact 
.,nmune systems, M. aviunz-intracellulare infection in AIDS 
patients does not lead to well-formed granulomas, but 
rather disease is due to unchecked bacterial proliferation. 

M. lepraeis the cause of leprosy. The nature of the T cell 
response and specifically the types of cytokines produced 
bv activated T cells are im~ortant  determinants of 

sensory nerve defects and secondary traumatic skin 
lesions but less tissue destruction and a paucity of bac- 
teria in the lesions. One possible reason for the differ- 
ences in these two forms of disease caused by the same 
organism may be that there are different patterns of 
T cell differentiation and cytokine production in indi- 
viduals. Some studies indicate that patients with the 
tuberculoid form of the disease produce IFN-y and I L  
2 in lesions (indicative of TH1 cell activation), whereas 
patients with lepromatous leprosy produce more IL4 
and IL-10 (typical of TH2 cells). In lepromatous leprosy, 
both the deficiency of IFN-y and the macrophage sup- 
pressive eKects of IL-10 and IL-4 may result in weak cell- 
mediated immunity and failure to control bacterial 
spread. The role of TH1- and TH2-derived cytokines in 
determining the outcome of infection has been most 
clearly demonstrated in infection by the protozoan 
parasite Leishmania major in different strains of inbred 
mice (discussed later in the chapter). 

Evasion of Immune Mechanisms by 
Intracellular Bacteria 

Different intracellular bacteria have developed various 
strategies to resist elimination by phagocytes (see Table 
15-2). The outcome of infection by these organisms 
often depends on whether the T cell-stimulated micro- 
bicidal mechanisms of macrophages or microbial resist- 
ance to killing gains the upper hand. Resistance to 
phagocytosis is also the reason that such bacteria tend 
to cause chronic infections that may last for years, often 
recur or recrudesce after apparent cure, and are diffi- 
cult to eradicate. 

lmmunity to Fungi 

Fungal infections, also called mycoses, are important 
causes of morbidity and mortality in humans. Some 
fungal infections are endemic, and these infections are 
usually caused by fungi that are present in the envi- 
ronment and whose spores are inhaled by humans. 
Other fungal infections are said to be opportunistic 
because the causative agents cause mild or no disease 
in healthy individuals but may infect and cause severe 
disease in immunodeficient persons. A recent increase 
has been noted in opportunistic rungal infections sec- 
ondary to an increase in immunodeficiencies caused 
mainly by AIDS and by therapy for disseminated cancer 
and transplant rejection, which inhibits bone marrow 
function and suppresses immune responses. 

Different fungi infect humans and may live in extra- 
cellular tissue and within phagocytes. Therefore, the 
immune responses to these microbes are often combi- 
nations of the responses to extracellular and intracel- 
lular bacteria. However, much less is known about 
antifungal immunity than about immunity against bac- 
teria and viruses. This lack of knowledge is partly due 
to the paucity of animal models for mycoses and partly 
due to the fact that these infections frequently occur in 
individuals who are incapable of mounting effective 
immune responses. 
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Innate and Adaptive lmmunity to Fungi 

The principal mediators of innate immunity against 
fungi are neutrophils and macrophages. Patients with 
neutropenia are extremely susceptible to opportunistic 
fungal infections. Neutrophils presumably liberate fun- 
gicidal substances, such as reactive oxygen intermedi- 
ates and lysosomal enzymes, and phagocytose fungi for 
intracellular killing. Virulent slrains of Cryp~ococcus aeo- 
formans inhibit the production of cytokines such as TNF 
and IL12 by macrophages and stimulate production of 
IL10, thus inhibiting macrophage activation. 

Cell-mediated immunity is the major mechanism 
of adaptive immunity against fungal infections. Histo- 
plasma capsulatum, a facultative intracellular parasite 
that lives in macrophages, is eliminated by the same cel- 
lular mechanisms that are effective against intracellular 
bacteria. CD4' and CD8' T cells cooperate to eliminate 
the yeast forms of C. neoformans, which tend to colonize 
the lungs and brain in immunodeficient hosts. Candida 
infections often start at mucosal surfaces, and cell- 
mediated immunity is believed to prevent spread of the 
fungi into tissues. In all these situations, TH1 responses 
are protective and 'LH2 responses are detrimental to the 
host. Not surprisingly, granulomatous inflammation is 
an important cause of host tissue injury in some intra- 
cellular fungal infections, such as histoplasmosis. Fungi 
often elicit specific antibody responses that are useful 
for serologic diagnosis. However, the protective efficacy 
of humoral immunity is not established. 

lmmunity to Viruses 

Viruses are obligatory intracellular microorganisms 
that replicate within cells, often using the nucleic acid 
and protein synthetic machinery of the host. Viruses 
typically infect a wide variety of cell populations by 
using normal cell surface molecules as receptors to 
enter the cells. After entering cells, viruses can cause 
tissue injury and disease by any of several mechanisms. 
Viral replication interferes with normal cellular protein 
synthesis and function and leads to injury and ulti- 
mately death of the infected cell. This result is one type 
of cytopathic effect of viruses, and the infection is said 
to be "lytic" because the infected cell is lysed. Noncyto- 
pathic viruses may cause latent infections, during which 
viral DNA persists in host cells and produces proteins 
that may or may not alter cellular functions. Innate and 
adaptive immune responses to viruses are aimed at 
blocking infection and eliminating infected cells (Fig. 
15-6). 

Innate lmmunity to Viruses 

The principal mechanisms of innate immunity against 
viruses are inhibition of infection by type I IFNs and 
NK cell-mediated killing of infected cells. Infection by 
many viruses is associated with production of double- 
stranded RNA, which stimulates the production of type 
I IFN by infected cells probably by engaging a Toll-like 
receptor. Type I IFNs function to inhibit viral replica- 
tion in both infected and uninfected cells by inducing 
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Figure 15-6 Innate and adaptive immune responses against viruses. 
Immunity against viruses functions to prevent infection and to eradicate established infection. 

Innate immunity is mediated by type I IFNs, which prevent infection, and NK cells, which eliminate 
infected cells. Adaptive immunity is mediated by antibodies and CTLs, which also block infection and 
kill infected cells, respectively. 

an "antiviral state" (see Chapter 11). NK cells kill cells 
infected with a variety of viruses and are an important 
mechanism of immunity against viruses early in the 
course of infection, before adaptive immune responses 
have developed. NK cells also recognize infected cells 
in which the virus has shut off class I MHC expression 
(discussed later) because the absence of class I releases 
NK cells from a normal state of inhibition (see Chapter 
12, Fig. 12-7). 

Adaptive lmmune Responses to  Viruses 

Adaptive immunity against viral infections is medi- 
ated by antibodies, which block virus binding and 
e n t y  into host cells, and by CTLs, which eliminate the 
infection by killing infected cells (see Fig. 15-6). Anti- 
bodies are produced and are effective against viruses 
only during the extracellular stage of the lives of these 
microbes. Viruses may be extracellular early in the 
course of infection, before they enter host cells, or, in 
the case of cytopathic viruses, when they are released 
from lysed infected cells. Antiviral antibodies function 
mainly as neutralizing antibodies to prevent virus 
attachment and entry into host cells. These neutraliz- 
ing antibodies bind to viral envelope or capsid antigens. 
Secreted antibodies of the IgA isotype are important for 
neutralizing viruses that enter through the respiratory 
and intestinal mucosa. Oral immunization against 
poliomyelitis works by inducing mucosal immunity. In 
addition to neutralization, antibodies may opsonize 
viral particles and promote their clearance by phago- 
cytes. Complement activation may also participate in 
antibody-mediated viral immunity, mainly by promoting 
phagocytosis and possibly by direct lysis of viruses with 
lipid envelopes. 

The importance of humoral immunity in defense 
against viral infections is supported by the observation 

that resistance to a particular virus, induced by either 
infection or vaccination, is often specific for the sero- 
logic (antibody-defined) type of the virus. An example 
is influenza virus, in which exposure to one serologic 
type does not confer resistance to other serotypes of the 
virus. Neutralizing antibodies block viral infection of 
cells and spread of viruses from cell to cell, but once 
the viruses enter cells and begin to replicate intracel- 
lularly, they are inaccessible to antibodies. Therefore, 
humoral immunity induced by previous infection or 
vaccination is able to protect individuals from viral 
infection but cannot by itself eradicate established 
infection. 

Elimination of viruses that reside within cells is 
mediated by CTLs, which kill the infected cells. As we 
have mentioned in previous chapters, the principal 
physiologic function of CTLs is surveillance against 
viral infection. Most virus-specific CTLs are CD8' T cells 
that recognize cytosolic, usually endogenously synthe- 
sized, viral antigens in association with class I MHC 
molecules on any nucleated cell. Full differentiation of 
CD8' CTLs requires cytokines produced by CD4+ helper 
cells or costimulators expressed on infected cells. If 
the infected cell is a tissue cell and not a professional 
antigen-presenting cell (APC), the infected cell may 
be phagocytosed by a professional APC, such as a 
dendritic cell, which processes the viral antigens and 
presents them to naive CD8' T cells. This process of 
cross-presentation, or cross-priming, was described in 
Chapter 5 (see Fig. 5-7). As discussed in Chapters 8 and 
13, CD8+ T cells undergo massive proliferation during 
viral infection, and most of the proliferating cells are 
specific for a few viral peptides. Some of the activated 
T cells differentiate into effector CTLs, which can kill 
any infected nucleated cell. The antiviral effects of 
CTLs are mainly due to killing of infected cells, but 
other mechanisms include activation of nucleases 
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asion of lmmune Mechanisms by Viruses 

Viruses have evolved numerous mechanisms for 
evading host immunity (Table 15-3). 

Viruses can alter their antigens by point mutations 
or by reassortment of RNA genomes i n  RNA 
viruses. The antigens affected may be targets of 
antibodies or T cells, and large numbers of anti- 
genically different strains of many viruses are known 
to exist. Because of antigenic variation, a virus may 
become resistant to immunity generated in the pop- 
ulation by previous infections. The influenza pan- = 

Table 15-3. Mechanisms of lmmune Evasion by Viruses 

Abbreviations: ER, endoplasmic reticulum; HIV, 
human immunodeficiency virus; TAP, transporter 
associated with antigen processing. 

Representative examples of different mechanisms used 
by viruses to resist host immunity are listed. 

demics that occurred in 1918, 1957, and 1968 were 
due to different strains of the virus, and subtler vari- 
ants arise more frequently. There are so many 
serotypes of rhinovirus that specific immunization 
against the common cold may not be a feasible pre- 
ventive strategy. Human immunodeficiency virus 1 
(HIV-I), the virus that causes AIDS, is also capable 
of tremendous antigenic variation (see Chapter 20). 
In these situations, prophylactic vaccination may 
have to be directed against invariant viral proteins. 

8 Some viruses inhibit class I MHC-associated 
presentation of cytosolic protein antigens. Several 
mechanisms that inhibit antigen presentation have 
been described with different viruses (Box 15-3). 
Inhibition of antigen processing and presentation 
blocks the assembly and expression of stable class I 
MHC molecules and the display of viral peptides. As 
a result, cells infected by such viruses cannot be rec- 
ognized or killed by CD8' CTLs. NK cells may be a 
host adaptation to kill these infected cells because 
NK cells are activated by the absence of class I MHC 
molecules. 

Some viruses Produce molecules that inhibit innate 
and adaptive immunity. Poxviruses encode mole- 
cules that bind to several cytokines, including IFN-y, 
TNF, I L l ,  IL18, and chemokines, and these mole- 
cules are secreted by infected cells. The secreted 
cytokine-binding proteins may function as com- 
petitive antagonists of the cytokines. Some 
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cytomegaloviruses produce a molecule that is 
homologous to class I MHC proteins and may 
compete for binding and presentation of peptide 
antigens. Epstein-Barr virus produces a protein that 
is homologous to the macrophage-suppressive 
cytokine ILlO and may function to inhibit 
macrophage function and cell-mediated immunity. 
These examples probably represent a small fraction 
of immunosuppressive viral molecules. Identifica- 
tion of these molecules raises the intriguing possi- 
bility that viruses have acquired genes encoding 
inhibitors of immune responses during their passage 
through human hosts and have thus evolved to infect 
and colonize humans. 

survive and replicate in their hosts because they are well 
adapted to resisting host defenses. The principal innate 
immune response to protozoa is phagocytosis, but many 
of these parasites are resistant to phagocytic killing and 
may even replicate within macrophages. Phagocytes 
also attack helminthic parasites and secrete micro- 
bicidal substances to kill organisms that are too large to 
be phagocytosed. Many helminths have thick tegu- 
ments that make them resistant to the cytocidal mech- 
anisms of neutrophils and macrophages. Some 
helminths may also activate the alternative pathway of 
complement, although as we shall discuss later, para- 
sites recovered from infected hosts appear to have 
developed resistance to complement-mediated lysis. 

Viruses may infect and either kill or inactivate 
immunocompetent cells. The obvious example is 
HIV, which survives by infecting and eliminating 
CD4' T cells, the key regulators of immune responses 
to protein antigens. 

Immunity to Parasites 

In infectious disease terminology, parasitic infection 
refers to infection with animal parasites such as proto- 
zoa, helminths, and ectoparasites (e.g., ticks and mites). 
Such parasites currently account for greater morbidity 
and mortality than any other class of infectious organ- 
isms, particularly in developing countries. It is esti- 
mated that about 30% of the world's population suffers 
from parasitic infestations. Malaria alone affects more 
than 100 million people worldwide and is responsible 
for about 1 million deaths annually. The magnitude 
of this public health problem is the principal reason 
for the great interest in immunity to parasites and for 
the development of immunoparasitology as a distinct 
branch of immunology. 

Most parasites go through complex life cycles, part of 
which occurs in humans (or other vertebrates) and part 
ofwhich occurs in intermediate hosts, such as flies, ticks, 
and snails. Humans are usually infected by bites from 
infected intermediate hosts or by sharing a particular 
habitat with an intermediate host. For instance, malaria 
and trypanosomiasis are transmitted by insect bites, and 
schistosomiasis is transmitted by exposure to water in 
which infected snails reside. Most parasitic infections 
are chronic because of weak innate immunity and the 
ability of parasites to evade or resist elimination by adap- 
tive immune responses. Furthermore, many antiparasite 
antibiotics are not effective at killing the organisms. 
Individuals living in endemic areas require repeated 
chemotherapy because of continued exposure, and 
such treatment is often not possible because of expense 
and logistic problems. Therefore, the development of 
prophylactic vaccines for parasites has long been con- 
sidered an important goal for developing countries. 

Innate Immunity to  Parasites 

Although different protozoan and helminthic parasites 
have been shown to activate different mechanisms of 
innate immunity, these organisms are often able to 

Adaptive Immune Responses to Parasites 

Different protozoa and helminths vary greatly in their 
structural and biochemical properties, life cycles, and 
pathogenic mechanisms. It is therefore not surprising 
that different parasites elicit distinct adaptive immune 
responses  a able 15-4). In general, pathogenic proto- 
zoa have evolved to survive within host cells, so protec- 
tive immunity against these organisms is mediated by 
mechanisms similar to those that eliminate intracellu- 
lar bacteria and viruses. In contrast, metazoa such as 
helminths survive in extracellular tissues, and their 
elimination is often dependent on special types of anti- 
body responses. 

The principal defense mechanism against protozoa 
that survive within macrophages is  cell-mediated 
immunity, particularly macrophage activation by THl 
cell-derived cytokines. Infection of mice with Leishma- 
nia majo?;. a protozoan that survives within the endo- 
somes of macrophages, is the best documented 
example of how dominance of TH1 or TH2 responses 
determines disease resistance or susceptibility (see 
Fig. 15-5). Resistance to the infection is associated with 
activation of Leishmania-specific TH1 CD4' T cells, 
which produce IFN-)I and thereby activate macrophages 
to destroy intracellular parasites. Conversely, activation 
of TH2 cells by the results in increased para- 
site survival and exacerbation of lesions because of the 
macrophage-suppressive actions of TH2 cytokines, 
notably IL-4. 

0 Most inbred strains of mice are resistant to infection 
with L. major, but inbred BALB/c mice are highly sus- 
ceptible and die if they are infected with large numbers 
of parasites. After infection, the resistant strains 
produce large amounts of EN-yin response to leishma- 
nial antigens, whereas the strains that are susceptible to 
fatal leishmaniasis produce more IL4 in response to the 
parasite. IFN-y activates macrophages and enhances 
intracellular killing of Leishmania, and high levels of 
IL4 inhibit the activation of macrophages by IFN-y. 
Treatment of resistant mice with anti-IFN-y antibody 
makes them susceptible, and conversely, treatment of 
susceptible mice with anti-IL4 antibody induces resist- 
ance. The same results are seen in knockout mice 
lacking IFN-y or IL4. Treatment of susceptible mice 
with IL12 at the time of infection also induces resist- 
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Table 154 .  Immune Responses to Disease-Causing Parasites 

Parasite Diseases Principal mechanisms 
of protective immunity 

- - 

nebiasis I Antibodies, phagocytosis 

oma :histosomiasis ADCC mediated by ' !  ' 

Cell-mediated immunity; 

Abbreviations: ADCC, antibody-dependent cell-mediated 
cytotoxicity; CTLs, cytolytic T lymphocytes. 
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Selected examples of parasites and immune responses to them are listed. 1 . - -. . - -- -. - 

ance to the infection. IL12 enhances the production 
of IFN-y and the development of TH1 cells. This result 
is the basis for the suggested use of IL12 as a vaccine 
adjuvant, not only for leishmaniasis but also for 
other infections that are combated by cell-mediated 
immunity. 

Multiple genes appear to control protective versus 
harmful immune responses to intracellular parasites 
in inbred mice and presumably in humans as well. 
Attempts to identify these genes are ongoing in many 
laboratories. 

Protozoa that replicate inside various host cells and 
lyse these cells stimulate specific antibody and CTL 
responses, similar to cytopathic viruses. An example of 
such an organism is the malaria parasite. It was thought 
for many years that antibodies were the major protec- 
tive mechanism against malaria, and early attempts at 
vaccinating against this infection focused on generating 
antibodies. It is now apparent that the CTL response is 
an important defense against the spread of this intra- 
cellular protozoan (Box 15-4). 

Defense against many helminthic infections is 
mediated by the activation of TH2 cells, which results 
in production of ZgE antibodies and activation of 
eosinophils. IgE antibodies bind to the surface of the 
helminth, eosinophils then attach through Fce: recep- 
tors, and the eosinophils are activated to secrete 
granule enzymes that destroy the parasites (see Chapter 
14, Fig. 14-4). Production of specific IgE antibody 
and eosinophilia are frequently observed in infections 
by helminths. These responses are attributed to the 
propensity of helminths to stimulate the TH2 subset of 

CD4' helper T cells, which secrete IL4 and IL-5. IL4 
stimulates the production of IgE, and IL5 stimulates 
the development and activation of eosinophils. 
Eosinophils may be more effective at killing helminths 
than other leukocytes are because the major basic 
protein of eosinophil granules may be more toxic for 
helminths than the proteolytic enzymes and reactive 
oxygen intermediates produced by neutrophils and 
macrophages. The expulsion of some intestinal nema- 
todes may be due to IL4dependent mechanisms that 
are not well defined but apparently do not require IgE. 

Adaptive immune responses to parasites can also 
contribute to tissue injury. Some parasites and their 
products induce granulomatous responses with con- 
comitant fibrosis. Schistosoma mansoni eggs deposited in 
the liver stimulate CD4+ T cells, which in turn activate 
macrophages and induce DTH reactions. DTH reac- 
tions result in the formation of granulomas around the 
eggs. The granulomas serve to contain the schistosome 
eggs, but severe fibrosis associated with this chronic 
cell-mediated immune response leads to disruption of 
venous blood flow in the liver, portal hypertension, and 
cirrhosis. In lymphatic filariasis, lodging of the parasites 
in lymphatic vessels leads to chronic cell-mediated 
immune reactions and ultimately to fibrosis. Fibrosis 
results in lymphatic obstruction and severe lym- 
phedema. Chronic and persistent parasitic infestations 
are often associated with the formation of complexes of 
parasite antigens and specific antibodies. The com- 
plexes can be deposited in blood vessels and kidney 
glomeruli and produce vasculitis and nephritis, respec- 
tively (see Chapter 20). Immune complex disease has 
been described in schistosomiasis and malaria. 

Chapter 15 - Immunity to Microbes - 
TrnrniwAv tn Malaria 

Malaria is a disease caused by a protozoan parasite (Plas- 
modium) that infects more than 100 million people and 
causes 1 to 2 million deaths annually. Malaria, especially 
that caused by infection with Plasmodium falcipamm, con- 
tinues to be one of the most widespread and prevalent dis- 
eases today. Infection is initiated when sporozoites are 
inoculated into the blood stream by the bite of an infected 
mosquito (Anqpheh). The sporozoites rapidly disappear 
from the blood and invade the parenchymal cells of the 
liver. In the hepatocytes, sporozoites develop into mero- 
zoites by a multiple-fission process termed schizogony. One 
to 2 weeks after infection, the infected hepatocytes burst 
and release thousands of merozoites, thereby initiating the 
erythrocytic stage of the life cycle. The merozoites invade 
red blood cells by a process that involves multiple ligand- 
receptor interactions, such as binding of the P falcipamm 
protein EBA-175 to glycophorin A on erythrocytes. Mero- 
zoites develop sequentially into ring forms, trophozoites, 
and schizonts, each of which expresses both shared and 
unique antigens. The erythrocytic cycle continues when 
schizont-infected red blood cells burst and release mero- 
zoites that invade other erythrocytes. Sexual stage game- 
tocytes develop in some cells and are taken up by 
mosquitoes during a blood meal, after which they fertilize 
and develop into oocysts. Immature sporozoites develop in 
the mosquitoes within 2 weeks and travel to the salivary 
glands, where they mature and become infective. 

The clinical features of malaria caused by the four 
species of Plasmodium that infect humans include fever 
spikes, anemia, and splenomegaly. Many pathologic mani- 
festations of malaria may be due to the activation of T cells 
and macrophages and production of TNE The develop- 
ment of cerebral malaria in a murine model is prevented 
by depletion of CD4' T lymphocytes or by injection of neu- 
tralizing anti-TNF antibody. 

The immune response to malaria is complex and stage 
specific; that is, immunization with antigens derived from 
sporozoites, merozoites, or gametocytes protects only 
against the particular stage. On the basis of this observa- 
tion, it is postulated that a vaccine consisting of combined 
immunogenic epitopes from each of these stages should 
stimulate more effective immunity than a vaccine that 
incorporates antigens from only one stage. The best char- 
acterized malaria vaccines are directed against sporozoites. 
Because of the stage-specific nature of sporozoite antigens, 
such vaccines must provide sterilizing immunity to be 
effective. Protective immunity may be induced in humans 
by injection of radiation-inactivated sporozoites. This type 
of protection is partially mediated by antibodies that 
inhibit sporozoite invasion of liver cells in vitro. Such anti- 
bodies recognize the circumsporozoite (CS) protein, 
which mediates the binding of parasites to liver cells. The 
CS protein contains a central region of about 40 tandem 
repeats of the sequence Asn-Ala-Am-Pro [NANPI. which 
makes up the immunodominant B cell epitope of the 
protein. Anti-(NANP)n antibodies neutralize sporozoite 
infectivity, but such antibodies provide only partial pro- 
tection against infection. The antibody response to CS 
protein is dependent on helper T cells. Most CS-specific 
helper T cells recognize epitopes outside the NANP 

region, and some of these T cell epitopes correspond 
the most variable residues of the CS protein, which su5- 
gests that variation of the antigens of the surface coat may 
have arisen in response to selective pressures imposed by 
specific T cell responses. 

CD8+ T cells play an important role in immunity to the 
hepatic stages of infection. If sporozoite-immunized mice 
are depleted of CD8' T cells by injection of anti-CD8 anti- 
bodies, they are unable to resist a challenge infection. ' 
protective effects 'of CD8' T cells may be mediated by 
direct killing of sporozoite-infected hepatocytes or indi- 
rectly by the secretion of IFN-y and activation of hepato- 
cytes to produce nitric oxide and other agents that kill 
parasites. IL-12 induces resistance to sporozoite challenge 
in rodents and nonhuman primates, presumably by stim- 
ulating IFN-y production. Conversely, resistance of Plas- 
modium berghei sporozoite-immunized mice to a challenge 
infection is abrogated by treatment with anti-IFN-y 
antibodies. 

The sexual blood stage of malaria is an important target 
for vaccine development. The major goal of this form of 
immunization is to kill infected erythrocytes or to block 
merozoite invasion of new red cells. Although infected 
individuals mount strong immune responses against blood 
stage antigens during natural malaria infections, most of 
these responses do not appear to affect parasite survival or 
to result in the selection of new antigenic variants. Never- 
theless, some merozoite proteins may be good vaccine can- 
didates. Of particular interest is the major merozoite 
surface antigen MSP-1, which contains a highly conserved 
carboxyl terminal region. Immunization with recombinant 
DNA-derived carboxyl terminal peptides has been shown 
to confer significant protection against malaria in rodents 
and has shown promising results in primate trials with 
human malaria parasite strains. The resistance induced by 
MSP-1 vaccination appears to involve antibody-dependent 

ansmission-blocking vaccines are being developed to 
stages of the parasite life cycle that are found in mos- 

quitoes. Such vaccines provide no protection for an immu- 
nized individual but act to reduce the number of parasites 
available for development in the mosquito vector. One 
such vaccine is an antigen, Pfs25, that is located on the 
surface of zygotes and ookinetes and is involved in para- 
site invasion of mosquito gut epithelium. In individuals 
immunized against this parasite antigen, the antibodies 
that develop are ingested by the mosquito during a blood 
meal and block the ability of the parasite to infect and 
mature in the mosquito. These parasite stages are found 
only in the mosquito vector and are not exposed to host 
immune responses. Therefore, the antigens expressed in 
the mosquito do not undergo the high rates of variation 
that are typical of immunodominant parasite antigens in 
the-yqrtebr-t- hnct. - s z  2*7 - -- >- s *+ - --. 7 : .. -. -.. 2- 
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Table 15-5. Mechanisms of Immune Evasion by Parasites 

Mechanism of immune 
evasion 

Antigenic variation 

Acqured resistance to 
mpkment, CTLs 

Examples 

-"- ---- 
Trypanosomes, 
Plasmodium 

Schistosomes 

- - - - - ? - - - - - . - - 
Filaria (secondary to 
lymphatic obstruction), 
trypanosomes 

Entamoeba 

I Abbreviation: CTL, cytolytic T lymphocyte. 

Evasion of Immune Mechanisms 
by Parasites 

Parasites evade protective immunity by reducing their 
immunogenicity and by inhibiting host immune re- 
sponses. Different parasites have developed remarkably 
effective ways of resisting immunity (Table 15-5). 

Parasites change their surface antigens during their 
life cycle in vertebrate hosts. Two forms of antigenic 
variation are well defined. The first is a stage-specific 
change in antigen expression, such that the mature 
tissue stages of parasites produce different antigens 
than the infective stages do. For example, the infec- 
tive sporozoite stage of malaria parasites is antigeni- 
cally distinct from the merozoites that reside in the 
host and are responsible for chronic infection. By 
the time that the immune system has responded to 
infection by sporozoites, the parasite has differenti- 
ated, expresses new antigens, and is no longer a 
target for immune elimination. The second and 
most remarkable example of antigenic variation 
in parasites is the continuous variation of major 
surface antigens seen in African trypanosomes such 
as Trypanosoma brucei and Trypanosoma rhodesiense. 

Variant A 

Continuous antigenic variation in trypanosomes is 
probably due to programmed variation in expression 
of the genes encoding the major surface antigen. 
Infected individuals show waves of blood para- 
sitemia, and each wave consists of parasites express- 
ing a surface antigen that is different from the 
previous wave (Fig. 15-7). Thus, by the time the host 
produces antibodies against the parasite, an anti- 
genically different organism has grown out. More 
than a hundred such waves of parasitemia can occur 
in an infection. One consequence of antigenic vari- 
ation in parasites is that it is difficult to effectively 
vaccinate individuals against these infections. 

Parasites become resistant to immune effector mech- 
anisms during their residence in vertebrate hosts. 
Perhaps the best examples are schistosome larvae, 
which travel to the lungs of infected animals and 
during this migration develop a tegument that is 
resistant to damage by complement and by CTLs. 
The biochemical basis of this change is not known. 

Protozoan parasites may conceal themselves from 
the immune system either by living inside host cells 
or by developing cysts that are resistant to immune 
effectors. Some helminthic parasites reside in intes- 
tinal lumens and are sheltered from cell-mediated 
immune effector mechanisms. Parasites may also 
shed their antigenic coats, either spontaneously or 
after binding specific antibodies. Shedding of anti- 
gens renders the parasites resistant to immune effec- 
tor mechanisms. 

Parasites inhibit host immune responses by multiple 
mechanisms. T cell anergy to parasite antigens has 
been observed in severe schistosomiasis involving the 
liver and spleen and in filarial infections. The mech- 
anisms of immunologic unresponsiveness in these 
infections are not well understood. In lymphatic 
filariasis, infection of lymph nodes with subsequent 
architectural disruption may contribute to deficient 
immunity. More nonspecific and generalized im- 
munosuppression is observed in malaria and African 
trypanosomiasis. This immune deficiency has been 

Variant C 

Figure 15-7 Antigenic variation i n  try- 
panosomes. 

In a mouse infected experimentally with a single 
clone of Trypanosoma rhodesiense, the blood parasite -d-VL counts show cyclic waves. Each wave is due to a new 

-1' '::+:LA,, antiaenic variant of the ~arasite (labeled variants A. 
B, aGd C) that expressesma new Gariable surface gly'- 

-rC.( coprotein (VSG, the immunodominant antigen of the 
1 10 15 parasite), and each decline is a result of a specific anti- 

body response to that variant. (Courtesy of Dr. John 
Mansfield, University of Wisconsin, Madison.) 

attributed to the production of immunosuppressive 
cytokines by activated macrophages and T cells and 
defects in T cell activation. 

The worldwide implications of parasitic infestations 
for health and economic development are well appre- 
ciated. Attempts to develop effective vaccines against 
these infections have been actively pursued for many 
years. Although the progress has been slower than one 
would have hoped, elucidation of the fundamental 
mechanisms of immune responses to and immune 
evasion by parasites holds great promise for the future. 

itrategies for Vaccine Development 

The birth of immunology as a science may be dated 
from Edward Jenner's successful vaccination against 
smallpox in 1796. The importance of prophylactic 
immunization against infectious diseases is best illus- 
trated by the fact that worldwide programs of vaccina- 
tion have led to the complete or nearly complete 
eradication of many of these diseases in developed 
countries (see Chapter 1, Table 1-1). 

Vaccines induce protection against infections by 
stimulating the development of long-lived effector cells 
and memory cells. Most vaccines in routine use today 
work by inducing humoral immunity, and attempts to 
stimulate cell-mediated immune responses by vaccina- 
tion are ongoing. The success of active immunization 
in eradicating infectious disease is dependent on 
numerous factors. Vaccines are likely to be most effec- 
tive against infections that are limited to human hosts 
and are caused by poorly infectious agents whose anti- 
gens are relatively invariant. On the other hand, the 
existence of animal or environmental reservoirs of 
infection, high infectivity of the microbes, and anti- 
genic variation make it less likely that vaccination alone 
will eradicate a particular infectious disease. 

In the following section, we summarize the 
approaches to vaccination that have been tried (Table 
15-6) and their major value and limitations. 

Attenuated and Inactivated Bacterial and 
Viral Vaccines 

Vaccines composed of intact nonpathogenic microbes 
are made by treating the microbe in such a way that it 
can no longer cause disease (i.e., its virulence is atten- 
uated) or by killing the microbe while retaining its 
immunogenicity. The great advantage of attenuated 
microbial vaccines is that they elicit all the innate and 
adaptive immune responses that the pathogenic 
microbe would, and they are therefore the ideal way of 
inducing protective immunity. Live, attenuated bacteria 
were first shown by Louis Pasteur to confer specific 
immunity. The attenuated or killed bacterial vaccines in 
use today generally induce limited protection and are 
effective for only short periods. Live, attenuated viral 
vaccines are usually more effective; polio, measles, and 
yellow fever are three good examples. The most fre- 
quently used approach for producing such attenuated 
viruses is repeated passage in cell cultures. More 

Table 15-6. Vaccine Approaches 

I ~~~e of vaccine I Examples - I ------ 
BCG, cholera 

I HIV, human immunodeficiency virus. 

recently, temperature-sensitive and deletion mutants 
are being generated with the same goal in mind. Viral 
vaccines often induce long-lasting specific immunity, so 
immunization of children is sufficient for lifelong pro- 
tection. The principal limitation of these vaccines is 
concern about their safety because of incomplete atten- 
uation or reversion to the wild-type pathogenic virus. 

Purified Antigen (Subunit) Vaccines 

Subunit vaccines are composed of antigens purified 
from microbes or inactivated toxins and are usually 
administered with an adjuvant. One effective use of 
purified antigens as vaccines is for the prevention of 
diseases caused by bacterial toxins. Toxins can be ren- 
dered harmless without loss of immunogenicity, 
and such "toxoids" induce strong antibody responses. 
Diphtheria and tetanus are two infections whose life- 
threatening consequences have been largely controlled 
because of immunization of children with toxoid 
preparations. Vaccines composed of bacterial polysac- 
charide antigens are used against pneumococcus and 
H. injluenzae. Although polysaccharides are inefficient 
inducers of B cell memory, these vaccines often provide 
long-lived protective immunity, probably because the 
polysaccharides are not degraded easily and they persist 
in lymphoid tissues, where they continue to stimulate 
specific B lymphocytes for long periods. High-affinity 
antibody responses may be generated against polysac- 
charide antigens by coupling them to proteins to form 
conjugate vaccines. Such vaccines are an excellent prac- 
tical application of the principle of T-B cell cooperation 
induced by hapten-carrier conjugates (see Chapter 9). 
Purified protein vaccines stimulate helper T cells and 
antibody responses, but they do not generate potent 
CTLs. The reason for poor CTL development is that 
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exogenous proteins (and peptides) are inefficient at 
entering the class I MHC pathway of antigen presenta- 
tion and cannot readily displace peptides from surface 
class I molecules. As a result, protein vaccines are not 
recognized efficiently by class I-restricted CD8' T 
cells. 

Synthetic Antigen Vaccines 

A current goal of vaccine research is to identify the most 
immunogenic microbial antigens or epitopes of the 
antigens, to synthesize these in the laboratory, and to 
use the synthetic antigens as vaccines. Early approaches 
for developing synthetic antigen vaccines relied on the 
synthesis of linear and branched polymers of three to 
ten amino acids based on the known sequences of 
microbial antigens. Such peptides are weakly immuno- 
genic by themselves and need to be coupled to large 
proteins to induce antibody responses, again like gen- 
erating antibody responses to hapten-carrier conju- 
gates. Two advances may improve the efficacy of 
synthetic antigen vaccines. First, it is possible to deduce 
the protein sequences of microbial antigens from 
nucleotide sequence data and to prepare large quan- 
tities of proteins by recombinant DNA technology. 
Second, by testing overlapping peptides and by muta- 
tional analysis, it is possible to identify epitopes or even 
individual residues that are recognized by B or T cells 
or that bind to MHC molecules for presentation to 
MHC-restricted T lymphocytes. Empirical trial of pep- 
tides containing single or multiple amino acid substi- 
tutions has led to the construction of antigens with 
enhanced binding to MHC molecules or enhanced 
capacity to activate T cells. To date, such studies have 
been done largely in inbred mice. Because T cell 
antigen recognition is influenced by the polymorphism 
of MHC molecules, it is likely that in outbred human 
populations, it will be more difficult to "custom-design" 
peptides with enhanced immunogenicity. Nevertheless, 
this approach has the potential for creating at will 
vaccines that are of high potency. Vaccines made 
of recombinant DNA-derived antigens are now in 
use for hepatitis virus, herpes simplex virus, and 
foot-and-mouth disease virus (a major pathogen for 
livestock). 

Live Viral Vectors 

A recent approach to vaccine development is to intro- 
duce genes encoding microbial antigens into a noncy- 
topathic virus and to infect individuals with this virus. 
Thus, the virus serves as a source of the antigen in an 
inoculated individual. The great advantage of viral 
vectors is that they, like other live viruses, induce the 
full complement of immune responses, including 
strong CTL responses. This technique has been used 
most commonly with vaccinia virus vectors, into which 
the gene encoding the desired antigen is inserted by 
the process of homologous recombination. Inoculation 
of such recombinant viruses into many species of 
animals induces both humoral and cell-mediated 
immunity against the antigen produced by the foreign 

gene (and, of course, against vaccinia virus antigens as 
well). A potential problem with viral vectors is that the 
viruses may infect various host cells, and even though 
they are not pathogenic, they may produce antigens 
that stimulate CTL responses that kill the infected host 
cells. 

DNA Vaccines 

The newest method of vaccination has been developed 
on the basis of an unexpected observation. Inoculation 
of a plasmid containing complementary DNA (cDNA) 
encoding a protein antigen leads to strong and long- 
lived humoral and cell-mediated immune responses to 
the antigen. It is likely that APCs, such as dendritic cells, 
are transfected by the plasmid and the cDNA is tran- 
scribed and translated into immunogenic protein that 
elicits specific responses. The unique feature of DNA 
vaccines is that they provide the only approach, other 
than live viruses, for eliciting strong CTL responses 
because the DNA-encoded proteins are synthesized in 
the cytosol of transfected cells. Furthermore, bacterial 
plasmids are rich in unmethylated CpG nucleotides 
and are recognized by a Toll-like receptor (TLR9) on 
macrophages and other cells, thereby eliciting an 
innate immune response that enhances adaptive immu- 
nity (see Chapter 12). Therefore, plasmid DNA vac- 
cines are effective even when they are administered 
without adjuvants. The ease of manipulating cDNAs to 
express many diverse antigens, the ability to store DNA 
without refrigeration for use in the field, and the ability 
to co-express-other proteins that may enhance immune 
responses (such as cytokines and costimulators) make 
this technique promising. However, the factors that 
determine the efficacy of DNA vaccines, especially in 
humans, are still not fully defined. 

Adjuvants and lmmunomodulators 

The initiation of T cell-dependent immune responses 
against protein antigens requires that the antigens be 
administered with adjuvants. Most adjuvants elicit 
innate immune responses, with increased expression 
of costimulators and production of cytokines such as 
IL-12 that stimulate T cell growth and differentiation. 
Heat-killed bacteria are powerful adjuvants that are 
commonly used in experimental animals. However, the 
severe local inflammation that such adjuvants trigger 
precludes their use in humans. Much effort is currently 
being devoted to development of safe and effective 
adjuvants for use in humans. Several are in clinical 
practice, including aluminum hydroxide gel (which 
binds proteins noncovalently and induces mild inflam- 
mation) and lipid formulations that are ingested by 
phagocytes. An alternative to adjuvants is to administer 
natural substances that stimulate T cell responses 
together with antigens. For instance, IL-12 incorpo- 
rated in vaccines promotes strong cell-mediated immu- 
nity and is being tested in early clinical trials. AS 

mentioned, plasmid DNA has intrinsic adjuvant-like 
activities, and it is possible to incorporate costimulators 

(B7 molecules, CD40) or cytokines into plasmid DNA 
vaccines. 

Passive Immunization 

Protective immunity can also be conferred by passive 
immunization, for instance, by transfer of specific anti- 
bodies. In the clinical situation, passive immunization 
is most commonly used for rapid treatment of poten- 
tially fatal diseases caused by toxins, such as tetanus. 
Antibodies against snake venom can be lifesaving treat- 
ments of poisonous snakebites. Passive immunity is 
short-lived because the host does not respond to the 
immunization and protection lasts only as long as the 
injected antibody persists. Moreover, passive immu- 
nization does not induce memory, so an immunized 
individual is not protected against subsequent exposure 
to the toxin or microbe. 

Summary 

The interaction of the immune system with infectious 
organisms is a dynamic interplay of host mechanisms 
aimed at eliminating infections and microbial strate- 
gies designed to permit survival in the face of 
powerful defense mechanisms. Different types of 
infectious agents stimulate distinct types of immune 
responses and have evolved unique mechanisms for 
evading immunity. In some infections, the immune 
response is the cause of tissue injury and disease. 

Innate immunity against extracellular bacteria is 
mediated by phagocytes and the complement system 
(the alternative pathway). 

The principal adaptive immune response against 
extracellular bacteria consists of specific antibodies 
that opsonize the bacteria for phagocytosis and acti- 
vate the complement system. Toxins produced by 
such bacteria are also neutralized by specific anti- 
bodies. Some bacterial toxins are powerful inducers 
of cytokine production, and cytokines account for 
much of the systemic disease associated with severe, 
disseminated infections with these microbes. 

Innate immunity against intracellular bacteria is 
mediated mainly by macrophages. However, intracel- 
lular bacteria are capable of surviving and replicat- 
ing within host cells, including phagocytes, because 
they have developed mechanisms for resisting degra- 
dation within phagocytes. 

Adaptive immunity against intracellular bacteria is 
principally cell mediated and consists of activation of 
macrophages by CD4' T cells (as in DTH) as well as 
killing of infected cells by CD8' CTLs. The character- 
istic pathologic response to infection by intracellular 
bacteria is granulomatous inflammation. 

Protective responses to fungi consist mainly of innate 
immunity, mediated by neutrophils and macro- 
phages, and adaptive cell-mediated immunity. Fungi 
are usually readily eliminated by phagocytes and a 
competent immune system, because of which dis- 

seminated fungal infections are seen mostly in 
immunodeficient persons. 

Innate immunity against viruses is mediated by type 
I IFNs and NK cells. Neutralizing antibodies protect 
against virus entry into cells early in the course of 
infection and later if the viruses are released from 
killed infected cells. The major defense mechanism 
against established infection is CTLmediated killing 
of infected cells. CTLs may contribute to tissue injury 
even when the infectious virus is not harmful by itself. 
Viruses evade immune responses by antigenic varia- 
tion, inhibition of antigen presentation, and pro- 
duction of immunosuppressive molecules. 

Animal parasites such as protozoa and helminths 
give rise to chronic and persistent infections because 
innate immunity against them is weak and parasites 
have evolved multiple mechanisms for evading and 
resisting specific immunity. The structural and anti- 
genic diversity of pathogenic parasites is reflected in 
the heterogeneity of the adaptive immune responses 
that they elicit. Protozoa that live within host cells 
are destroyed by cell-mediated immunity, whereas 
helminths are eliminated by IgE antibody and 
eosinophil-mediated killing as well as by other leuko- 
cytes. Parasites evade the immune system by varying 
their antigens during residence in vertebrate hosts, 
by acquiring resistance to immune effector mecha- 
nisms, and by masking and shedding their surface 
antigens. 
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edge of the basic mechanisms of innate and adaptive z2kev2,a+j , 
immunity to understanding immunologic reactions 
against tumors and transplants and diseases caused by 
abnormal immune responses. Chapter 16 is devote 
to the immunology of tissue transplantation, a pro 
ising therapy for a variety of diseases whose success 
is limited in large part by the immunologic rejection 
response. Chapter 17 describes immune responses 
to tumors and immunologic approaches for cancer 
therapy. Chapter 18 deals with the mechanisms of dis- 
eases caused by aberrant immune responses, so-called 
hypersensitivity diseases, and the pathogenesis of 
autoimmune disorders. In Chapter 19, we describe 
one form of hypersensitivity, immediate hypersensiti 
ity, that represents the most common group of 
eases caused by immune responses. In Chapter 20, w 
discuss the cellular and molecular bases of congenit 
and acquired immunodeficiencies, including the a 
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Transplantation is the process of taking cells, tissues, 
or organs, called a ,graft, from one individual and 
placing them into a (;sually) different individual. The 
individual who provides the graft is called the donor, 
and the individual who receives the graft is called either 
the recipient or the host. If the grgft is placed into its 
normal anatomic location, the procedure is called 
orthotopic transplantation; if the graft is placed in a 
different site, the procedure is called heterotopic 
transplantation. Transfusion is the transplantation of 
circulating blood cells or plasma from one individual to 
another. In clinical practice, transplantation is used to 
overcome a functional or anatomic deficit in the recip- 
ient. This approach to treatment of human diseases has 
increased steadily during the past 40 years, and trans- 
plantation of kidneys, hearts, lungs, livers, pancreas, 
and bone marrow is widely used today. More than 
30,000 kidney, heart, lung, liver, and pancreas trans- 
plants are currently performed in the United States 
each year. In addition, transplantation of many other 
organs or cells is now being attempted. 

A major limitation in the success of transplanta- 
tion is the immune response of the recipient to the 
donor tissue. This problem was first appreciated when 
attempts to replace damaged skin on burn patients with 
skin from unrelated donors were found to be uniformly 
unsuccessful. During a matter of 1 to 2 weeks, the trans- 
planted skin would undergo necrosis and fall off. The 
failure of the grafts led Peter Medawar and many other 
investigators to study skin transplantation in animal 
models. These experiments established that the failure 
of skin grafting was caused by an inflammatory reaction 
called rejection. Several lines of experimental evidence 
indicated that rejection is caused by an adaptive 
immune response (Fig. 16-1). 

@ A skin graft transplanted between genetically unre- 
lated individuals, for example, from a strain A mouse 
to a strain B mouse, is rejected by a naive recipient in 
7 to 10 days. This process is called first-set rejection and 
is due to a primary immune response to the graft. A 
subsequent skin graft transplanted from the same 
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Grafts may fail because of abnormalities other than 
rejection. In clinical practice, it is important to dis- 
tinguish between rejection, which is immunologically 
mediated, and other causes of graft failure. Our dis- 
cussion focuses on the immunologic basis of rejection. 

Transplant immunologists have developed a special 
vocabulary to describe the kinds of cells and tissues 

0 Cells or organs transplanted between individuals of 
different inbred strains of a species are almost always 
rejected. 

0 The offspring of a mating between two different 
inbred strains will typically not reject grafts from either 
parent. In other words, an (A x B)F1 animal will not 
reject grafts from an A or B strain animal. (This rule 
is violated by bone marrow transplantation, which we 
will discuss later in the chapter.) 

0 A graft derived from the offspring of a mating between 
two different inbred strains will almost always be re- 
jected by either parent. In other words, a graft from an 
(A x B)FI animal will be rejected by either an A or a B 
strain animal. 

Such experimental results suggested that polymor- 
phic, codominantly expressed molecules in the grafts 
were responsible for eliciting rejection. Polymorphism 
refers to the fact that these graft antigens differed 
among individuals of a species or between different 
inbred strains of animals, for example, between strain 
A and strain B mice. Codominant expression means 
that an (A x B) F1 animal expresses both A strain and B 
strain alleles. (A x B) Fl animals see both A and B tissues 
as self, and A or B animals see (A x B) F1 tissues as partly 
foreign. This is why an (Ax B)F1 animal does not reject 
either A or B strain grafts and why both A and B strain 
recipients reject an (A x B)F1 graft. 

Major histocompatibility complex (MHC) mole- 
cules are responsible for almost all strong (rapid) 
rejection reactions. George Snell and colleagues used 
congenic strains of inbred mice to identify the MHC 
complex as the locus of polymorphic genes that encode 
the molecular targets of allograft rejection (see Chapter 
4, Fig. 4-2). Because MHC molecules, the targets of 
allograft rejection, are widely expressed, many different 
kinds of tissues evoke responses from alloreactive T 
cells. As discussed in Chapters 4 and 5 ,  MHC molecules 
play a critical role in normal immune responses to 
foreign antigens, namely, the presentation of peptides 
derived from protein antigens in a form that can be 
recognized by T cells. The role of MHC molecules as 
alloantigens is incidental, as discussed later. 

Allogeneic MHC molecules are presented for recog- 
nition by the T cells of a graft recipient in two funda- 
mentally different ways (Fig. 16-3). The first way, called 
direct presentation, involves recognition of an intact 
MHC molecule displayed by donor antigen-presenting 
cells (APCs) in the graft and is a consequence of the 
similarity in structure of an intact foreign (allogeneic) 
MHC molecule and self MHC molecules. Therefore, 
direct presentation is unique to foreign MHC mole- 
cules. The second way, called indirect presentation, 
involves processing of donor MHC molecules by recip- 
ient APCs and presentation of peptides derived from 
the allogeneic MHC molecules in association with self 
MHC molecules. In this case, the foreign MHC mole- 
cule is handled as though it were any foreign protein 
antigen, and the mechanisms of indirect antigen pres- 
entation are indistinguishable from the mechanisms of 
presentation of a microbial protein antigen. Alloanti- 
gens in a graft other than MHC molecules can also 

encountered in the transplant setting. A graft trans- 
planted from one individual to the same individual is 
called an autologous graft (shortened to autograft). A 
graft transplanted between two genetically identical or 
syngeneic individuals is called a syngeneic graft. A graft 
transplanted between two genetically different individ- 
uals of the same species is called an allogeneic graft 
(or allograft). A graft transplanted between individuals 
of different species is called a xenogeneic graft (or 
xenograft). The molecules that are recognized as 
foreign on allografts are called alloantigens, and those 
on xenografts are called xenoantigens. The lympho- 
cytes and antibodies that react with alloantigens or 
xenoantigens are described as being alloreactive or 
xenoreactive, respectively. 

The immunology of transplantation is important for 
two reasons. First, the immunologic rejection response 
is still one of the major barriers to transplantation 
today. Second, although an encounter with alloantigens 
is unlikely in the normal life of an organism, the 
immune response to allogeneic molecules is strong 
and has therefore been a useful model for studying 
the mechanisms of lymphocyte activation. Most of this 
chapter focuses on allogeneic transplantation because 
it is far more commonly practiced and better under- 
stood than xenogeneic transplantation, which is dis- 
cussed briefly at the end of the chapter. We consider 
both the basic immunology and some aspects of the 
clinical practice of transplantation. We conclude the 
chapter with a discussion of allogeneic bone marrow 
transplantation, which raises special issues not usually 
encountered in solid organ transplants. 

Recipient $ 
(Strain B) A 

Recipient (strain B injected with 
by previous graft from strai lymphocytes from strain A animal 

hat has rejected a strain B graft) 

/ - -  Yes Yes I 

Yes - 

First-se- . - :tion I 
Figure 16-1 First- and second-set allograft rejection. 

Results of the experiments shown indicate that graft rejection displays the features of adaptive 
immune responses, namely, memory and mediation by lymphocytes. A strain B mouse will reject a 
graft from a strain A mouse with first-set kinetics (left panel). A strain B mouse sensitized by a previ- 
ous graft from a strain A mouse will reject a second graft from a strain A mouse with second-set kinet- 
ics (middle panel), demonstrating memory. A strain B mouse injected with lymphocytes from another 
strain B mouse that has rejected a graft from a strain A mouse will reject a graft from a strain A mouse 
with second-set kinetics (right panel), demonstrating the role of lymphocytes in mediating rejection 
and memory. A strain B mouse sensitized by a previous graft from a strain A mouse will reject a graft 
from a third unrelated strain with first-set kinetics, thus demonstrating another feature of adaptive 
immunity, specificity (not shown). Syngeneic grafts are never rejected (not shown). 

The Immunology of Allogeneic 
Transplantation 

Alloantigens elicit both cell-mediated and humoral 
immune responses. In this section of the chapter, we 
discuss the molecular and cellular mechanisms of 
allorecognition, with an emphasis on the nature of graft 
antigens that stimulate allogeneic responses and the 
features of the responding lymphocytes. donor to the same recipient is rejected more rapidly, 

in only 2 or 3 days. This accelerated response, called 
second-set rejection, is due to a secondary immune 
response. Thus, grafts that are genetically disparate 
from the recipients induce immunologic memory, one 
of the cardinal features of adaptive immune responses. 

new graft elicits only a first-set rejection. Thus, the phe- 
nomenon of second-set rejection shows specificity, an- 
other cardinal feature of adaptive immune responses. Recognition of Alloantigens 

Recognition of transplanted cells as self or foreign is 
determined by polymorphic genes that are inherited 
from both parents and are expressed codominantly. 
This conclusion is based on the results of experimental 
transplantation between inbred strains of mice. The 
basic rules of transplantation immunology are derived 
from such animal experiments (Fig. 16-2). 

0 The ability to mount second-set rejection against a 
graft from strain A mice can be adoptively transferred 
to a naive strain B recipient by immunocompetent 
lymphocytes taken from a strain B animal previously 
exposed to a graft from strain A mice. This experiment 
demonstrated that second-set rejection is mediated by 
sensitized lymphocytes and provided the definitive evi- 
dence that rejection is the result of an adaptive 
immune response. 

Second-set rejection ensues if the first and second skin 
grafts are derived from the same donor or from genet- 
ically identical donors, for example, strain A mice. 
However, if the second graft is derived from an indi- 
vidual unrelated to the donor of the first graft, for 
example, strain C, no second-set rejection occurs; the 

0 Cells or organs transplanted between individuals of the 
same inbred strain of a species are never rejected. 
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centrated in the regions that bind to the TCR, each 
different residue may contribute to a distinct deter- 
minant recognized by a different clone of self 
MHC-restricted T cells. Thus, each allogeneic MHC 
molecule can be recognized by multiple T cell clones. 
In this case, the cross-reactive T cell allorecognition is 
entirely attributable to differences in amino acid 
sequences between self MHC and allogeneic MHC 
molecules, and bound peptide serves only to ensure 
stable expression of the allogeneic MHC molecule. 

1 Many different peptides may combine with one allo- 
geneic MHC gene product to produce determinants 
that are recognized by different cross-reactive T cells. 
The surface of each allogeneic cell has 1@ or more 
copies of each allogeneic MHC molecule, and each 
MHC molecule can form a complex with a different 
peptide. Thus, any cell in an allograft may express 
many distinct peptide-MHC complexes composed of 
different peptides bound to one or a few alleles of the 
foreign MHC molecules. Because only a few hundred 
peptide-MHC complexes are needed to activate a 
particular T cell clone, many different clones may be 
activated by the same allogeneic cell. 

All of the MHC molecules on an allogeneic APC are 
foreign to a recipient and can therefore be recognized 
by T cells. In contrast, on self APCs, most of the self 
MHC molecules are displaying self peptides, and any 
foreign peptide probably occupies 1% or less of the 
total MHC molecules expressed. As a result, the 
density of allogeneic determinants on allogeneic 
APCs is much higher than the density of foreign 
peptide-self MHC complexes on self APCs. The abun- 
dance of recognizable allogeneic MHC molecules may 
allow activation of T cells with low affinities for the 
determinant, thereby increasing the numbers of T 
cells that can respond. 
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Figure 1f5-2 The genetics of graft rejection. 
In the illustration, the two different mouse colors represent different MHC haplotypes, Inherited 

MHC alleles from both parents are codominantly expressed in the skin of an A x B offspring, and 
therefore these mice are represented by both colors. Syngeneic grafts are not rejected (A). Allografts 
are always rejected (B). Grafts from a parent of an A x B mating will not be rejected by the offspring 
(C), but grafts from the offspring will be rejected by either parent (D). These phenomena are due to 
the fact that MHC gene products are responsible for graft rejection; grafts are rejected only if they 
express an MHC type (represented by a color) that is not expressed by the recipient mouse. 

be presknted to host T cells by the indirect pathway. We 
discuss the molecular basis of direct and indirect pres- 
entation separately. 

Direct Presentation of Alloantigens 

Direct recognition of foreign MHC molecules is  a 
cross-reaction of a normal T cell receptor (TCR), which 
was selected to recognize a self MHC molecule plus 
foreign peptide, with an allogeneic MHC molecule plus 
peptide. On face value, it seems puzzling that T cells that 
are normally selected to be self MHC-restricted are 
capable of recognizing foreign MHC molecules. The 
explanation for this apparent paradox came from 
studies with monoclonal T cell populations, which 
showed that the same TCR may recognize self MHC- 
foreign peptide complexes and allogeneic MHC 
molecules. 

0 A T cell clone that expresses a TCR specific for self 
MHC plus a foreign peptide may also recognize one or 
more allogeneic MHC molecules in the absence of that 
foreign peptide. 
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Many of the alloreactive T cells that respond to the 
first exposure to an allogeneic MHC molecule are 
memory T cells that were generated during previous 
exposure to other foreign (e.g., microbial) antigens. 
Thus, in contrast to the initial naive T cell response 
to microbial antigens, the initial response to alloanti- 
gens is mediated in part by already expanded clones 
of memory T cells. 

Because of the high frequency of alloreactive T cells, 
primary responses to alloantigens are the only primary 
responses that can readily be detected i n  vitro. 

Indirect Presentation of Alloantigens 

Allogeneic MHC molecules may be processed and pre- 
sented by recipient APCs that enter grafts, and the 

Figure 1fj-4 Molecular basis of 
direct recognition of allogeneic 
MHC molecules. 

Direct recognition of allogeneic 
MHC molecules may be thought of as 
a cross-reaction in which a T cell spe- 
cific for a self MHC molecule-foreign 
peptide complex (A) also recognizes 
an allogeneic MHC molecule (B, C). 
Nonpolymorphic donor peptides, 
labeled "self ~e~tide." mav not con- 
tribute to 
may (C). 

processed MHC molecules are recognized by T cells 
like conventional foreign protein antigens (see Fig. 
16-3). Because allogeneic MHC molecules differ struc- 
turally from those of the host, they can be processed 
and presented in the same way that any foreign protein 
antigen is, generating foreign peptides associated with 
self MHC molecules on the surface of host APCs. This 
phenomenon is an example of cross-presentation or 
cross-priming (see Chapter 5, Fig. 5-7), in which pro- 
fessional APCs, usually dendritic cells, present antigens 
of another cell, from the graft, to activate, or "prime," 
T lymphocytes. Indirect presentation may result in 
allorecognition by CD4' T cells because alloantigen is 
acquired by host APCs primarily through the endoso- 
ma1 vesicular pathway (i.e., as a consequence of phago- 
cytosis) and is therefore presented by class I1 MHC 

molecules. Some antigens of phagocytosed graft cells 
appear to enter the class I MHC pathway of antigen 
presentation and are indirectly recognized by CD8+ T 
cells. Because MHC molecules are the most poly- 
morphic proteins in the genome, each allogeneic MHC 
molecule may give rise to multiple foreign peptides, 
each recognized by different T cells. 

@ One of the first indications that T cell responses to 
allogeneic MHC molecules can occur by indirect 
presentation was the demonstration of cross-priming 
of alloreactive CD8+ cytolytic T lymphocytes (CTLs) by 
self APCs that had been exposed to allogeneic cells. 

Evidence that indirect presentation of allogeneic MHC 
molecules occurs in graft rejection was obtained from 
studies with knockout mice lacking class I1 MHC 
expression. For example, skin grafts from donor mice 
lacking class I1 MHC are able to induce recipient CD4+ 
(i.e., class 11-restricted) T cell responses to the donor 
alloantigens, including peptides derived from donor 
class I MHC molecules. This result implies that the 
donor class I MHC molecules are processed and pre- 
sented by class I1 molecules on the recipient's APCs 
and stimulate the recipient's helper T cells. 

Qb More recently, evidence has been obtained from 
human transplant recipients that indirect antigen pres- 
entation may contribute to late rejection of allografts. 
For example, CD4+ T cells from heart and liver allo- 
graft recipients can be activated in uitro by peptides 
derived from donor MHC and presented by host APCs. 

There may be polymorphic antigens other than 
MHC molecules that differ between the donor and the 
recipient. These antigens induce weak or slower (more 
gradual) rejection reactions than do MHC molecules 
and are called minor histocompatibility antigens. Most 
minor histocompatibility antigens are proteins that are 
processed and presented to host T cells in association 
with self MHC molecules on host APCs (i.e., by the indi- 
rect pathway). 

Activation of Alloreactive T Cells and 
Rejection of Allografts 

The activation of alloreactive T cells in  vivo requires 
presentation of alloantigens by donor-derived APCs 
in the graft (direct presentation of alloantigens) or by 
host APCs that pick up and present graft alloantigens 
(indirect presentation). Most organs contain resident 
APCs such as dendritic cells. Transplantation of these 
organs into an allogeneic recipient provides APCs that 
express donor MHC molecules as well as costimulators. 
Presumably, these donor APCs migrate to regional 
lymph nodes and are recognized by the recipient's T 
cells that circulate through the peripheral lymphoid 
organs (the direct pathway). Dendritic cells from the 
recipient may also migrate into the graft, or graft 
alloantigens may traffic into lymph nodes, where they 
are captured and presented by recipient APCs (the 
indirect pathway). Alloreactive T cells in the recipient 
may be activated by both pathways, and these T cells 
migrate into the grafts and cause graft rejection. Allo- 

reactive CD4+ helper T cells differentiate into cytokine- 
producing effector cells that damage grafts by reactions 
that resemble delayed-type hypersensitivity (DTH). 
Alloreactive CD8+ T cells activated by the direct pathway 
differentiate into CTLs that kill nucleated cells in the 
graft, which express the allogeneic class I MHC mole- 
cules. The CD8' CTLs that are generated by the indi- 
rect pathway are self MHC-restricted, and therefore 
they cannot directly kill the foreign cells in the graft. 
Therefore, when alloreactive T cells are stimulated by 
the indirect pathway, the principal mechanism of rejec- 
tion is probably DTH mediated by CD4+ effector T cells 
that infiltrate the graft and recognize donor alloanti- 
gens being displayed by host APCs that have also 
entered the graft. The relative importance of the direct 
and indirect pathways in graft rejection is still unclear. 
It has been suggested that CD8' CTLs induced by direct 
recognition of alloantigens are most important for 
acute rejection of allografts, whereas CD4+ effector T 
cells stimulated by the indirect pathway play a greater 
role in chronic rejection. 

The importance of MHC molecules in the rejection 
of tissue allografts has been established by studies with 
inbred animals showing that rapid rejection usually 
requires class I or class I1 MHC differences between the 
graft donor and the recipient. In clinical transplanta- 
tion, minimizing MHC differences between the donor 
and the recipient improves graft survival, as we shall 
discuss later. 

The response of alloreactive T cells to foreign MHC 
molecules has also been analyzed in an in uitro reaction 
called the mixed lymphocyte reaction (MLR) . The MLR 
is a model of direct T cell recognition of allogeneic 
MHC molecules and is used as a predictive test of T 
cell-mediated graft rejection. Studies of the MLR were 
among the first to establish the role of class I and class 
I1 MHC molecules in activating distinct populations of 
T cells (CD8' and CD4+, respectively). 

%Q The MLR is induced by culturing mononuclear 
leukocytes (which include T cells, B cells, NK cells, 
mononuclear phagocytes, and dendritic cells) from 
one individual with mononuclear leukocytes derived 
from another individual. In humans, these cells are 
typically isolated from peripheral blood; in the mouse 
or rat, mononuclear leukocytes are usually purified 
from the spleen or lymph nodes. If the two individuals 
have differences in the alleles of the MHC genes, a 
large proportion of the mononuclear cells will prolif- 
erate during a period of 4 to 7 days. This proliferative 
response is called the allogeneic MLR (Fig. 16-5). 
In this experiment, the cells from each donor react 
and proliferate against the other, thus resulting in a 
two-way MLR. To simplify the analysis, one of the two 
leukocyte populations can be rendered incapable of 
proliferation before culture, either by y-irradiation or 
by treatment with the antimitotic drug mitomycin C. 
In this one-way MLR, the treated cells serve exclusively 
as stimulators and the untreated cells, still capable of 
proliferation, serve as the responders. 

@ Among the T cells that have responded in an MLR, 
any one cell is specific for only one allogeneic MHC 
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Allografts survive for longer periods when they are 
transplanted into knockout mice lacking B7-1 (CD80) 
and B7-2 (CD86) compared with transplants into 
normal recipients. However, even in B7 knockout 
recipients, allografts show histologic evidence of rejec- 
tion and eventually fail because of chronic rejection. 

lated by mechanisms similar to those involved in the 
stimulation of B cells reactive with other foreign proteins. 

Many of the issues that arise in discussions of 
alloreactivity and graft rejection are also relevant to 
maternal-fetal interactions. The fetus expresses pater- 
nal MHC molecules and is therefore semiallogeneic 
to the mother. Nevertheless, the fetus is not rejected 
by the maternal immune system. Many possible mech- 
anisms have been proposed to account for this lack of 
rejection, and it is not yet clear which of these mecha- 
nisms is the most significant (Box 16-1). 

0 Donor X 

Mitotically 

Donor Y 

inactivate 
h 

Mix blood 
mononuclear cells 
from two donors 
in tissue culture In contrast to T cell alloreactivity, much less is known 

about the mechanisms that lead to the production 
of alloantibodies against foreign MHC molecules. 
Presumably, B cells specific for alloantigens are stimu- 

I Class I Class II I 
The mammalian fet~.-, -.xcept in instances which the 
mother and father are syngeneic, will express paternally 
inherited antigens that are allogeneic to the mother. In 
essence, the fetus is a naturally occurring allograft. Never- 
theless, fetuses are not normally rejected by the mother. It 
is clear that the mother is exposed to fetal antigens during 
pregnancy since maternal antibodies against paternal 
MHC molecules are easily detectable. An understanding of 
how the fetus escapes the maternal immune system may be 
relevant for transplantation. Protection of the fetus against 
the maternal immune system probably involves several 
mechanisms including special molecular and barrier fea- 
tures of the placenta and local immunosuppression. 

Several experimental observations indicate that the 
anatomic location of the fetus is a critical factor in the 
absence of rejection. For example, pregnant animals are 
able to recognize and reject allografts syngeneic to the 
fetus placed at extrauterine sites without compromising 
fetal survival. Wholly allogeneic fetal blastocysts that lack 
maternal genes can successfully develop in a pregnant or 
pseudopregnant mother. Thus, neither specific maternal 
nor paternal genes are necessary for survival of the fetus. 
Hyperimmunization of the mother with cells bearing 
paternal antigens does not compromise placental and fetal 
growth. 

The failure to reject the fetus has focused attention on 
the region of physical contact between the mother and 
fetus. The fetal tissues of the placenta that most intimately 
contact the mother are composed of either vascular tro- 
phoblast, which is exposed to maternal blood for purposes 
of mediating nutrient exchange, or implantation site tro- 
phoblast, which diffusely infiltrates the uterine lining 
(decidua) for purposes of anchoring the placenta to the 
mother. 

1 fetal alloantigens are not known. Even if trophoblast 
cells do express classical MHC molecules, they may 
lack costimulator molecules and fail to act as antigen- 
presenting cells. 

A second explanation for lack of rejection is that the 
uterine decidua may be an immunologicalIy privileged site. 
These anatomic sites are tissues where immune responses 
generally fail to occur and include brain, eye, and testis. 
Several factors may contribute to immune privilege. For 
example, the brain vasculature limits lymphocyte access 
to the brain tissue, and the anterior chamber of the eye 
may contain high concentrations of immunosuppressive 
cytokines such as transforming growth factor$ (TGF-P). In 
support of the idea that the decidua is an immune privi- 
leged site is the observation that mouse decidua is highly 
susceptible to infection by Listeria monoqtogents and cannot 
support a delayed-type hypersensitivity response. The basis 
of immunologic privilege is clearly not a simple anatomic 
barrier because maternal blood is in extensive contact with 
trophoblast. Rather, the barrier is likely to be created by 
functional inhibition. Cultured decidual cells directly 
inhibit macrophage and T cell functions, perhaps by pro- 
ducing inhibitory cytokines, such as TGF-p. Some of these 
inhibitory decidual cells may be resident regulatory T cells, 
although the evidence for this proposal is limited. Some 
experiments have led to the suggestion that TH2 cytokines 
are produced at the maternal-fetal interface and are 
responsible for local suppression of TH1 responses to 
fetal antigens. However, this idea is not supported by 
the data that IL4 and ILlO knockout mice have normal 
pregnancies. 

There is evidence that immune respwses to the fetus 
may be regulated by local tryptophan concentrations in 
the decidua. The enzyme indolamine 2,3-dioxygenase 
(IDO) catabolizes tryptophan, and the IDO-inhibiting 
drug 1-methyl-tryptophan induces abortions in mice in a 
T cell-dependent manner. These observations have led to 
the hypothesis that T cell responses to the fetus are 
blocked because decidual tryptophan levels are normally 
maintained below the level required for T cell activation. 

Trophoblast and decidua may also be relatively resist- 
ant to complement-mediated damage because they express 
high levels of a C3 and C4 inhibitor called Crry. Crry- 
deficient embryos die before birth and show evidence of 
complement activation on trophoblast cells. Thus, this 
inhibitor may block maternal alloantibody-mediated 
damage &:%ugh the classical pathway of complement 
activatiodes5:;$a rap . 

Donor X CD8+ 
T lymphocyte 
(Responder cell 

J 

Donor Y APC 
(Stimulator cell) 

DonorY 
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target cell ~&n'br Y 
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Figure 16-5 The mixed leukocyte reaction (MLR). 
In a one-way primary MLR, stimulator cells (from donor Y) activate and cause the expansion of 

two types of responder T cells (from donor X). CD4' T cells from donor X react to donor Y class I I  
molecules, and CD8' T lymphocytes from donor X react to donor Y class I MHC molecules. The CD4' 
T cells differentiate into cytokine-secreting helper T cells, and the CD8'T cells differentiate into cytolytic 
T lymphocytes (CTLs). APC, antigen-presenting cell. 

molecule, and the entire population of activated T 
lymphocytes contains cells that recognize all the MHC 
differences between stimulators and responders. CD8+ 
CTLs are generated only if the class I MHC alleles of 
the stimulators and responders are different. Similarly, 
CD4' effector T cells are generated only if the class I1 
molecules are different. 

@ Stimulator cells lacking MHC molecules cannot acti- 
vate responder cells in an MLR. Transfection of MHC 
genes into the stimulators makes these cells capable of 
inducing an MLR. 

1 CD8' CTLs generated in an MLR will kill cells from 
other donors only if these cells share some class I 
alleles with the original stimulators. Similarly, CD4' T 
cells generated in an MLR recognize APCs from other 
donors only if these APCs share class I1 alleles with the 

stimulators. Such experiments demonstrate that allore- 
active T cells are specific for allogeneic MHC mole- 
cules, and activation of alloreactive T cells in the MLR 
occurs mainly by the direct pathway. 

In addition to recognition of alloantigen, costimula- 
tion of T cells by B7 molecules on APCs is important 
for activating alloreactive T cells. 

0 Rejection of allografts, and stimulation of alloreactive 
T cells in an MLR, can be inhibited by agents that bind 
to and block B7 molecules. Most studies indicate that 
B7 antagonists are more effective at blocking acute 
rejection of allografts and activation of alloreactive T 
cells by the direct pathway. In contrast, chronic rejec- 
tion and activation of alloreactive T cells by the indi- 
rect pathway are often insensitive to such agents, for 
unknown reasons. 

One simple explanation for fetal survival is that tro- 
phoblast cells fail to express paternal MHC molecules. So 
far, class I1 molecules have not been detected on tro- 
phoblast. In mice, cells of implantation trophoblast, but 
not of vascular trophoblast, do express paternal class I mol- 
ecules. In humans, the situation may be more complex in 
that trophoblast cells express only a nonpolymorphic class 
IB molecule called HLA-G. This molecule may be involved 
in protecting trophoblast cells from maternal NK cell- 
mediated lysis. A specialized subset of NK cells called 
uterine NK cells are the major type of lymphocyte present 
at implantation sites, and IFN-y production by these cells 
is essential for decidual development. The way uterine NK 
cells are stimulated and their role in maternal responses 
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Effector Mechanisms of 
Allograft Rejection 

Thus far, we have described the molecular basis of 
alloantigen recognition and the cells involved in the 
recognition of and responses to allografts. We now turn 
to a consideration of the effector mechanisms used by 
the immune system to reject allografts. In different 
experimental models in animals and in clinical trans- 
plantation, alloreactive CD4+ or CD8' T cells or alloan- 
tibodies are capable of mediating allograft rejection. 
These different immune effectors cause graft rejection 
by different mechanisms. 

For historical reasons, graft rejection is classified on 
the basis of histopathologic features or the time course 
of rejection after transplantation rather than immune 
effector mechanisms. Based on the experience of renal 
transplantation, the histopathologic patterns are called 
hyperacute, acute, and chronic (Fig. 16-6). 

Hyperacute Rejection 

Hyperacute rejection is  characterized by thrombotic 
occlusion of the graft vasculature that begins within 
minutes to hours after host blood uessels are anasto- 
mosed to graft uessels and is  mediated by preexisting 
antibodies in  the host circulation that bind to donor 
endothelial antigens (Fig. 16-7). Binding of antibody 
to endothelium activates complement, and antibody 
and complement induce a number of changes in the 
graft endothelium that promote intravascular throm- 
bosis. Complement activation leads to endothelial cell 
injury and exposure of subendothelial basement mem- 
brane proteins that activate platelets. The endothelial 
cells are stimulated to secrete high molecular weight 

forms of von Willebrand factor that mediate platelet 
adhesion and aggregation. Both endothelial cells and 
platelets undergo membrane vesiculation leading to 
shedding of lipid particles that promote coagulation. 
Endothelial cells lose the cell surface heparan sulfate 
proteoglycans that normally interact with antithrombin 
I11 to inhibit coagulation. These processes contribute to 
thrombosis and vascular occlusion, and the grafted 
organ suffers irreversible ischemic damage. 

In the early days of transplantation, hyperacute 
rejection was often mediated by preexisting IgM allo- 
antibodies, which are present at high titer before 
transplantation. Such "natural antibodies" are believed 
to arise in response to carbohydrate antigens expressed 
by bacteria that normally colonize the intestine. The 
best known examples of such alloantibodies are those 
directed against the ABO blood group antigens 
expressed on red blood cells (Box 16-2). ABO antigens 
are also expressed on vascular endothelial cells. Today, 
hyperacute rejection by anti-ABO antibodies is not a 
clinical problem because all donors and recipients are 
selectedAso that they have the same ABO type.^~owever, 
as we shall discuss later in the chapter, hyperacute rejec- 
tion caused by natural antibodies is the major barrier 
to xenotransplantation and limits the use of animal 
organs for h;man transplantation. 

Currently, hyperacute rejection of allografts, when it 
occurs, is usually mediated by IgG antibodies directed 
against protein alloantigens, such as foreign MHC 
molecules, or against less well defined alloantigens 
expressed on vascular endothelial cells. Such anti- 
bodies generally arise as a result of previous exposure 
to alloantigens through blood transfusion, previous 
transplantation, or multiple pregnancies. If the titer of 
these alloreactive antibodies is low, hyperacute rejec- 
tion may develop slowly, during several days. In this 

Figure 16-6 Histopathology of different forms of graft rejection. 
A. Hyperacute rejection of a kidney allograft with endothelial damage, platelet and thrombin 

thrombi, and early neutrophil infiltration in a glomerulus. 
B. Acute rejection of a kidney with inflammatory cells in the interstitium and between epithelial 

cells of the tubules. 
C. Acute rejection of a kidney allograft with destructive inflammatory reaction destroying the 

endothelial layer of an artery. 
D. Chronic rejection in a kidney allograft with graft arteriosclerosis. The vascular lumen is replaced 

by an accumulation of smooth muscle cells and connective tissue in the vessel intima. (Courtesy of 
Dr. Helmut Rennke, Department of Pathology, Brigham and Women's Hospital and Harvard Medical 
School, Boston.) 
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Figure 16-7 Immune mechanisms of graft rejection. 
A. In hyperacute rejection, preformed antibodies reactive with vascular endothelium activate 

complement and trigger rapid intravascular thrombosis and necrosis of the vessel wall. 
B. In acute rejection, CD8+ T lymphocytes reactive with alloantigens on endothelial cells and 

parenchymal cells mediate damage to these cell types. Alloreactive antibodies formed after engraft- 
ment may also contribute to vascular injury. 

C. In chronic rejection with graft arteriosclerosis, injury to the vessel wall leads to intimal smooth 
muscle cell proliferation and luminal occlusion. This lesion may be caused by a chronic delayed-type 
hypersensitivity (DTH) reaction to alloantigens in the vessel wall. 
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case, it is sometimes referred to as accelerated allograft 
rejection because the onset is still earlier than that 
typical for acute rejection. As we will discuss later in the 
chapter, patients in need of allografts are routinely 
screened before grafting for the presence of antibodies 
that bind to cells of a potential organ donor to avoid 
hyperacute rejection. 

Acute Rejection 

Acute rejection is a process of vascular and parenchy- 
mal injury mediated by T cells and antibodies that 
usually begins after the j r s t  week of transplantation. 
Effector T cells and antibodies that mediate acute reiec- 

.8 

tion develop during a few days or weeks in response to 
the graft, accounting for the time at onset of acute 
rejection. 

T lymphocytes play a central role in acute rejection 
by responding to alloantigens, including MHC mole- 
cules, present on vascular endothelial and parenchymal 
cells (see Fig. 16-7). The activated T cells cause direct 
lysis of graf<cells or produce cytokines that recruit and 
activate inflammatory cells, which injure the graft. In 
vascularized grafts such as kidney grafts, endothelial 
cells are the earliest targets of acute rejection. Microvas- 
cular endothelitis is a freauent early finding. in acute " 
rejection episodes. Endothelitis or intimal arteritis in 

medium-sized arteries also occurs at an early stage of 
acute rejection and is indicative of severe rejection, 
which, left untreated, will likely result in acute graft 
failure. 

Both CD4' T cells and CDBf T cells may contribute 
to acute rejection. Several lines of evidence suggest 
that recognition and killing of graft cells by alloreactive 
CD8' CTLs is an important mechanism of acute 
rejection. 

The cellular infiltrates present in grafts undergoing 
acute cellular rejection are markedly enriched for 
CD8+ CTLs specific for graft alloantigens. 

@ The presence of CTLs in renal graft biopsy specimens, 
as indicated by sensitive reverse transcriptase-polym- 
erase chain reaction assays for RNAs encoding CTL 
specific genes (e.g., perforin and granzyme B), is a 
specific and sensitive indicator of clinical acute 
rejection. 

@ Alloreactive CD8' CTLs can be used to adoptively 
transfer acute cellular graft rejection. 

Q1) The destruction of allogeneic cells in a graft is highly 
specific, a hallmark of CTL killing. The best evidence 
for this specificity has come from mouse skin graft 
experiments using chimeric grafts that contain two dis- 
tinct cell populations, one syngeneic to the host and 

one allogeneic to the host. When these skin grafts are 
transplanted, the allogeneic cells are killed without 
injury to the "bystander" syngeneic cells. 

CD4+ T cells may be important in mediating acute 
graft rejection by secreting cytokines and inducing 
DTH-like reactions in grafts, and some evidence indi- 
cates that CD4+ T cells are sufficient to mediate acute 
rejection. 

e Acute rejection of allografts does occur in knockout 
mice lacking CD8' T cells or perforin, suggesting that 
other effector mechanisms also contribute. 

0 Adoptive transfer of alloreactive CD4+ T cells into a 
mouse can cause rejection of an allograft. 

Antibodies can also mediate acute rejection if a graft 
recipient mounts a humoral immune response to vessel 
wall antigens and the antibodies that are produced 
bind to the vessel wall and activate complement. The 
histologic pattern of this form of acute rejection is one 
of transmural necrosis of graft vessel walls with acute 
inflammation, which is different from the thrombotic 
occlusion without vessel wall necrosis seen in hyper- 
acute rejection. 

Chronic Rejection 

Chronic rejection is characterized by Jibrosis and 
vascular abnormalities with loss of graft function 
occurring during a prolonged period. As therapy for 
controlling acute rejection has improved, chronic rejec- 
tion has emerged as the major cause of allograft loss. 
The pathogenesis of chronic rejection is less well under- 
stood than that of acute rejection. The fibrosis of 
chronic rejection may result from immune reactions 
and the production of cytokines that stimulate fibro- 
blasts, o; it may represent wound healing after the 
parenchymal cellular necrosis of acute rejection. 
Perhaps the major cause of chronic rejection of vascu- 
larized organ grafts is arterial occlusion as a result of 
the woliferation of intimal smooth muscle cells. This 
process is called accelerated (or graft) arteriosclerosis 
(see Fig. 16-6). Graft arteriosclerosis is frequently seen 
in failed cardiac and renal allografts and can develop 
in any vascularized organ transplant within 6 months to 
a year after transplantation. The lesion appears to occur 
without evidence of overt vascular injury, and no cor- 
relation has clearly been established between the devel- 
opment of graft arteriosclerosis and infection, episodes 
of previous acute rejection, or lipid abnormalities. The 
smooth muscle cell proliferation in the vascular intima 
may represent a specialized form of chronic DTH reac- 
tion of the organ parenchyma in which lymphocytes 
activated by alloantigens in the graft vessel wall induce 
macrophages to secrete smooth muscle cell growth 
factors (see Fig. 16-7). 

Knockout mice lacking different components of the 
adaptive immune system have been used as graft re- 
cipients and show varying resistance to graft arterio- 
sclerosis. For instance, graft arteriosclerosis does not 
develop in interferon-y (EN-y)-deficient recipients, 
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consistent with the hypothesis that DTH is involved in 
lesion formation. Other studies with knockout mice 
indicate that CD4+ T cells and B lymphocytes are more 
important for the development of graft arteriosclero- 
sis than are CD8+ T cells. 

Chronic rejection of different transplanted organs is 
associated with distinct pathologic changes. Lung trans- 
plants undergoing chronic rejection show thickened 
small airways (bronchiolitis obliterans) , and liver trans- 
plants show fibrotic and nonfunctional bile ducts (the 
vanishing bile duct syndrome). 

Prevention and Treatment of 
Allograft Rejection 

If the recipient of an allograft has a fully functional 
immune system, transplantation almost invariably 
results in some form of rejection. The strategies used 
in clinical practice and in experimental models to avoid 
or delay rejection are general immunosuppression and 
minimizing the strength of the specific allogeneic reac- 
tion. An important goal in transplantation is to induce 
donor-specific tolerance, which would allow grafts to 
survive without pharmacologic immunosuppression. 

lmmunosuppression to Prevent or to 
Treat Allograft Rejection 

Immunosuppression is the major approach for the 
prevention and management of transplant rejection. 
Several methods of im&mosuppressio~ are commonly 
used (Table 16-1). 

Immunosuppressive drugs that inhibit or kill T 
lymfihocy tes -ire the princGa1 treatment regimen for 
graft rejection. The most important immunosuppres- 
sive agent in current clinical use is cyclosporine. 
Cyclosporine is a cyclic peptide made by a species of 
fungus. The major action of cyclosporine on T cells 
is to inhibit the transcription of certain genes, most 
notably those encoding cytokines such as interleukin 
(1L)-2. Cyclosporine binds with high affinity to a 
ubiquitous cellular protein called cy~lophilin. 'AS dis- 
cussed in Chapter 8, the complex of cyclosporine and 
cyclophilin binds to and inhibits the enzymatic activity 
of the calcium/calmodulin-activated protein phos- 
rshatase calcineurin. Because calciu~/calmodulin- 
activated calcineurin function is required to activate the 
transcription factor NFAT (nuclear factor of activated 
T cells), cyclosporine blocks NFAT activation and the 
transcription of IL-2 and other cytokine genes. The net 
result is that cyclosporine blocks the IL-2-dependent 
growth and differentiation of T cells. 

The introduction of cyclosporine into clinical prac- 
tice ushered in the modern era of transwlantation. 
Before the use of cyclosporine, the majority of trans- 
planted hearts and livers were rejected. Now the major- 
ity of these allografts survive for more than 5 years 
(Fig. 16-8).  evei it he less, cyclosporine is not a 
for transplantation. Drug levels needed for optimal 
immunosuppression cause kidney damage, and some 
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Table 16-1. Methods of Immunosuppression in Clinical Use 

I Mechanism of action I 

Blocks proliferation of 
lymphocyte precursors 

Blocks lymphocyte pro life ratio&^^,&^ 
by inhibiting guanine nucleotidq':y~:~,: 
Tk)dkqpi+jp(n:?,~~qp@4@s $fiar3 I r 
Blocks lymphocyte proliferation 
by inhibiting IL-2 signaling 

Reduce inflammation by inhibit[gLq 
macrophage cytokine secretion ,?:ie ' : 
Depletes T cells by binding to CD3 
and promoting phagocytosis or 
complement-mediated lysis 
(used to treat acute rejection) 

Anii-k-2 Inhibits T cell proliferation by Cj:,! ;, 

-P- Q$j9hiFp.$~-$ii~,iq,g * > <  - 7 + ,pt,$ :+;is. $$% 
ant I .  - I  d ,I,~;..,?,: ..,*I. 

CTeft&@ Inhibits T cell activation by blocking 
B7 costimulator binding to 
T cell CD28; used to induce 
tolerance [experimental) 

rejection episodes are refractory to cyclosporine treat- 
ment. Another immunosuppressive fungal metabolite 
in clinical use is called FK-506, and it functions like 
cyclosporine. FK-506 and its binding protein (called 
FKBP) share with the cyclosporine-cyclophilin complex 

Cyclosporine 
.. ,introduced 

the ability to bind calcineurin and inhibit its activity. 
FK-506 has been used most frequently in liver 
transplant recipients and in cases of kidney allograft 
rejection that are not adequately controlled by 
cyclosporine. 

An immunosuppressive agent with a different 
mechanism of action is the antibiotic rapamycin, 
whose principal effect is to inhibit T cell proliferation. 
Like FK-506, rapamycin also binds to FKBP, but the 
rapamycin-FKBP complex does not inhibit calcineurin. 
Instead, this complex binds to another cellular protein 
called the mammalian target of rapamycin (MTOR). 
The mechanism by which rapamycin inhibits T cell 
growth is not known. Rapamycin-treated T cells display 
abnormalities in the levels of certain cyclin/cyclin- 
dependent kinase complexes, suggesting that MTOR 
may be a regulator of a protein kinase that participates 
in cell cycle control. Combinations of cyclosporine 
(which blocks IL2 synthesis) and rapamycin (which 
blocks IL2-driven proliferation) are potent inhibitors 
of T cell responses. 

Metabolic toxins that kill proliferating T cells are 
also used to treat graft rejection. These agents inhibit 
the maturation of lymphocytes from immature precur- 
sors and also kill proliferating mature T cells that have 
been stimulated by alloantigens. The first such drug to 
be developed for prevention and treatment of rejection 
was azathioprine. This drug is still used, but it is toxic 
to precursors of leukocytes in the bone marrow and 
enterocytes in the gut. The newest and most widely used 
drug in this class is mycophenolate mofetil (MMF). 
MMF is metabolized to mycophenolic acid, which 
blocks a lymphocyte-specific isoform of inosine mono- 
phosphate dehydroxygenase, an enzyme required for de 
novo synthesis of guanine nucleotides. Because MMF 
selectively inhibits the lymphocyte-specific isoform of 
this enzyme, it has relatively few toxic effects. MMF is 
now routinely used in combination with cyclosporine to 
prevent acute allograft rejection. 

, I  I E 
7- 

, . * , c  - 
Year of transplant '' 

Figure 1- Influence of cyclosporine on graft 
survival. 

Five-year survival rates for patients receiving cardiac allo- 
grafts are seen to have increased significantly beginning when 
cyclosporine was introduced in 1983. (Data from Transplant 
Patient Datasource, United Network for Organ Sharing, 
Richmond, Va. Retrieved February 16, 2000, from the World 
Wide Web: http://207.239.150.13/tpd/.) 

Antibodies that react with T cell surface structures 
and deplete or inhibit T cells are used to treat acute 
rejection episodes. The most widely used antibody is 
a mouse monoclonal antibodv called 0KT3 that is 
specific for human CD3. It may seem surprising that 
one would use a potential polyclonal activator such as 
anti-CD3 antibody to reduce T cell reactivity. In vivo, 
however, 0KT3 either acts as a lytic antibody by acti- 
vating the complement system to eliminate T cells or 
opsonizes T cells for phagocytosis. T cells that escape 
probably do so by capping and endocytosing ("modu- 
lating") CD3 off their surface, but such cells may be ren- 
dered transiently nonfunctional. Another antibody now 
in clinical use is specific for CD25, the a-subunit of the 
IL-2 receptor. This reagent, which is administered at the 
time of transplantation, may prevent T cell activation by 
blocking IL-2 binding to activated T cells, or it may 
deplete CD25-expressing activated T cells by mecha- 
nisms similar to those described for OKT3. The major 
limitation on the use of mouse monoclonal antibodies 
is that humans given these agents produce anti-mouse 
immunoglobulin (Ig) antibodies that eliminate the 
injected mouse Ig. For this reason, human-mouse 
chimeric ("humanized") antibodies to CD3 and CD25 
that may be less immunogenic have been developed. 

Acute rejection mediated by antibodies can be 
treated with drugs that inhibit antibody production. 
Several new immunosuppressive agents, including 
rapamycin and brequinar, inhibit antibody synthesis 
and are therefore potentially useful in preventing acute 
vascular rejection. 

~nti- inf lammatory agents are also routinely used 
for the prevention and treatment of graft rejection. 
The most potent anti-inflammatory agents available are 
corticosteroids. The proposed mechanism of action for 
these natural hormonesand their synthetic analogues 
is to block the synthesis and secretion of cytokines, 
including tumor necrosis factor (TNF) and IL-1, by 
macrophages. Lack of TNF and IL-1 synthesis reduces 
graft endothelial cell activation and recruitment of 
inflammatory leukocytes (see Chapters 12 and 13). 
Corticosteroids may also block other effector mecha- 
nisms of macrophages, such as the generation of 
prostaglandins, reactive oxygen intermediates, and 
nitric oxide. Very high doses of corticosteroids may 
inhibit T cell secretion of cytokines or even kill T cells, 
but it is unlikely that the levels of corticosteroids 
achieved in vivo act in this way. Newer anti-inflamma- 
tory agents are in clinical trials, including soluble 
cytokine receptors, anticytokine antibodies, and anti- 
bodies that block leukocyte-endothelial adhesion 
(e.g., anti-intercellular adhesion molecule-1 [anti- 
ICAM-11). -, 

Current immunosuppressive protocols have dra- 
matically improved graft survival. Before the use of 
cyclosporine, the 1-year survival rate of unrelated 
cadaveric kidney grafts was between 50% and 60%, 
with a 90% rate for grafts from living related donors 
(which are better matched with the recipients). Since 
cyclosporine and MMF have been introduced, the 
survival rate of unrelated cadaveric kidney grafts has 
approached about 90% at 1 year. The use of rapamycin 

promises to improve early survival of grafts even more. 
Heart transplantation, for which HLA matching (dis- 
cussed later) is not practical, has significantly improved 
with the use of cyclosporine and now has a similar 90% 
1-year survival rate. Experience with other organs is 
more limited, but survival rates for liver and lung trans- 
plants have also benefited from modern immunosup- 
pressive therapy. 

Acute rejection, when it occurs, is managed by 
rapidly intensifying immunosuppressive therapy. In 
modern transplantation, chronic rejection has become 
a more common cause of allograft failure, especially 
in cardiac transplantation. Chronic rejection is more 
insidious than acute rejection, and it is much less 
reversible by immunosuppression. It is likely that pre- 
vention rather than treatment will be the best approach 
to this problem, but successful intervention will require 
a better understanding of its pathogenesis. 

Sustained immunosuppression required for pro- 
longed graft survival leads to increased susceptibility 
to viral infections and virus-associated malignant 
tumors. The major thrust of transplant-related immuno- 
suppression is to reduce the generation and function of 
helper T cells and CTLs, which mediate acute cellular 
rejection. It is therefore not surprising that defense 
against viruses, the physiologic function of CTLs, is 
also undermined in immunosuppressed transplant 
recipients. Reactivation of latent cytomegalovirus, a her- 
pesvirus, is particularly common in immunosuppressed 
patients. For this reason, transplant recipients are now 
given prophylactic antiviral therapy for cytomegalovirus 
infections. Two malignant tumors commonly seen in 
allograft patients are B cell lymphomas and squamous 
cell carcinoma of the skin. The B cell lymphomas 
are thought to be sequelae of unchecked infection by 
Epstein-Barr virus, another herpesvirus (see Chapter 17, 
Box 17-2). The squamous cell carcinomas of the skin are 
associated with human papillomavirus. 

Methods to Reduce the lmmunogenicity 
of Allografts 

In human transplantation, the major strategy to 
reduce graft immunogenicity has been to minimize 
alloantigenic differences between the donor and recip- 
ient by donor selection. To avoid hyperacute rejection, 
the ABO blood group antigens of the graft donor are 
selected to be identical to those of the recipient. 
Patients in need of allografts are also tested for the pres- 
ence of preformed antibodies against donor cells. This 
type of testing is called crossmatching and involves 
mixing recipient serum with leukocytes from potential 
donors. Complement is added to promote classical 
pathway-mediated lysis of donor cells. If preformed 
antibodies, usually against donor MHC molecules, are 
present in the recipient's serum, the donor cells are 
lysed (a positive crossmatch), and such lysis indicates 
that the donor is not suitable for that recipient. For 
kidney transplantation from living related donors, 
attempts are made to minimize both class I and class I1 
MHC allelic differences between the donor and recipi- 
ent. All potential kidney donors and recipients are 
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Several clinical laboratory tests are routinely perform4 
reduce the risk of immunologic rejection in transplant; 
tion. These include ABO blood typing; the determinatio,, 
of HLA alleles expressed on donor and recipient cells, 
called tissue typing; the detection of preformed antibodies 
in the recipient that recognize HLA and other antigens 
representative of the donor population; and the detection 
of preformed antibodies in the recipient that bind to 
antigens of an identified donor's leukocytes, called cross 
matching. Not all of these tests are done in all types c 

msplantation. 
ABO BLOOD TYPIP 4 This test is uniformly used i._ 

all transplantation because no type of graft will survive if 
there are ABO incompatibilities between the donor an 

' 

recipient. Natural IgM antibodies specific for allogenei 
ABO blood group antigens (see Box 16-2) will cause 
hyperacute rejection. Blood typing is performed by mixing 
a patient's red blood cells with standardized sera contain- 
ing anti-A or anti-B antibodies. If the patient expresses 
either blood group antigen, the serum specific for thz- 
antigen will agglutinate the red cells. 

TISSUE TYPING: HLA MATCHING For living related 
kidney transplantation, attempts are made to reduce the 
number of differences in HLA alleles expressed on donor 
and recipient cells, which will have a modest ct i 
reducing the chance of rejection. In bone marruw trans- 
plantation, HLA matching is essential to reduce the risk of 
GVHD. Routine HLA typing focuses only on HLA-A, HLA- 
B, and HLA-DR because these are the only loci that appea- 
to predict the likelihood of rejection or GVHD. Unt 
recently, most HLA haplotype determinations were pel 
formed by serologic testing. This procedure relies 0.. 

standardized collections of sera from multiple donors pre- 
viously sensitized to different HLA molecules by pregnancy 
or transfusions. Each of these sera is mixed with a person's 
lymphocytes in separate wells of a tissue culture plate. , 
source of complement is added to the wells, as is a L,, 
rescent dye that will enter only dead cells. After an i n c ~  
bation time, the wells are examined under a  fluoresce^ 
microscope for the presence of dead cells. B lymphocytes 
are used as target cells because they normally express both 
class I and class I1 MHC molecules. On the basis of which 
antisera cause lysis, the HLA haplotype of the individual 
can be determined. Since the typing sera may not be 
absolutely specific r a single allelic product, serologic 

"tissue-typed" to determine the identity of the HLA 
molecules that are expressed (Box 16-3). 

In kidney transplantation, the larger the number of 
MHC alleles that are matched between the donor and 
recipient, the better the graft survival, especially in 
the Jirst year after transplantation (Fig. 16-9). MHC 
matching had a more profound influence on graft 
survival before modern immunosuppressive drugs were 
routinely used. Clinical experience has shown that of 
all the class I and class I1 loci, matching only HLA-A, 
HLA-B, and HLA-DR is important for predicting 
outcome. (HLA-C is not as polymorphic as HLA-A 
or HLA-B, and HLA-DR and HLA-DQ are in strong 

ping cannot a1 s resolv 
.esent. 
The poly ,nerase chain reaction (PCI., has L  cent^ 

been used to permit more complete typing of the class I1 
loci, replacing serologic methods. The polymorphic 
residues of class I1 MHC molecules are largely encodea 
within exon 2 of both the a and P chains (i.e., within th 
a1 and P l  polypeptide regions). This entire region of th 
gene can be amplified by PCR methods with use of prime] 
that bind to conserved sequences within the 5' and : 
ends of these exons. The amplified segment of DNA ca 
then readily be sequenced. Thus, the actual nucleotid- 
sequence, and therefore the predicted amino acid 
sequence, can be directly determined for the HLA-DT 
-DQ and -DP alleles of any cell, providing precise mole1 
ular tissue typing. 

SCREENING FOR THE PRESENCE OF PRE~uKMEI 
ANTIBODIES Patients waiting for organ transplants ar 
sc ned for the presence of preformed antibodies 
tive with allogeneic HLA molecules. These antiboa~e 
which may be produced as a result of previous pregnal 
cies, transfusions, or transplantation, can identify risk ( 
hyperacute or acute vascular rejection. Small amours- - 

the patient's serum are mixed, in separate wells, with 
from a panel of 40-60 different donors representative 
the organ donor population. Binding of the patient's an 
bodies to cells of each donor of the panel is determin 
by complement-mediated lysis, as described be 
fl9w cytometry with use of fluorescent-labeled 

 tib bodies to human IgG. The results are repor 
(percent reactive antibody), which is the per 
the donor cell pool with which the patient's serum reac 
The PRA is determined on multiple occasions while 

dent  waits for an organ allograft. This is because t 
--ZA can vary, since each panel is chosen at ran 
and the patient's serum antibody titers may change 
time. 

CROSSMATCHING If a potential donor is identifie 
the crossmatching test will determine whether the patie 
has antibodies that react specifically with the donor cel 
The test is performed in a way similar to the antibo 
screening assays, but in this case, the recipient's serum 
tested for reactivity against only the particular dor ' 

; c 
(typically lymphocytes). Cytotoxic and flow c le 
assays can be u 

linkage disequilibrium, so matching at the DR locus 
I 

often also matches at the DQ locus. DP typing is not in 
common use, and its importance is unknown.) Because 
two codominantly expressed alleles are inherited for 
each of these MHC genes, it is possible to have zero 
to six MHC antigen mismatches between the donor 
and recipient. Zero-antigen mismatches predict the 
best living donor graft survival, and one-antigen- 
matched grafts do slightly worse. The survival of grafts 
with two to six MHC mismatches all are significantly 
worse than zero- or one-antigen mismatches. 

HLA matching in renal transplantation is possible 
because donor kidneys can be stored in organ banks 

Number of mismatched HLA alleles 

Figure 1&9 Influence of MHC matching on graft survival. 
Matching of MHC alleles between the donor and recipient sig- 

nificantly improved living donor renal allograft survival. HLA match- 
ing has more of an impact on survival of renal allografts from 
cadaver donors than from living donors, and some MHC alleles are 
more important than others in determining outcome. (Data from 
Organ Procurement and Transplantation Network/Scientific Registry 

report, 1999.) 

before transplantation until a well-matched recipient 
can be identified and because patients needing a kidney 
hllograft can be maintained with dialysis until a well- 
matched ornan is available. In the case of heart and " 
liver transplantation, organ preservation is more diffi- 
cult, and potential recipients are often in critical con- 
dition. For these reasons, HLA typing is simply not 

; considered in pairing of potential donors and recipi- 
ents, and the choice of donor and recipient is based 
only on ABO blood group matching and anatomic 
compatibility. I a bethods to induce Donor-Specific Tolerance 
or Suppression 

Allograft rejection may be prevented by making the 
host tolerant to the alloantigens of the graft. Toler- 
ance in this setting means that the host does not injure 
the graft despite the absence or withdrawal of immuno- 
suppressive and anti-inflammatory agents. It is pre- 
sumed that tolerance to an allograft will involve the 
same mechanisms that are involved in tolerance to self 
antigens (see Chapter lo ) ,  namely, central deletion of 
alloreactive T cells, peripheral anergy or deletion of 
alloreactive T cells, and active suppression of alloreac- 
tive T cells. Tolerance is desirable in transplantation 
because it is alloantigen specific and will therefore 
avoid the major problem associated with nonspecific 
immunosuppression, namely, increased susceptibility 
to infection and to virus-induced tumors. In addition, 
achieving graft tolerance may reduce chronic rejection, 
which has to date been unaffected by the commonly 
used immunosuppressive agents that prevent and 
reverse acute rejection episodes. 

Several experimental approaches and clinical ob- 
servations have suggested that it should be possible to 
achieve tolerance to allografts. 

@ In experiments with skin grafts in mice, Medawar and 
colleagues showed that if neonatal mice of one strain 
(the recipient) are given spleen cells of another strain 
(the donor), the recipients will subsequently accept 
grafts from the donor. Such tolerance is alloantigen 
specific because the recipients will reject grafts from 
mouse strains that express MHC alleles that differ from 
the donor's (see Chapter 10, Fig. 10-2). 

Renal transplant patients who have received blood 
transfusions containing allogeneic leukocytes have 
a lower incidence of acute rejection episodes than do 
those who have not been transfused. The postulated 
explanation for this effect is that the introduction of 
allogeneic leukocytes by transfusion produces toler- 
ance to alloantigens. Indeed, pretreatment of potential 
recipients with blood transfusions is now widely used as 
prophylactic therapy to reduce rejection. 

@ Animals given bone marrow transplants who subse- 
quently contain both donor and recipient cells in the 
circulation (called mixed chimerism) are tolerant to 
organ allografts derived from the same donor as the 
bone marrow graft. Human allogeneic bone marrow 
transplantation to establish mixed chimerism has been 
tried in a small number of patients before solid organ 
transplantation, but this approach may be limited by the 
problem of graft-versus-host disease, which is discussed 
later in this chapter. More benign methods to establish 
mixed chimerism in humans are under investigation. 

Experimentally, graft rejection is reduced or delayed 
by blocking costimulatory signals, such as with a 
soluble form of CTLA-4 that prevents the B7 molecules 
on APCs from interacting with T cell CD28 or with an 
antibody that binds to T cell CD40 ligand and prevents 
its interactions with CD40 on APCs (see Chapters 6 
and 8). In some experimental protocols, simultaneous 
blockade of both B7 and CD40 appears to be more 
effective than either alone in promoting graft survival. 
Antibody to CD40 ligand also delays the rejection of 
kidney and pancreatic islet allografts in primates. It is 
not established whether these treatments inhibit the 
activation of alloreactive T cells or actually induce 
long-lived tolerance in these cells. Clinical trials of co- 
stimulator blockade in transplantation are ongoing, 
but the initial results are not encouraging. 

@ The potentially important role of indirect presentation 
of allogeneic MHC antigens in graft rejection raises the 
possibility of another approach for inducing tolerance, 
namely, the use of peptides derived from donor 
MHC molecules as tolerogens. In this approach, 
immunodominant peptides derived from donor MHC 
molecules would be administered to future recipients 
of a graft in a manner that would favor tolerance induc- ., 
tion, such as high-dose intravenous injection (see 
Chapter 10). 

Although the best approaches for inducing tolerance 
need to be established in clinical trials, it is hoped that 



- Section V - The Immune System in Disease Chapter 16 - Transplantation Immunology YiY 

tolerance induction will become a standard part of 
transplantation therapy in the near future. 

Xenogeneic Transplantation 

The use of solid organ transplantation as a clinical 
therapy is greatly limited by the lack of availability of 
donor organs. For this reason, the possibility of trans- 
plantation of organs from other mammals, such as pigs, 
into human recipients has kindled great interest. 

A major immunologic barrier to xenogeneic trans- 
plantation is the presence of natural antibodies that 
cause hyperacute rejection. More than 95% of primates 
have natural IgM antibodies that are reactive with the 
carbohydrate determinants expressed by the cells of 
members of species that are evolutionarily distant, 
such as the pig. The vast majority of human anti-pig 
natural antibodies are directed at one particular car- 
bohydrate determinant formed by the action of a pig 
a-galactosyltransferase enzyme. This enzyme places an 
a-linked galactose moiety on the same substrate that in 
human and other primate cells is fucosylated to form 
the blood group H antigen (see Box 16-2). Species 
combinations that give rise to natural antibodies against 
each other are said to be discordant. Natural antibodies 
are rarely produced against carbohydrate determinants 
of closely related, concordant species, such as human 
and chimpanzee. Thus, chimpanzees or other higher 
primates technically can and have been used as organ 
donors to humans. However, both ethical and logistic 
concerns have limited such procedures. For reasons of 
anatomic compatibility, pigs are the preferred xeno- 
geneic species for organ donation to humans. 

Natural antibodies against xenografts induce hyper- 
acute rejection by the same mechanisms as those seen 
in hyperacute allograft rejection. These mechanisms 
include the generation of endothelial cell procoagu- 
lants and platelet aggregating substances, coupled with 
the loss of endothelial anticoagulant mechanisms. 
However, the consequences of activating human com- 
plement on pig cells are typically more severe than the 
consequences of activation of complement by natural 
antibodies on human allogeneic cells, possibly because 
some of the complement regulatory proteins made by 
pig cells, such as decay accelerating factor, are not able 
to interact with human complement proteins and thus 
cannot limit the extent of complement-induced injury 
(see Chapter 14). A strategy under exploration for 
reducing hyperacute rejection in xenotransplantation 
is to construct and breed transgenic pigs expressing 
human proteins that inhibit complement activation or 
fail to express enzymes that synthesize pig antigens. 
Such pigs could, for example, overexpress human H 
group fucosyltransferase and overexpress human com- 
plement regulatory proteins such as decay accelerating 
factor. 

Even when hyperacute rejection is prevented, 
xenografts are often damaged by a form of acute vas- 
cular rejection that occurs within 2 to 3 days of trans- 
plantation. This form of rejection has been called 
delayed xenograft rejection, accelerated acute rejec- 
tion, or acute vascular rejection and is characterized by 

intravascular thrombosis and fibrinoid necrosis of vessel 
walls. The mechanisms of delayed xenograft rejection 
are incompletely understood,. but it is likely to be 
caused by natural antibodies to various endothelial anti- 
gens and by T cell activation and cytokine-mediated 
endothelial damage. 

Xenografts can also be rejected by T cell-mediated 
immune responses to xenoantigens. The mechanisms 
of cell-mediated rejection of xenografts are believed to 
be similar to those that we have described for allograft 
rejection, and T cell responses to xenoantigens can be 
as strong as or even stronger than responses to alloanti- 
gens. Human T cell recognition of pig MHC molecules 
may involve both direct and indirect pathways. Fur- 
thermore, several intercellular molecular interactions 
required for T cell responses, such as CD4/class I1 
MHC, CD8/class I MHC, CD2/LFA-3, CD28/B7, 
CD40L/CD40, and VLA-4/vascular cell adhesion 
molecule-1 (VCAM-1). are functional even when one , . 
member of these pairs is from a pig and the other from 
a human. 

Cell-mediated responses to xenografts may be too 
strong to be adequately controlled-by the immuno- 
suppressive protocols used for allograft rejection, and 
research is therefore focused on inducing specific tol- 
erance to xenografts. The methods of tolerance induc- 
tion that are being considered include those we have " 
discussed for allografts, such as blocking costimulation 
when the recipient is first exposed to the donor tissue, 
administration of peptides from xenogeneic MHC 
molecules, and establishment of xenogeneic mixed " 
lymphohematopoietic chimerism. 

Blood Transfusion 

Blood transfusion is a form of transplantation in which 
whole blood or blood cells from one or more individu- 
als are transferred intravenously into the circulation of 
a host. Blood transfusions are performed to replace 
blood lost by hemorrhage or to correct defects caused 
by inadequate production of blood cells, which may 
occur in a variety of diseases. The major barrier to suc- 
cessful blood transfusions is the immune response to 
cell surface molecules that differ between individuals. 
The most important alloantigen system in blood trans- 
fusion is the ABO system (see Box 16-2). ABO antigens 
are expressed on all cells, including red blood cells. 
Individuals lacking a particular blood group antigen 
may produce natural IgM antibodies against that anti- 
gen, probably as a result of responses to cross-reactive 
antigens expressed on bacteria that colonize the gut. 
If such individuals are given blood cells expressing 
the missing antigen, the preexisting antibodies bind 
to the transfused cells, activate complement, and lyse 
the transfused cells. Lysis of the foreign red blood 
cells results in transfusion reactions, which can be life- 
threatening. Transfusion across an ABO barrier may 
trigger an immediate hemolytic reaction, resulting in 
both intravascular lysis of red blood cells, probably 
mediated by the complement system, and extensive 
phagocytosis of antibody- and complement-coated 

bodies to the mother within 72 hours of birth of the 
first Rh-positive baby. The treatment kills the baby's Rh- 
positive red blood cells that entered the mother's cir- 
culation and prevents sensitization and production of 
anti-Rh antibodies in the mother. 

Bone Marrow Transplantation 

Bone marrow transplantation is the transplantation of 
pluripotent hematopoietic stem cells, most commonly 
in an inoculum of bone marrow cells collected by aspi- 
ration. Hematopoietic stem cells can also be purified 
from the blood of donors, especially after treatment 
with colony-stimulating factors, which mobilize stem 
cells from the bone marrow. After transplantation, stem 
cells repopulate the recipient's bone marrow with their 
differentiating progeny. We consider bone marrow 
transplantation separately in this chapter because 
several unique features of this type of grafting are not 
encountered with solid organ transplantation. 

Bone marrow transplantation may be used clinically 
to remedy acquired defects in the hematopoietic system 
or in the immune system because blood cells and lym- 
phocytes develop from a common stem cell. It has 
also been proposed as a means of correcting inherited 
deficiencies or abnormalities of enzymes or other pro- 
teins (e.g., abnormal hemoglobin) by providing a self- 
renewing source of normal stem cells. In addition, 
allogeneic bone marrow transplantation may be used as 
part of the treatment of bone marrow malignant disease 
(i.e., leukemias) and disseminated solid tumors. In this 
case, the chemotherapeutic agents needed to destroy 
cancer cells also destroy normal marrow elements, and 
bone marrow transplantation is used to "rescue" the 
patient from the side effects of chemotherapy. In addi- 
tion, in some forms of leukemia, the grafted cells can 
be effective in destroying residual leukemia cells by a 
process analogous to the graft-versus-host responses dis- 
cussed later. For other malignant tumors, when the 
marrow is not involved by tumor or when it can be 
purged of tumor cells, the patient's own bone marrow 
may be harvested and reinfused after chemotherapy. 
This procedure, called autologous bone marrow trans- 
plantation, does not elicit the immune responses asso- 
ciated with allogeneic bone marrow transplantation 
and will not be discussed further. 

Before bone marrow is transplanted, recipients must 
often be "prepared" with radiation and chemotherapy 
to deplete their own marrow cells and vacate these sites 
to allow the transplanted stem cells to "home" to the 
marrow and establish themselves in the appropriate 
environment. Allogeneic stem cells are readily rejected 
by even a minimally immunocompetent host, and 
therefore the donor and recipient must be carefully 
matched at all polymorphic MHC loci. In addition, 
it is often necessary to greatly suppress the recipient's 
immune system to permit successful bone marrow 
transplantation. Such suppression is accomplished by 
radiation and chemotherapy. The mechanisms of rejec- 
tion of bone marrow cells are not completely known, 
but in addition to adaptive immune mechanisms, 
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hematopoietic stem cells may also be rejected by NK 
cells. The role of NK cells in bone marrow rejection has 
been studied in experimental animals. 

@ Irradiated F, hybrid mice reject bone marrow donated 
by either inbred parent. This phenomenon, called 
hybrid resistance, is in distinction to the classical laws 
of solid tissue transplantation (see Fig. 16-2). Hybrid 
resistance is seen in T cell-deficient mice, and deple- 
tion of recipient NK cells with anti-NK cell antibodies 
prevents the rejection of parental bone marrow. 
Hybrid resistance is probably due to host NK cells 
reacting against bone marrow precursors that lack class 
I MHC molecules expressed by the host. 

Even after successful engraftment, two additional 
problems are frequently associated with bone marrow 
transplantation, namely, graft-versus-host disease and 
immunodeficiency. These complications are discussed 
in the following. 

Graft-Versus-Host Disease 

Graft-versus-host disease (GVHD) is caused by the 
reaction of grafted mature T cells in the marrow inocu- - -  - 
lum with alloantigens of the host. It occurs when the 
host is immunocompromised and therefore unable to 
reject the allogeneic cells in the graft. In most cases, the 
reaction is directed against minor histocompatibility 
antigens of the host because bone marrow transplant& 
tion is not commonly performed when the donor and 
recipient have differences in MHC molecules. GVHD 
may also develop when solid organs that contain sig- 
nificant numbers of T cells are traisulanted, such as the 
small bowel, lung, or liver. 

GVHD is the principal limitation to the success of 
bone marrow transplantation. As in solid organ trans- 
plantation, GVHD may be classified on the basis of his- 
tologic patterns into acute and chronic forms. 

Acute GVHD is characterized by epithelial cell death 
in the skin, liver (biliary epithelium), and gastrointesti- 
nal tract (Fig. 16-10). Acute GVHD is manifested clini- , " 
cally by rash, jaundice, diarrhea, and gastrointestinal 
hemorrhage. When the epithelial cell death is extensive, 
the skin or lining of the gut may simply slough off. In 
this circumstance, acute GVHD may be fatal. 

Chronic GVHD is characterized by fibrosis and 
atrophy of one or more of the same organs, without 
evidence of acute cell death. Chronic GVHD may also 
involve the lungs and produce obliteration of small 
airways. When it is severe, chronic GVHD leads to com- 
plete dysfunction of the affected organ and may be fatal. 

In animal models, acute GVHD is initiated by mature 
T cells present in the bone marrow inoculum, and 
elimination of mature donor T cells from the graft can 
prevent the development of GVHD. Efforts to eliminate 
T cells from the marrow inoculum have reduced the 
incidence of GVHD but also appear to reduce the effi- 
ciency of engraftment, probably because mature T cells 
produce colony-stimulating factors that aid in stem 
cell repopulation. A current approach is to combine 
removal of T cells with supplemental granulocyte- 
macrophage colony-stimulating factor to promote 

Apoptotic cells 

Figure 16-10 Histopathology of acute graft-versus-host 
disease in the skin. 

A sparse lymphocytic infiltrate can be seen at the derrnal- 
epidermal junction, and damage to the epithelial layer is evident as 
vacuolization at the dermal-epidermal junction, cells with abnormal 
keratin staining (dyskeratosis), and disorganization of maturation of 
keratinocytes from the basal layer to the surface. (Courtesy of Dr. 
Scott Grantor, Department of Pathology, Brigham and Women's 
Hospital and Harvard Medical School, Boston.) 

engraftment. Elimination of T cells from the donor 
marrow also decreases the graft-versus-leukemia effect 
that is often critical in treating leukemias by bone 
marrow transplantation. 

Although GVHD is initiated by grafted T cells rec- 
ognizing host alloantigens, the effector cells that cause 
epithelial cell injury are less well defined. On histologic 
examination, NK cells are often attached to the dying 
epithelial cells, suggesting that NK cells are important 
effector cells of acute GVHD. CD8+ CTLs and cytokines 
also appear to be involved in tissue injury in acute 
GVHD. 

The relationship of chronic GVHD to acute GVHD 
is not known and raises issues similar to those of relat- 
ing chronic allograft rejection to acute allograft rejec- 
tion. For example, chronic GVHD may represent the 
fibrosis of wound healing secondary to loss of epithe- 
lial cells. However, chronic GVHD can arise without evi- 
dence of prior acute GVHD. An alternative explanation 
is that chronic GVHD represents a response to ischemia 
caused by vascular injury. 

Both acute and chronic GVHD are commonly treated 
with intense immunosuppression. It is not clear that 
either condition responds very well. A possible explana- 
tion for this therapeutic failure is that conventional 
immunosuppression is targeted against T lymphocytes, 
especially CTLs, but is less efficacious for NK cell- 
mediated responses. Agents that suppress cytokine 
production, such as the drug thalidomide, or that 
antagonize cytokine action have been effective in treat- 
ing GVHD in clinical trials. Much effort has focused on 
prevention of GVHD, and HLA typing is important in 
this regard. Indeed, most human bone marrow trans- 
plants are performed between siblings who are com- 
pletely identical at all HLA loci, and clinical GVHD is 
due to differences at minor histocompatibility loci. 

Cyclosporine and the metabolic toxin methotrexate are 
also used for prophylaxis against GVHD. 

Immunodeficiency After Bone 
Marrow Transplantation 

Bone marrow transplantation is often accompanied 
by clinical immunodeficiency. Several factors may con- 
tribute to defective immune responses in recipients. 
Bone marrow transplant recipients may be unable to 
regenerate a complete new lymphocyte repertoire. The 
transplanted bone marrow may not contain a sufficient 
number and variety of self-renewing lymphoid progen- 
itors, and the thymus gland of the recipient may have 
involuted so that T cell maturation does not occur. 
Studies in mice suggest that irradiation may unmask a 
population of "natural suppressor" cells that inhibit 
immune responses. 

The consequence of immunodeficiency is that bone 
marrow transplant recipients are susceptible to viral 
infections, especially cytomegalovirus infection, and to 
many bacterial infections. They are also susceptible to 
Epstein-Barr virus-provoked B cell lymphomas. The 
immunodeficiencies of bone marrow transplant recipi- 
ents can be more severe than those of conventionally 
immunosuppressed patients. Therefore, bone marrow 
transplant recipients commonly receive prophylactic 
antibiotics and anticytomegalovirus therapy and are 
often actively immunized against capsular bacteria such 
as pneumococcus. 

Summary 

Transplantation of tissues from one individual to a 
genetically nonidentical recipient leads to a specific 
immune response called rejection that can destroy 
the graft. The major molecular targets in transplant 
rejection are allogeneic class I and class I1 MHC 
molecules. 

Many different, normally present T cell clones spe- 
cific for different foreign peptides plus self MHC 
molecules may cross-react with an individual allo- 
geneic MHC molecule. This high frequency of 
T cells capable of directly recognizing allogeneic 
MHC molecules explains why the response to 
alloantigens is much stronger than the response to 
conventional foreign antigens. 

Allogeneic MHC molecules may be presented on 
donor APCs to recipient T cells (the direct pathway), 
or the alloantigens may be picked up by host APCs 
that enter the graft or reside in draining lymphoid 
organs and be processed and presented to T cells as 
peptides associated with self MHC molecules (the 
indirect pathway). 

Graft rejection is mediated by T cells, including CTLs 
that kill graft cells and helper T cells that cause DTH 
reactions, and by antibodies. 

Several effector mechanisms cause rejection of solid 
organ grafts, and each mechanism may lead to a his- 
tologically characteristic reaction. Preexisting anti- 

bodies cause hyperacute rejection characterized by 
thrombosis of graft vessels. Alloreactive T cells and 
antibodies produced in response to the graft cause 
blood vessel wall damage and parenchymal cell 
death, called acute rejection. Chronic rejection is 
characterized by fibrosis and vascular abnormalities 
(accelerated arteriosclerosis), which may represent a 
chronic DTH reaction in the walls of arteries. 

Rejection may be prevented or treated by immuno- 
suppression of the host, by minimizing the immuno- 
genicity of the graft (e.g., by limiting MHC allelic 
differences), or by induction of tolerance. Most 
immunosuppression is directed at T cell responses 
and entails the use of cytotoxic drugs, specific 
immunosuppressive agents, or anti-T cell antibodies. 
The most widely used immunosuppressive agent is 
cyclosporine, which blocks T cell cytokine synthesis. 
Immunosuppression is often combined with anti- 
inflammatory drugs such as corticosteroids that 
inhibit cytokine synthesis by macrophages. 

Patients receiving solid organ transplants may 
become immunodeficient because of their therapy 
and are susceptible to viral infections and virus- 
related malignant tumors. 

Xenogeneic transplantation of solid organs is limited 
by the presence of natural antibodies to carbohydrate 
antigens on the cells of discordant species that cause 
hyperacute rejection, antibody-mediated acute vas- 
cular rejection, and a strong T cell-mediated im- 
mune response to xenogeneic MHC molecules. 

Bone marrow transplants are susceptible to rejection, 
and recipients require intense preparatory immuno- 
suppression. In addition, T lymphocytes in the bone 
marrow graft may respond to alloantigens of the host 
and produce GVHD. Acute GVHD is characterized 
by epithelial cell death in the skin, intestinal tract, 
and liver; it may be fatal. Chronic GVHD is charac- 
terized by fibrosis and atrophy of one or more of 
these same target organs as well as the lungs and may 
also be fatal. Bone marrow transplant recipients also 
often develop severe immunodeficiency, rendering 
them susceptible to infections. 
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.s a major health problem worldwide and 
one of the most important causes of morbidity and mor- 
tality in children and adults. Cancers arise from the 
uncontrolled proliferation and spread of clones of 
transformed cells. The growth of malignant tumors is 
determined in large part by the proliferative capacity of 
the tumor cells and by the ability of these cells to invade 
host tissues and metastasize to distant sites. The possi- 
bility that cancers can be eradicated by specific immune 
responses has been the impetus for a large body 
of work in the field of tumor immunology. The con- 
cept of immune surveillance, which was proposed by 
Macfarlane Burnet in the 1950s, states that a physio- 
logic function of the immune system is to recognize and 
destroy clones of transformed cells before they grow 
into tumors and to kill tumors after they are formed. 
The importance and even the existence of immune sur- 
veillance have been questioned by the results of some 
experiments, and the role of immune surveillance may 
vary in different types of tumors. Nevertheless, it is now 
clear that the immune system does react against many 
tumors, and exploiting these reactions to specifically 
destroy tumors remains an important goal of tumor 
immunologists. In addition, one of the factors in the 
growth of malignant tumors is the ability of these 
cancers to evade or overcome the mechanisms of host 
defense. In this chapter, we describe the types of anti- 
gens that are expressed by malignant tumors, how the 
immune system recognizes and responds to these anti- 
gens, and the application of immunologic approaches 
to the treatment of cancer. 

General Features of 
Tumor Immunity 

Several characteristics of tumor antigens and immune 
responses to tumors are fundamental to understanding 
tumor immunity and developing strategies for cancer 
immunotherapy. 

Tumors express antigens that are recognized as 
foreign by the immune system of the tumor-bearing 
host. Clinical observations and animal experiments 
have established that although tumor cells are 
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derived from host cells, the tumors elicit immune 
responses. 

from the tumor-bearing animal can transfer protective 
immunity to the tumor to another tumor-free animal. 
Thus, immune responses to tumors exhibit the defin- 
ing characteristics of adaptive immunity, namely, speci- 
ficity and memory, and are mediated by lymphocytes. 

The immunogenicity of tumors implies that 
tumor cells express antigens that are recognized 
as foreign by the adaptive immune system. As 
predicted from the transplantation experiments, 
defense against tumors is mediated mainly by T 
lymphocytes. 

Immune responses frequently fail to preuent the 
growth of tumors. There may be several reasons that 
anti-tumor immunity is unable to eradicate trans- 
formed cells. First, tumor cells are derived from host 
cells and therefore resemble normal cells in many 
respects. In other words, most tumors express only a 
few antigens that may be recognized as nonself, and 
as a result, most tumors tend to be weakly immuno- 
genic. Tumors that elicit strong immune responses 
include those induced by oncogenic viruses, in 
which the viral proteins are foreign antigens, and 

tumors induced in animals by potent carcinogens, 
which often cause mutations in normal cellular 
genes. Many spontaneous tumors induce weak or 
even undetectable immunity, and studies of such 
tumors led to considerable skepticism about the 
concept of immune surveillance. In fact, as we stated 
earlier, the importance of immune surveillance 
and tumor immunity is likely to vary with the type of 
tumor. Second, the rapid growth and spread of 
tumors may overwhelm the capacity of the immune 
system to eradicate tumor cells, and control of 
a tumor requires that all the malignant cells be 
eliminated. Third, many tumors have specialized 
mechanisms for evading host immune responses. 
We will return to these mechanisms later in the 
chapter. 

arising from the same types of cells and that are also 
found on some normal cells and benign tumor cells. 
Anti-tumor antibodies also do not recognize the major 
histocompatibility complex (MHC)-associated pep- 
tides that are the targets of T cells. Tumor antigens 
that are recognized by T cells are likely to be the major 
inducers of tumor immunity and the most promising 
candidates for tumor vaccines. An important break- 
through in tumor immunology was the development of 
techniques for identifying antigens that are recognized 
by tumor-specific T lymphocytes (Box 17-1). Much of 
our knowledge of these antigens is limited to antigens 
recognized by CD8' cytolytic T lymphocytes (CTLs) , 
and only recently have attempts been made to identify 
antigens that are recognized by CD4+ helper cells. 
Tumor antigens that are recognized by CD8' T cells are 
peptides derived from proteins processed in the cytosol 
and displayed on the tumor cell surface bound to class 
I MHC molecules (see Chapter 5). In the following 
section, we describe the main classes of tumor antigens 
(Fig. 17-2 and Table 17-1) and use selected examples 
of human and animal tumors to illustrate the impor- 
tance of these antigens in tumor immunity and their 
potential as therapeutic targets. 

Histopathologic studies show that many tumors are 
surrounded by mononuclear cell infiltrates composed 
of T lymphocytes, NK (natural killer) cells, and macro- 
phages, and activated lymphocytes and macrophages 
are present in lymph nodes draining the sites of tumor 
growth. The presence of lymphocytic infiltrates in 
some types of melanoma and breast cancer is predic- 
tive of a better prognosis. 

@ The first experimental demonstration that tumors 
can induce protective immune responses came from 
studies of transplanted tumors performed in the 1950s 
(Fig. 17-1). A sarcoma may be induced in an inbred 
mouse by painting its skin with the chemical carcino- 
gen methylcholanthrene (MCA). If the MCA-induced 
tumor is excised and transplanted into other syngeneic 
mice, the tumor grows. In contrast, if the tumor is trans- 
planted back into the original host, the mouse rejects 
the tumor. The same mouse that had become immune 
to its tumor is incapable of rejecting MCA-induced 
tumors produced in other mice. Furthermore, T cells 

H The immune system can be actiuated by external 
stimuli to effectively kill tumor cells and eradicate 
tumors. As we shall see at the end of the chapter, this 
realization has spurred new directions in tumor 
immunotherapy in which augmentation of the host 
anti-tumor response is the goal of treatment. 

Tumor Antigens 
Products of Mutated Oncogenes and Tumor 
Suppressor Genes A variety of tumor antigens that may be recognized by 

T and B lymphocytes have been identified in human 
and animal cancers. In the experimental situation, as 
in MCA-induced mouse sarcomas, it is often possible to 
demonstrate that these antigens elicit adaptive immune 
responses and are the targets of such responses. Tumor 
antigens have also been identified in humans, but the 
methods used in this case are generally not suitable for 
proving that these antigens can elicit protective immu- 
nity to tumors. Nevertheless, it is important to identify 
tumor antigens in humans because they may be used 
as components of tumor vaccines, and antibodies and 
effector T cells generated against these antigens may be 
used for immunotherapy. 

The earliest classification of tumor antigens was 
based on their patterns of expression. Antigens that are 
expressed on tumor cells but not on normal cells were 
called tumor-specific antigens; some of these antigens 
are unique to individual tumors, whereas others are 
shared among tumors of the same type. Tumor antigens 
that are also expressed on normal cells were called 
tumor-associated antigens; in most cases, these antigens 
are normal cellular constituents whose expression is 
aberrant or dysregulated in tumors. The modern clas- 
sification of tumor antigens relies on the molecular 
structure and source of the antigens, which is how we 
will discuss tumor antigens. 

The existence of tumor antigens was first established 
by transplantation experiments in animals, as described 
earlier. The initial attempts to purify and characterize 
these antigens were based on producing monoclonal 
antibodies specific for tumor cells and defining the anti- 
gens that these antibodies recognized. The antibodies 
were made by immunizing mice with tumors from other 
species, and most of the anti-tumor antibodies recog- 
nized antigens that are shared by different tumors 

e with 
ical carcinogen- 
ed tumor Some tumor antigens are produced by oncogenic 

mutants of normal cellular genes. Many tumors express 
genes whose products are required for malignant trans- 
formation or for maintenance of the malignant 
phenotype. Often, these genes are produced by point 
mutations, deletions, chromosomal translocations, or 
viral gene insertions involving cellular proto-oncogenes 
or tumor suppressor genes. The products of these 
altered proto-oncogenes and tumor suppressor genes 
are synthesized in the cytoplasm of the tumor cells, and 
like any cytosolic protein, they may enter the class I 
antigen-processing pathway. In addition, these proteins 
may enter the class I1 antigen-processing pathway in 
antigen-presenting cells (APCs) that have phagocytosed 
dead tumor cells. Because these altered genes are 
not present in normal cells, they do not induce self- 
tolerance, and peptides derived from them may stimu- 
late T cell responses in the host. Some patients with 
cancer have circulating CD4' and CD8' T cells that 
can respond to the products of mutated oncogenes 
such as Ras, p53, and Bcr-Abl proteins. Furthermore, in 
animals, immunization with mutated Ras or p53 pro- 
teins induces CTLs and rejection responses against 
tumors expressing these mutants. However, these 
proteins do not appear to be major targets of tumor- 
specific CTLs in most patients with a variety of tumors. 

Transplant tumor cells '&b4 , Tumor I tumor-beari:g mouse I I cells 

Products of Other Mutated Genes I No tumor growth I I l ~ u m o r  growth1 11 I of tumor I 
Tumor antigens may be produced by mutated genes 
whose products are not related to the transformed 
Phenotype and have no known function. Tumor 
antigens that were defined by the transplantation 
of carcinogen-induced tumors in animals, called 

Figure 17-1 Experimental demonstration of tumor immunity. 
Mice that have been surgically cured of a chemical carcinogen (methylcho1anthrene)-induced 

tumor reject subsequent transplants of the same tumor, whereas the transplanted tumor grows in 
normal syngeneic mice. The tumor is also rejected in normal mice that are given adoptive transfer of 
T lymphocytes from the original tumor-bearing animal. 
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Jentificatio~, ,I Tumor Antigens Recognized by T Lymphocytes 

Tumor antigens recognized by T cells have been identified 
by two main approaches-transplantation of tumors in 
rodents and the identification of peptides recognized by 
tumor-specific CTLs or identification of the genes encod- 
ing these peptides. 

TUMOR TRANSPLANTATION Studies of trans 
planted tumors in rodents were the first experiments to 
indicate the existence of tumor antigens recognized by T 
cells. Initial studies of this type used chemically induced 
rodent sarcomas (see Fig. 17-1 and the text), and they 
demonstrated the existence of tumor-specific transplanta- 
tion antigens (TSTAs) that elicited highly specific immune 
responses. Another, more recent approach to characterize 
antigens that stimulate tumor rejection by CTLs relies 
on the in uitro mutagenesis of an established tumorigenic 
mouse cell line andisolation of non-tumorigenic variants 
that are rejected on transplantation into syngeneic mice. 
In this system, the tumorigenic cell line does not express 
TSTAs and therefore grows unchecked when it is injected 
into a host animal, but the mutagenized cell line does 
express mutant protein antigens that induce its rejection. 
The role of CTLs in the rejection process in this model has 
been established by adoptive transfer experiments and by 
the propagation of CTL clones that recognize the tumor, 
as discussed below. The actual genes encoding the rejec- 
tion antigens in a few of these tumor variants have been 
cloned, by methods described here. 

GENERATION OF TUMORSPECIFIC CTL CLONES 
The establishment of cloned CTL lines that recognize 
tumor antigens has been a key advance in the identifica- 
tion of tumor antigens because such clones provide sensi- 
tive probes for identifying tumor antigens that are likely 
to be important targets of host anti-tumor immune 
responses. This approach is particularly valuable for 
human tumors, whose immunogenicity cannot easily be 
studied by transplantation in animals. Many cloned CTL 
lines specific for human tumors, particularly melano- 
mas, have been generated from the T cells of patients. 
Melanomas, which are malignant tumors of melanocytes, 
are often readily accessible, surgically resectable tumors 
that may be grown in tissue culture. CTLs specific for these 
tumors may be propagated and subsequently cloned 
by culturing T cells from a melanoma patient with cells 
derived from the patient's melanoma. The T cells can be 
isolated from peripheral blood, lymph nodes draining 
the tumor, or cells that have actually infiltrated the tumor 
in uiuo. Because the T cells and the tumor are from the 
same individual, the MHC restriction of the T cells 
matches the MHC alleles expressed by the tumor. In these 
cocultures, CTLs that recognize peptide antigens dis  
played by the tumor cells are stimulated to grow, and 

single-cell clones are propagated in IG2 by limiting dilu- 
tion techniques (see Figure). 

IDENTIFICATION OF TUMOR ANTIGENS RECOG 
NIZED BY T CELLS Identification of the peptide anti- 
gens that induce CTL responses in patients with tumors 
and identification of the genes encoding the proteins from 
which the peptides are derived have relied on cloned 
tumor-specific CTL lines. These tumor antigens have been 
identified by two methods. First, a direct biochemical 
approach is used in which peptides bound to tumor cell 
class I MHC molecules are eluted by acid treatment and 
fractionated by reverse-phase high-performance liquid 
chromatography (HPLC). The fractions are tested for 
their ability to sensitize MHGmatched non-tumor target 
cells for lysis by a tumor-specific CTL clone. This strategy 
relies on having a target cell that expresses the class I MHC 
molecules for which the CTL clone is specific but does not 
normally express the tumor antigen and on the ability to 
load these cell surface MHC molecules with the exogenous 
HPLGpurified peptides. Peptide fractions that do sensitize 
the target cells are then analyzed by mass spectroscopy to 
determine their amino acid sequences. Once the peptide 
sequence is known, it may be possible to compare it with 
databases of protein sequences to see whether it matches 
with any previously characterized protein and to deter- 
mine whether any point mutations are present in tb* 
normal sequences. 

The second method of i d e n q n g  tumor antigens is 
molecular cloning of the genes encoding these antigens 
(see Figure). This method relies on preparing a cDNA 
library from a tumor cell line that contains genes encod- 
ing all the tumor proteins. The library is prepared in 
molecular constructs that will allow constitutive expression 
of the genes when they are introduced into cell lines. Pools 
of DNA from such a library are transfected into a cell line 
expressing the same class I MHC allele as the tumor, and 
the transfected cells are tested for sensitivity to lysis by an 
anti-tumor CTL clone. The DNA pools that sensitize the 
target cell line contain the gene that encodes the protein 
antigen recognized by the CTL clone. Multiple rounds of 
transfections using smaller and smaller subfractions of the 
DNA pool can lead to isolation of the single relevant gene. 
The sequence of the gene can then be determined, and 
comparisons can be made with known genes. Synthetic 
peptides corresponding to different regions of the en- 
coded protein can be tested for their ability to sensitize 
target cells in much the same way as in the peptide elution 
approach. Both the biochemical and genetic approaches 
have been used successfully to identify human melanoma 
antinens that stimulate CTL responses in the patients with 
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tumor-specific transplantation antigens (TSTAs), are from the same normal cell type and in the same mouse. 
mutants of various host cellular proteins. Studies with We now know that the tumor antigens identified by 
chemically induced rodent sarcomas, such as those such experiments are peptides derived from mutated 
illustrated in Figure 17-1, established that different self proteins and presented in the form of peptide- 
rodent tumors, all induced by the same carcinogen, class I MHC complexes capable of stimulating CTLs. 
expressed different transplantation antigens. For These antigens are extremely diverse because the car- 
example, one MCA-induced sarcoma will induce pro- cinogens that induce the tumors may randomly mutag- 
tective immunity against itself but not against another enize virtually any host gene, and the class I MHC 
MCA-induced sarcoma, even if both tumors are derived antigen-presenting pathway can display peptides from 

Gene encoding tumor 
antigen recognized by 
melanoma-specific CTL 
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Table 17-1. Tumor Antigens 

No T cell response 

Various mutant proteins in 
Mutated self carcinogen- or radiation- 
protein induced animal tumors; 

various mutated proteins 
in melanomas 

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

u, Product of B- . Oncogene products: mutated 
oncogene or Ras, BcrIAbl fusion proteins 

cn mutated tumor- .- 
+- suppressor a 

. Tumor suppressor gene 
.g gene i products: 
L mutated p53 protein - 

Overexpressed - 
or aberrantly 

self protein 
expressed 

CTL 

Oncogenic - 
virus 

............................................................. 
Overexpressed: tyrosinase, 
gp100, MART in melanomas. 
Aberrantly expressed: 
cancer-testis antigens 
(MAGE, BAGE) 

.............................................................. 
Human papillomavirus 
E6, E7 proteins in cervical 
carcinoma; EBNA protein- 
induced lymphomas 

antigen-' 
specific 
CD8+ CTL 

Figure 17-2 Types of tumor antigens recognized by T cells. 
Tumor antigens that are recognized by tumor-specific CD8'T cells may be mutated forms of normal 

self proteins, products of oncogenes, overexpressed or aberrantly expressed self proteins, or products 
of oncogenic viruses. 

any mutated cytosolic protein in each tumor. Mutated 
cellular proteins are found more frequently in chemi- 
cal carcinogen- or radiation-induced animal tumors 
than in spontaneous human cancers, probably because 
chemical carcinogens and radiation mutagenize many 
cellular genes. Nevertheless, TSTAs of experimental 
animal tumors are relevant to the study of human 
cancers in two ways. First, the finding of TSTAs was the 
first result to prove that adaptive immune responses 
may be able to control tumors. Second, the general 
principle that mutated host proteins can function as 
tumor antigens, which also came from studies of animal 
TSTAs, has been demonstrated in human cancers as 
well. 

Overexpressed and Abnormally Expressed 
Cellular Proteins 

Tumor antigens may be normal cellular proteins that 
are abnormally expressed in tumor cells and elicit 
immune responses. Many such antigens have been iden- 
tified in human tumors, such as melanomas, by the 
molecular cloning of antigens that are recognized by T 
cells from tumor-bearing patients (see Box 17-1). One 

of the surprises that emerged from these studies was 
that some tumor antigens are normal proteins that 
are produced at low levels in normal cells and over- 
expressed in tumor cells (see Table 17-1). One 
such antigen is tyrosinase, an enzyme involved in me- 
lanin biosynthesis that is expressed only in normal 
melanocytes and melanomas. Both class I MHC- 
restricted CD8' CTL clones and class I1 MHC-restricted 
CD4" T cell clones from melanoma patients recognize 
peptides derived from tyrosinase. On face value, it is 
surprising that these patients are able to respond to a 
normal self antigen. The likely explanation is that 
tyrosinase is normallv wroduced in such small amounts , L 
and in so few cells that it is not recognized by the 
immune system and fails to induce tolerance. The 
finding of tyrosinase-specific T cell responses in patients 
raises the possibility that tyrosinase vaccines may stimu- 
late such responses to melanomas; clinical trials with 
these vaccines are ongoing. 

Other tumor antigens may be derived from genes 
that are not exwressed in normal tissues or are 
expressed only early during development and are 
dysregulated as a consequence of malignant trans- 
formation of a cell. Transformation may result in 

Products of oncogenes, Oncogenes: Ras mutations (-10% of human carcinomas), p210 product of BcrIAbl 
tumor suppressor genes rearrangements (CML), overexpressed Her-21neu (breast and other carcinomas) 

...................................................................................... 
Tumor suppressor genes: mutated p53 (present in -50% of human tumors) 

Mutants of cellular , p91A mutation in mutagenized murine mastocytoma; various mutated proteins in 
genes not involved in , melanomas recognized by CTLs 
tumorigenesis 

Products of genes MAGE, BAGE, GAGE proteins expressed in melanomas and many carcinomas; 
that are silent in normally expressed mainly in the testis and placenta 
most normal tissues 

Products of . yrosinase, gp100, MART in melanomas (normally expressed in melanocytes) 
overexpressed genes 

Products of oncogenic 1 viruses I ..................................................................................... Papillomavirus E6 and E7 proteins (cervical carcinomas) 

EBNA-I protein of EBV (EBV-associated lymphomas, nasopharyngeal carcinoma) 
..................................................................................... 

SV40 T antigen (SV40-induced rodent tumors) 

Carcinoembryonic antigen on many tumors, also expressed in liver and other 
I ........................................................................................ tissues during inflammation 

Alpha-fetoprotein 

GM2, GD2 on melanomas 

Prostate-specific antigen .................................... .:-. .......... - - A  ................................. 
-~ ~ I 

Markers of lymphocytes: CD10, CD20, Ig idiotypes on B cells 

1 

Abbreviations: CML, chronic myelogenous leukemia; CTL, cytolytic T lymphocyte; EBNA, Epstein-Barr 
nuclear antigen; EBV, Epstein-Barr virus; Ig, immunoglobulin; MAGE, melanoma antigen (BAGE and GAGE are 
structurally unrelated melanoma proteins named after MAGE); MART, melanoma antigen recognized by T cells. 

inappropriate expression of the normal genes in the 
wrong tissues or at the wrong time, and the proteins 
produced may behave like tumor antigens and evoke 
immune responses. The functions of the proteins 
encoded by these genes may be unknown, but they are 
not required for the malignant phenotype of the cells, 
and their sequences are identical to the corresponding 
genes in normal cells, that is, they are not mutated. 
Melanoma antigen (MAGE) genes, first isolated from 
human melanoma cells, encode cellular protein anti- 
gens recognized by melanoma-specific CTL clones 
derived from different melanoma-bearing patients. 
MAGE proteins are expressed on tumors in addition 
to melanomas, including carcinomas of the bladder, 
breast, skin, lung, and prostate and some sarcomas. In 
normal tissues, MAGE expression is restricted to the 
testis. Subsequent to identification of the MAGE genes, 
several other unrelated gene families have been identi- 
fied that encode melanoma antigens recognized by 
CTL clones derived from melanoma patients. Like the 
MAGE proteins, these other melanoma antigens are 
silent in most normal tissues, except the testis, but they 
are expressed in a variety of malignant tumors. Because 
of the expression on cancers and in the testis, all these 

tumor antigens are now classified in the cancer-testis 
(CT) antigen family. 

Tumor Antigens Encoded by  Cenomes o f  
Oncogenic Viruses 

The products of oncogenic viruses function as tumor 
antigens and elicit specifi  T cell responses that may 
serve to eradicate the tumors. DNA viruses are impli- 
cated in the development of a variety of tumors in 
humans and experimental animals. Examples in 
humans include the Epstein-Barr virus (EBV) , which is 
associated with B cell lymphomas and nasopharyngeal 
carcinoma (Box 17-2), and human papillomavirus 
(HPV), which is associated with cervical carcinoma. 
Papovaviruses, including polyomavirus and simian virus 
40 (SV40), and adenoviruses induce malignant tumors 
in neonatal or immunodeficient adult rodents. In most 
of these DNA virus-induced tumors, virus-encoded 
protein antigens are found in the nucleus, cytoplasm, 
or plasma membrane of the tumor cells. These 
endogenously synthesized proteins can be processed, 
and complexes of processed viral peptides with class I 
MHC molecules may be expressed on the tumor cell 
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Epstein-Barr virus (EBV) is a double-stranded DNA virus 
of the herpesvirus family. The virus is transmitted by saliva, 
infects nasopharyngeal epithelial cells and B lymphocytes, 
and is ubiquitous in human populations worldwide. It 
infects human B cells by binding specifically to comple- 
ment receptor type 2 (CR2, or CD21), followed by recep 
tor-mediated endocytosis. Two types of cellular infections 
can occur. In a lytic infection, viral DNA, RNA, and protein 
are synthesized, followed by assembly of viral particles and 
lysis of the infected cell. Alternatively, a latent nonlytic 
infection can occur in which the viral DNA is maintained 
as an episome in infected cells. Various virally encoded 
antigens are detectable in infected cells. At least six 
Epstein-Barr nuclear antigens (EBNAs) are expressed early 
in lytic infections and may also be expressed by some 
latently infected cells. Two other proteins, called latent 
membrane proteins (LMPs) , are expressed on the surface 
of latently infected cells. Other viral structural protein anti- 
gens, including viral capsid antigens (VCAs) , are expressed 
within infected cells and on released viral particles during 
lytic infections. Antibodies specific for VCAs are first pro- 
duced during acute infections and persist for many years 
thereafter. 

EBV has profound effects on B lymphocyte growth in 
uitro. The virus is a T cell-independent polyclonal activa- 
tor of B cell proliferation. EBV immortalizes human B cells 
so that they proliferate in culture indefinitely. The result- 
ing long-term B lymphoblastoid cell lines are latently 
infected with the virus, express EBNAs and LMPs, and have 
a malignant phenotype as demonstrated by transplanta- 
tion into immunodeficient mice. Five EBNAs and LMP-1 
have been shown to be critical for transforming B lym- 
phocytes into immortal cells. The cytoplasmic tail of LMP- 
1 binds the physiologic signaling molecules TRAF-1 and 
TRAF-2, which normally transduce signals resulting from 
engagement of TNE receptors and the important B cell 
activation molecule CD40 (see Chapter 11, Box 11-1). By 
this mechanism, EBV appears to have co-opted a normal 
B cell activation pathway to promote proliferation of the 
cells that the virus infects and lives in. 

The spectrum of clinical sequelae to EBV infection is 
wide. Most people are infected during childhood; they do 
not experience any symptoms, and viral replication is 
apparently controlled by humoral and T cell-mediated 
immune responses. In previously uninfected young adults, 
infectious mononucleosis typically develops during EBV 
infection. This disease is characterized by sore throat, 
Fever, and generalized lymphadenopathy. Large morpho- 
logically atypical lymphocytes are abundant in the periph- 
eral blood of patients with infectious mononucleosis. Most 
of these cells are CTLs; in fact, in acute infections, up to 
10% of all the CD8' T cells in the blood may be EBV 
specific, and small numbers of these CTLs may persist for 
life. Previously infected, healthy individuals harbor the 
virus for the rest of their lives in latently infected B cells 
and often in nasopharyngeal epithelium. An estimated 
one of every million B cells in a previously infected indi- 
vidual is latently infected. Importantly, EBV infection is 
one of the etiologic factors for the development of certain 
malignant tumors, including nasopharyngeal carcinoma 
in Chinese populations, Burkitt's lymphoma in equatorial 

Africa, and B cell lymphomas in immunosuppressed 
patients. 

The evidence is compelling that T cell-mediated ~ ~ ~ ~ r n u -  
nity is required for control of EBV infections and, in par- 
ticular, for killing of EBV-infected B cells. First, individuals 
with deficiencies in T cell-mediated immunity are suscep 
tible to uncontrolled, widely disseminated, and lethal 
acute EBV infections. Second, EBV-infected B cells isolated 
from patients with infectious mononucleosis can be prop 
agated in uitro indefinitely, but only if the patient's T cells 
are removed or inactivated by drugs such as cyclosporine. 
In fact, immortalization of normal peripheral blood B cells 
by in uitro infection with EBV is successful only if the 
donor's T cells are removed or inactivated. Third, CTLs 
specific for EBV-encoded antigens, including EBNAs and 
LMP, are present in patients suffering from acute infec- 
tious mononucleosis and recovered patients. Cloned CTL 
lines have been established in uitro that specifically lyse 
EBV-infected B cells, and these CTLs most often recognize 
peptide fragments of EBNA or LMP proteins in association 
with class I MHC molecules. EBV-specific T cells are 
required in uiuo to limit the polyclonal proliferation of 
infected B cells as well as to kill potentially immortalized 
clones of latently infected B cells. A loss of normal T 
cell-mediated immunity allows latently infected B cells to 
progress toward malignant transformation. Infusion of 
EBV-specific CTLs restores the normal balance and pro- 
vides protection against the growth of malignant B cell 
tumors. 

The epidemiology and molecular genetics of Burkitt's 
lymphoma and other EBV-associated lymphomas have 
been the subject of intense investigation, and they offer 
fascinating insight into various aspects of viral oncogene- 
sis and tumor immunity. Burkitt's lymphoma is a histologic 
type of malignant B cell tumor composed of monotonow 
small malignant B cells. The African form of the disease 
endemic in regions where both EBV and malaria infectio 
are common. In these regions, the tumor occurs frc 
quently in young children, often beginning in the jaw. V 
tually 100% of patients with African Burkitt's lymphoma 
have evidence of previous EBV infection, and their tumors 
usually carry the EBV genome and express EBV-encoded 
antigens. Malarial infections in this population are known 
to cause T cell immunodeficiencies, and this association 
may be the link between EBV infection and the develop- 
ment of lymphoma. Sporadic Burkitt's lymphoma occurs 
less frequently in other parts of the world, and although 
these B cell tumors are histologically similar to the 
endemic form, only about 20% carry the EBV genome. 
Both endemic and sporadic Burkitt's lymphoma cells have 
reciprocal chromosomal translocations involving Ig gene 
loci and the cellular myc gene on chromosome 8. 

B cell lymphomas occur at a high frequency in T cell- 
immunodeficient individuals, including individuals with 
congenital immunodeficiencies, patients with AIDS, and 
kidney or heart allograft recipients receiving immunosup- 
pressive drugs. Only some of these tumors can be called 
Burkitt's lymphomas on the basis of histology. Regardless 
of their histologic appearance, many of these tumors are 
latently infected with EBV, like Burkitt's lymphoma. A 
smaller subset also contains myc translocations to Ig loci. 

Continued on following page 

These observations can be synthesized into a hypothe- 
sis about the pathogenesis of EBV-associated B cell tumors. 
African children with malaria, allograft recipients, con- 
genitally immunodeficient children, and AIDS patients all 
have abnormalities in T cell function. Because of a defi- 
ciency of EBV-specific T cells, EBV-induced polyclonal pro- 
liferation of B cells is uncontrolled. This exuberant 
proliferation of B cells increases the chances of errors 
made during DNA replication, including translocations of 
oncogenes. The Ig loci are accessible sites for transloca- 
tions compared with other loci in B cells. Translocation of 
the myc gene to the Ig locus leads to transcriptional dereg- 
ulation and abnormal expression of Myc, and this 
alteration appears to be causally related to malignant trans- 
formation and outgrowth of a neoplastic clone of cells. 

surface. Because the viral peptides are foreign antigens, 
DNA virus-induced tumors are among the most 
immunogenic tumors known. 

The ability of adaptive immunity to prevent the 
growth of DNA virus-induced tumors has been estab- 
lished by many observations. 

associated lymphomas and HPV-associated skin 
cancers arise more frequently in immunosuppressed 
individuals, such as allograft recipients receiving im- 
munosuppressive therapy and patients with acquired 
immunodeficiency syndrome (AIDS), than in normal 
individuals. 

0 Adenovirus infection induces tumors much more fre- 
quently in neonatal or T cell-deficient mice than in 
normal adult mice. 

( Tumor transplantation experiments of the kind illu- 

, strated in Figure 17-1 have shown that animals may be 
specifically immunized against DNA virus-induced 
tumors and will reject transplants of these tumors. Unlike 
MCA-induced tumor antigens, which are the products 
of randomly mutated cellular genes, virus-encoded 
tumor antigens are not unique for each tumor but are 
shared by all tumors induced by the same type of virus. 

Immunization of experimental animals with SV40 virus 
and adenovirus produces protective immunity against 
the development of tumors induced by each virus, and 
immunity is mediated by class I MHC-restricted CTLs 
specific for the antigens of that virus. 

t Thus, a competent immune system may play a role 
fn surveillance against virus-induced tumors because of 
its ability to recognize and kill virus-infected cells. 
In fact, the concept of immune surveillance against 
tumors is better established for DNA virus-induced 

for any other type of tumor. 
RNA tumor viruses (retroviruses) are important 

ors in animals. Retroviral oncogene prod- 
ally have the same potential antigenic 

es as mutated cellular oncogenes, and humoral 
ted immune responses to retroviral gene 

on tumor cells can be observed experimen- 
only well-defined human retrovirus that is 

Many EBV-positive tumors in immunosuppressed patients 
do not have myc translocations, and the proteins encoded 
by the integrated EBV genome may be sufficient to cause 
lymphomas. This proposed scheme predicts that early in 
their course, EBV-associated B cell tumors may be poly- 
clonal because they arise from a polyclonally stimulated 
population of normal B cells. Later, one or a few clones 
may obtain selective growth advantages, perhaps because 
of deregulation of myc or other cellular or viral genes. As 
a result, the polyclonal proliferation evolves into a mono- 
clonal or oligoclonal tumor. In fact, such has been shown 
to be the case by Southern blot analysis of Ig gene 
rearrangements in some EBV-positive B cell tumors from 
immunosuppressed patients. 

known to cause tumors is human T cell lymphotropic 
virus 1 (HTLV-l), the etiologic agent for adult T 
cell leukemia/lymphoma (ATL) , a malignant tumor of 
CD4' T cells. Although immune responses specific for 
HTLV-1-encoded antigens have been demonstrated 
in individuals infected with the virus, it is not clear 
whether they play any role in protective immunity 
against the development of tumors. Furthermore, 
patients with ATL are often profoundly immunosup- 
pressed, probably because the virus infects CD4' T cells 
and induces functional abnormalities in these cells. 

Oncofetal Antigens 

Oncofetal antigens are proteins that are expressed a t  
high levels on cancer cells and in normal developing 
fetal but not adult tissues. It is believed that the genes 
encoding these proteins are silenced during develop- 
ment and are derepressed on malignant transforma- 
tion. Oncofetal antigens were identifiedwith antibodies 
raised in other species, and their main importance is 
that they provide markers that aid in tumor diagno- 
sis. As techniques for detecting these antigens have 
improved, it has become clear that their expression in 
adults is not limited to tumors. The proteins are 
increased in tissues and in the circulation in various 
inflammatory conditions and are found in small quan- 
tities even in normal tissues. There is no evidence that 
oncofetal antigens are important inducers or targets 
of anti-tumor immunity   he two most thoroughly char- 
acterized oncofetal antigens are carcinoembryonic 
antigen (CEA) and alpha-fetoprotein (AFP) . 

CEA (CD66) is a highly glycosylated integral mem- 
brane ~ r o t e i n  that is a member of the immunoglobulin 

u 

(Ig) superfamily. It is an intercellular adhesion mole- 
cule that functions to promote the binding of tumor 
cells to one another. High CEA expression is normally 
restricted to cells in the gut, pancreas, and liver during 
the first two trimesters of gestation, and low expression 
is seen in normal adult colonic mucosa and lactating 
breast. CEA expression is increased in many carcinomas 
of the colon, pancreas, stomach, and breast, and serum 
leveIs are increased in these patients. The level of serum 
CEA is used to monitor the persistence or recurrence 
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of the tumors after treatment. The usefulness of CEA 
as a diagnostic marker for cancer is limited by the fact 
that serum CEA can also be elevated in the setting of 
non-neoplastic diseases, such as chronic inflammatory 
conditions of the bowel or liver. 

AFP is a circulating glycoprotein normally synthe- 
sized and secreted in fetal life by the yolk sac and liver. 
Fetal serum concentrations can be as high as 2 to 3 
mg/mL, but in adult life, the protein is replaced by 
albumin, and only low levels are present in serum. 
Serum levels of AFP can be significantly elevated in 
patients with hepatocellular carcinoma, germ cell 
tumors, and, occasionally, gastric and pancreatic 
cancers. An elevated serum AFP level is a useful indi- 
cator of advanced liver or germ cell tumors or of recur- 
rence of these tumors after treatment. Furthermore, 
the detection of AFP in tissue sections by immunohis- 
tochemical techniques can help in the pathologic iden- 
tification of tumor cells. The diagnostic value of AFP as 
a tumor marker is limited by the fact that elevated 
serum levels are also found in non-neoplastic diseases, 
such as cirrhosis of the liver. 

Altered Glycolipid and Glycoprotein Antigens 

Most human and experimental tumors express higher 
than normal levels or abnormal forms of surface gly- 
coproteins and glycolipids, which may be diagnostic 
markers and targets for therapy. These altered mole- 
cules include gangliosides, blood group antigens, and 
mucins. Some aspects of the malignant phenotype of 
tumors, including tissue invasion and metastatic behav- 
ior, may reflect altered cell surface properties that result 
from abnormal glycolipid and glycoprotein synthesis. 
Many antibodies have been raised in animals that rec- 
ognize the carbohydrate groups or peptide cores of 
these molecules. Although most of the epitopes recog- 
nized by these antibodies are not specifically expressed 
on tumors, they are present at higher levels on cancer 
cells than on normal cells. This class of tumor-associ- 
ated antigen is a target for cancer therapy with specific 
antibodies. 

Among the glycolipids expressed at high levels in 
melanomas are the gangliosides GM,, GD2, and GD3. 
Clinical trials of anti-GM, and anti-GD3 antibodies 
and immunization with vaccines containing GM, are 
under way in patients with melanoma. Mucins are high 
molecular weight glycoproteins containing numerous 
0-linked carbohydrate side chains on a core polypep- 
tide. Tumors often have dysregulated expression of the 
enzymes that synthesize these carbohydrate side chains, 
which leads to the appearance of tumor-specific epi- 
topes on the carbohydrate side chains or on the abnor- 
mally exposed polypeptide core. Several mucins have 
been the focus of diagnostic and therapeutic studies, 
including CA-125 and CA-19-9, expressed on ovarian 
carcinomas, and MUC-1, expressed on breast carcino- 
mas. Unlike many mucins, MUC-1 is an integral mem- 
brane protein that is normally expressed only on the 
apical surface of breast ductal epithelium, a site that 
is relatively sequestered from the immune system. In 
ductal carcinomas of the breast, however, the molecule 

is expressed in an unpolarized fashion and contains 
new, tumor-specific carbohydrate and peptide epitopes 
detectable by mouse monoclonal antibodies. The 
peptide epitopes induce both antibody and T cell 
responses in cancer patients and are therefore being 
considered as candidates for tumor vaccines. 

Tissue-Specific Differentiation Antigens 

Tumors express molecules that are normally present 
on the cells o f  origin. These antigens are called differ- 
entiation antigens-because they & specific for partic- 
ular lineages or differentiation stages of various 
cell types. Their importance is as potential targets for 
immunotherapy and for identifying the tissue of origin 
of tumors. For example, several melanoma antigens 
that are targets of CTLs in patients are melanocyte 
differentiation antigens, such as tyrosinase mentioned 
earlier. Lymphomas may be diagnosed as B cell-derived 
tumors by the detection of surface markers character- 
istic of this lineage, such as CDlO (previously called 
common acute lymphoblastic leukemia antigen, or 
CALLA) and CD20. Antibodies against these molecules 
are also used for tumor immuno~herapy. The idiotypic 
determinants of the surface Ig of a clonal B cell popu- 
lation are markers for that B cell clone because all other 
B cells express different idiotypes. Therefore, the Ig 
idiotype is a highly specific tumor antigen for B cell lym- 
phomas and leukemias. These differentiation antigens 
are normal self molecules, and therefore they do not 
usually induce strong immune responses in tumor- 
bearing hosts. 

Immune Responses to Tumors 

The effector mechanisms of both cell-mediated immu- 
nity and humoral immunity have been shown to kill 
tumor cells in vitro. The challenge for tumor immunol- 
ogists is to determine which of these mechanisms 
may contribute to protective immune responses against 
tumors and to enhance these effector mechanisms in 
ways that are tumor specific. In this section, we review 
the evidence for tumor killing by various immune effec- 
tor mechanisms and discuss which are the most likely 
to be relevant to human tumors. 

T Lymphocytes 

The principal mechanism of tumor immunity is killing 
of tumor cells by C D g  CTLs. The ability of CTLs to 
provide effective anti-tumor immunity in vivo is most 
clearly seen in animal experiments using carcinogen- 
induced and DNA virus-induced tumors. As discussed 
previously, CTLs may perform a surveillance function 
by recognizing and killing potentially malignant cells 
that express peptides derived from mutant cellular 
proteins or oncogenic viral proteins and presented in 
association with class I MHC molecules. The role of 
immune surveillance in preventing common, non- 
virally induced tumors has been questioned because 
such tumors do not arise more frequently in T cell- 
deficient animals or people. However, tumor-specific 

CTLs can be isolated from animals and humans with 
established tumors, such as melanomas. Furthermore, 
mononuclear cells derived from the inflammatory infil- 
trate in human solid tumors, called tumor-infiltrating 
lymphocytes (TILs), also include CTLs with the capac- 
ity to kill the tumor from which they were derived. 

There has been great interest in the mechanisms by 
which tumors stimulate CD8' T cell responses specific 
for tumor antigens. Most tumor cells are not derived 
from APCs and therefore do not express the costimu- 
lators needed to initiate primary T cell responses or the 
class I1 MHC molecules needed to stimulate helper T 
cells that promote the differentiation of CD8+ T cells. 
A likely possibility is that tumor cells or their antigens 
are ingested by host APCs, particularly dendritic cells; 
the tumor antigens are then processed inside the APCs, 
and peptides derived from these antigens are displayed 
bound to class I MHC molecules for recognition by 
CD8' T cells. The APCs express costimulators that may 
provide the signals needed for differentiation of CD8' 
T cells into anti-tumor CTLs, and the APCs express class 
I1 MHC molecules that may present internalized tumor 
antigens and activate CD4' helper T cells as well (Fig. 
17-3). This process of cross-presentation, or cross- 
priming, has been described in earlier chapters as a 
general mechanism for inducing CTL responses against 
cells other than professional APCs (see Chapter 5, Fig. 
5-7). Once effector CTLs are generated, they are able 
to recognize and kill the tumor cells without a require- 
ment for costimulation. A practical application of the 
concept of cross-priming is to grow dendritic cells from 
a patient with cancer, incubate the APCs with the cells 
or antigens from that patient's tumor, and use these 
antigen-pulsed APCs as vaccines to stimulate anti-tumor 
T cell responses. 

Tumor cells 
and antigens 

The importance of CD4' helper T cells in tumor 
immunity is less clear. CD4' cells may play a role in anti- 
tumor immune responses by providing cytokines for 
effective CTL development (see Chapter 13). In addi- 
tion, helper T cells specific for tumor antigens may 
secrete cytokines, such as tumor necrosis factor (TNF) 
and interferon-y (IFN-y), that can increase tumor cell 
class I MHC expression and sensitivity to lysis by CTLs. 
IFN-?/ may also activate macrophages to kill tumor cells. 
The importance of IFN-y in tumor immunity is demon- 
strated by the finding of increased incidence of tumors 
in knockout mice lacking this cytokine. 

Antibodies 

Tumor-bearing hosts may produce antibodies against 
various tumor antigens. For example, patients with EBIT- 
associated lymphomas have serum antibodies against 
EBVencoded antigens expressed on the surface of the 
lymphoma cells. Antibodies may kill tumor cells by 
activating complement or by antibody-dependent cell- 
mediated cytotoxicity, in which Fc receptor-bearing 
macrophages or NK cells mediate the killing. However, 
the ability of antibodies to eliminate tumor cells has 
been demonstrated largely in vitro, and there is little evi- 
dence for effective humoral immunity against tumors. 

NK Cells 

NK cells kill many types of tumor cells, especially 
cells that have reduced class I MHC expression and 
can escape killing by CTLs. In vitro, NK cells can kill 
virally infected cells and certain tumor cell lines, espe- 
cially hematopoietic tumors. NK cells also respond to 
the absence of class I MHC molecules because the 
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Figure 17-3 lnduction of T cell responses to tumors. 
CD8' T cell responses to tumors may be induced by cross-priming, in which the tumor cells or 

tumor antigens are taken up, processed, and presented to T cells by professional antigen-presenting 
cells (APCs). In some cases, B7 costimulators expressed by the APCs provide the second signals for 
differentiation of CD8' T cells. The APCs may also stimulate CD4' helper T cells, which provide the 
second signals for cytolytic T lymphocyte (CTL) development (see Chapter 13, Fig. 13-4). Differenti- 
ated CTLs kill tumor cells without a requirement for costimulation or T cell help. 



Section V - The Immune System in Disease 

recognition of class I MHC molecules delivers 
inhibitory signals to NK cells (see Chapter 12, Fig. 
12-7). As we shall see later, some tumors lose expres- 
sion of class I MHC molecules, perhaps as a result of 
selection against class I MHC-expressing cells by CTLs. 
This loss of class I MHC molecules makes the tumors 
particularly good targets for NK cells. In addition, NK 
cells can be targeted to IgG antibody-coated cells by Fc 
receptors (FcyRIII or CD16). The tumoricidal capacity 
of NK cells is increased by cytokines, including inter- 
ferons and interleukins (IL2 and IL12), and the anti- 
tumor effects of these cytokines are partly attributable 
to stimulation of NK cell activity. IL2-activated NK 
cells, called lymphokine-activated killer (LAK) cells, are 
derived by culturing peripheral blood cells or TILs 
from tumor patients with high doses of IL-2. The use of 
LAK cells in adoptive immunotherapy for tumors is dis- 
cussed later. 

The role of NK cells in tumor immunity in vivo is 
unclear. It has been suggested that T cell-deficient 
mice do not have a high incidence of spontaneous 
tumors because they have normal numbers of NK cells 
that serve an immune surveillance function. A few 
patients have been described with deficiencies of NK 
cells and an increased incidence of EBV-associated 
lymphomas. 

Macrophages 

The role of macrophages in anti-tumor immunity is 
largely inferred from the demonstration that in vitro, 
activated macrophages can kill many tumor cells 
more efficiently than they can kill normal cells. How 
macrophages are activated by tumors is not known. Pos- 
sible mechanisms include direct recognition of some 
surface antigens of tumor cells and activation of 
macrophages by EN-)I produced by tumor-specific 
T cells. Macrophages can kill tumor cells by several 
mechanisms, probably the same as the mechanisms of 
macrophage killing of infectious organisms. These 
mechanisms include the release of lysosomal enzymes, 
reactive oxygen intermediates, and nitric oxide. Acti- 
vated macrophages also produce the cytokine TNF, 
which was first characterized, as its name implies, as an 
agent that can kill tumors mainly by inducing throm- 
bosis in tumor blood vessels. 

Evasion of Immune Responses 
by Tumors 

Many malignant tumors possess mechanisms that 
enable them to evade or resist host immune responses 
(Fig. 17-4). A major focus of tumor immunology is 
to understand the ways in which tumor cells evade 
immune destruction, with the hope that interventions 
can be designed to increase the immunogenicity of 
tumors and the responses of the host. The process 
of evasion, often called tumor escape, may be a result 
of several mechanisms. 

Class I MHC expression may be down-regulated on 
tumor cells so that they cannot be recognized by 
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Figure 17-4 Mechanisms by which tumors escape immune 
defenses. 

Anti-tumor immunity develops when T cells recognize tumor 
antigens and are activated. Tumor cells may evade immune 
responses by losing expression of antigens or MHC molecules or by 
producing immunosuppressive cytokines. 

CTLs. In experimental models, increasing class I 
MHC expression on tumor cells by treatment with 
cytokines such as IFN-yor by gene transfection results 
in increased susceptibility of these cells to CTL lysis 
in vitro and decreased tumorigenicity in vivo. Various 
tumors show decreased synthesis of class I MHC 
molecules, ~2-microglobulin, or components of the 
antigen-processing machinery, including the trans- 
porter associated with antigen processing and some 
subunits of the proteasome. These mechanisms are 
presumably adaptations of the tumors that arise in 
response to the selection pressures of host immunity, 
and they may allow tumor cells to evade immune 
responses. However, when the level of MHC expres- 
sion on a broad range of experimental or human 
tumor cells is compared with the in vivo growth of 
these ( 
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evaded immune attack, do not express fewer MHC 
molecules than nonmetastatic tumors do. 

Tumors lose expression of antigens that elicit 
immune responses. Such "antigen loss variants" are 
common in rapidly growing tumors and can readily 
be induced in tumor cell lines by culture with tumor- 
specific antibodies or CTLs. Given the high mitotic 
rate of tumor cells and their genetic instability, muta- 
tions or deletions in genes encoding tumor antigens 
are common. If these antigens are not required for 
growth of the tumors or maintenance of the trans- 
formed phenotype, the antigen-negative tumor cells 
have a growth advantage in the host. Analysis of 
tumors that are serially transplanted from one 
animal to another has shown that the loss of antigens 
recognized by tumor-specific CTLs correlates with 
increased growth and metastatic potential. 

Tumors may fail to induce CTLs because most 
tumor cells do" not express costimulators or class 11 
MHC molecules. Costimulators are required for ini- 
tiating T cell responses, and class I1 molecules are 
needed for the activation of helper T cells, which 
stimulate the differentiation of CTLs. Therefore, the 
induction of tumor-specific T cell responses often 
requires cross-priming by professional APCs, which 
express costimulators and class I1 molecules. If such 
APCs do not adequately take up and present tumor 
antigens and activate helper T cells, CTLs specific for 
the tumor cells may not develop. Tumor cells trans- 
fected with genes encoding the costimulators By-1 
(CD80) and B7-2 (CD86) are able to elicit strong 
cell-mediated immune responses. Predictably, CTLs 
induced by B7-transfected tumors are effective 
against the parent (B7-negative) tumor as well 
because the effector phase of CTLmediated killing 
does not require costimulation (see Fig. 17-3). As we 
shall see later, these experimental results are being 
extended to the clinical situation as immunotherapy 
for tumors. 

The products of tumor cells may suppress anti - 
tumor immune responses. An example of an 
immunosuppressive tumor product is transforming 
growth factor-p, which is secreted in large quantities 
by many tumors and inhibits the proliferation and 
effector functions of lymphocytes and macrophages 
(see Chapter 11). Some tumors express Fas ligand 
(FasL), which recognizes the death receptor Fas on 
leukocytes that attempt to attack the tumor; engage- 
ment of Fas by FasL results in apoptotic death of the 
leukocytes. The importance of this mechanism of 
tumor escape is not established because FasL has 
been detected on only a few spontaneous tumors, 
and when it is expressed in tumors by gene transfec- 
tion, it is not always protective. 

Tumor antigens may induce specifi immunologic 
tolerance. Tolerance may occur because tumor anti- 
gens are self antigens encountered by the developing 
immune system or because the tumor cells present 
their antigens in a tolerogenic form to mature lym- 
phocytes. Several experimental studies have shown 
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that tolerance to tumor antigens promotes the out- 
growth of tumors expressing these antigens. 

8 Neonatal mice may acquire the mouse mammary 
tumor virus from their mothers during nursing. The 
mice become tolerant to the virus and carry it for life. 
When these mice become adults, mammary cancers 
induced by the virus often develop, and the tumors do 
not elicit immune responses. However, the tumors are 
immunogenic because they are rejected when they are 
transplanted into syngeneic, virus-free (uninfected) 
adult mice. 

Transgenic mice expressing the SV40 T antigen 
throughout their lives develop tumors when they are 
infected with the SV40 virus, and the high incidence 
of these tumors correlates with tolerance to the SV40 
T antigen. In contrast, other SV40 T antigen trans- 
genic mice in which expression of the transgene is 
delayed until later in life are not tolerant to the T 
antigen and have a low incidence of tumors. 

0 In some experimental models, tumor cells trans- 
planted into adult mice induce anergy in T cells spe- 
cific for antigens expressed in these tumors. Immunity 
against the tumors may be stimulated by blocking 
CTLA-4, the inhibitory T cell receptor for B7 mole- 
cules. This result suggests that the tumor antigens may 
be presented to host T cells by APCs that induce T cell 
tolerance, in part as a result of B7:CTLA-4 interactions 
(see Chapter 10). 

The cell surface antigens of tumors may be hidden 
from the immune system by glycocalyx molecules, 
such as sialic acid-containing mucopolysaccharides. 
This process is called antigen masking and may be a 
consequence of the fact that tumor cells often 
express more of these glycocalyx molecules than 
normal cells do. 

lmmunotherapy for Tumors 

The potential for treatment of patients with cancer by 
immunologic approaches has held great promise for 
immunologists and cancer biologists for many years. 
The main reason for interest in an immunologic 
approach is that current therapies for cancer rely on 
drugs that kill dividing cells or block cell division, and 
these treatments have severe effects on normal prolif- 
erating cells in patients with cancer. As a result, the 
treatment of cancers causes significant morbidity and 
mortality. Immune responses to tumors may be specific 
for tumor antigens and will not injure most normal 
cells. Therefore, immunotherapy has the potential of 
being the most tumor-specific treatment that can be 
devised. Advances in our understanding of the immune 
system and in defining antigens on tumor cells have 
encouraged many new strategies. Immunotherapy for 
tumors aims to augment the weak host immune 
response to the tumors (active immunity) or to admin- 
ister tumor-specific antibodies or T cells, a form of 
passive immunity. In this section, we describe some of 
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the modes of tumor immunotherapy that have been 
tried in the past or are currently being investigated. 

Stimulation of Active Host Immune 
Responses to Tumors 

The earliest attempts to boost anti-tumor immunity 
relied on nonspecific immune stimulation. More 
recently, vaccines composed of killed tumor cells or 
tumor antigens have been administered to patients, and 
strategies for enhancing immune responses against the 
tumor are being developed. 

Vaccination with Tumor Cells and Tumor Antigens 

Immunization of tumor-bearing individuals with 
killed tumor cells or tumor antigens may result in  
enhanced immune responses against the tumor (Table 
17-2 and Fig. 17-5). The identification of peptides 
recognized by tumor-specific CTLs and the cloning of 
genes that encode tumor-specific antigens recognized 
by CTLs have provided many candidates for tumor vac- 
cines. One of the earliest vaccine approaches, immu- 
nization with purified tumor antigens plus adjuvants, is 
still being tried. More recently, attempts to immunize 
patients with cancer have been made with dendritic 
cells purified from the patients and either incubated 

with tumor antigens or transfected with genes encod- 
ing these antigens and by injection of plasmids 
containing complementary DNAs (cDNAs) encoding 
tumor antigens (DNA vaccines). The cell-based and 
DNA vaccines may be the best ways to induce CTL 
responses because the encoded antigens are synthe- 
sized in the cytoplasm and enter the class I MHC 
pathway of antigen presentation. For antigens that are 
unique to individual tumors, such as antigens produced 
by random point mutations in cellular genes, these vac- 
cination methods are impractical because they would 
require identification of the antigens from every tumor. 
On the other hand, tumor antigens shared by many 
tumors, such as the MAGE, tyrosinase, and gplOO anti- 
gens on melanomas and mutated Ras and p53 proteins 
in various tumors, are potentially useful immunogens 
for all patients with certain types of cancer. In fact, clin- 
ical trials of such cancer vaccines are under way for a 
variety of tumors. A limitation of treating established 
tumors with vaccines is that these vaccines need to be 
therapeutic and not simply preventive, and it is often 
difficult to induce a strong enough immune response 
that will eradicate all the cells of growing tumors. 

The development of virally induced tumors can be 
blocked by preventive vaccination with viral antigens 
or attenuated live viruses. This approach is successful 
in reducing the incidence of feline leukemia virus- 
induced hematologic malignant tumors in cats and 

Table 17-2. Tumor Vaccines 

rype of vaccine I Vaccine preparation I Animal models I Clinical trials I 
I Killed tumor cells + I Melanoma, colon cancer, 1 Melanoma, colon cancer / 
adjuvants others 
Tumor cell lysates + Sarcoma Melanoma 
adjuvants 

: Melanoma antigens Melanoma Melanoma 

, Heat $hock proteins . Various Melanoma, renal cancer, 
sarcoma 

Melanoma, non-Hodgkin's 

PCs transfected with Melanoma, renal cancer, 
I cvtokine genes and pulsed I [others 1 I with tumor antigens ' 

I I 

encodmg tumor antigen f. 

I Abbreviation: APC, antigen-presenting cell. I 

Figure 17-5 Tumor vaccines. 
The types of tumor vaccines 

that have shown efficacy in 
animal models are illustrated. 
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in preventing the herpesvirus-induced lymphoma called 
arek's disease in chickens. In humans, the ongoing 

vaccination program against hepatitis B virus may 
reduce the incidence of hepatocellular carcinoma, a 
liver cancer associated with hepatitis B virus infection. 

Augmentation o f  Host Immunity to Tumors with 
Cytokines and Costimulators 

Cell-mediated immunity to tumors may be enhanced 
by expressing costimulators and cytokines in tumor 
cells and by treating tumor-bearing individuals with 

tokines that stimulate the proliferation and differ- 
entiation of T lymphocytes and NK cells. As discussed 
earlier in this chapter, tumor cells may induce weak 
immune responses because they lack costimulators and 
usually do not express class I1 MHC molecules, so they 
do not activate helper T cells. Two potential approaches 
for boosting host responses to tumors are to artificially 
provide costimulation for tumor-specific T cells and to 
provide cytokines that can enhance the activation of 
tumor-specific T cells, particularly CD8' CTLs (Fig. 
17-6). Many cytokines also have the potential to induce 
nonspecific inflammatory responses, which by them- 
selves may have anti-tumor activity. 

The efficacy of enhancing T cell costimulation for 
anti-tumor immunotherapy has been demonstrated 
by animal experiments in which tumor cells were 
~transfected with genes that encode B7 costimulatory 
molecules and used to vaccinate animals. These B7- 

~endri'tic cells 
pulsed with 
tumor antigens 

. . . . . . . . . . . . . . . . . . . . . .  
I Plasmid expressing cDNA 

encoding tumor antigen 

Vaccinate 
with DNA or , \ Aransfected 
endritic cell 

tumor-specific 1 T cells I 

Dendritic cells APC pro&cing T cell 
transfected with tumor antigen 
plasmid expressing tumor-specific 
tumor antiaen T cells 

expressing tumor cells induce protective immunity 
against unmodified tumor cells injected at a distant site. 
These successes with experimental tumor models have 
led to therapeutic trials in which a sample of a patient's 
tumor is propagated in vitro, transfected with costimu- 
lator genes, irradiated, and reintroduced into the 
patient. Such approaches may succeed even if the 
immunogenic antigens expressed on tumors are not 
known. Another strategy that exploits the role of co- 
stimulators is based on the idea that T cells use the 
inhibitory receptor for B7, called CTLA-4, to shut off 
responses (see Chapter 10). If tumor-bearing mice are 
vaccinated with the tumor and also treated with an anti- 
body that blocks CTLA-4, the mice develop strong anti- 
tumor T cell responses and destroy the tumor. The 
potential of such approaches for tumor immunother- 
apy in humans is being evaluated. 

It is possible to use cytokines to enhance adaptive 
and innate immune responses against tumors. Tumor 
cells may be transfected with cytokine genes to localize 
the cytokine effects to where they are needed (Table 
17-3). For instance, when rodent tumors transfected 
with IL-2, IL-4, IFN-y, or granulocyte-macrophage 
colony-stimulating factor (GM-CSF) genes are injected 
into animals, the tumors are rejected or begin to grow 
and then regress. In some cases, intense inflammatory 
infiltrates accumulate around the cytokine-secreting 
tumors, and the nature of the infiltrate varies with the 
cytokine. Different cytokines may stimulate anti-tumor 
immunity by different mechanisms (see Fig. 17-6). 
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lmmunotherapy with Cytokine Gene-Transfected Tumor Cells Table 17-3. 

@ 0 vaccinate with 

St+ 
tumor cell 
expressing 

costimulators 
or ~ - 2  r 

Zytokine Tumor rejection lnfbmmstory lmmunity against I Clinical trials 
* in animals infiltrate parerrtal tumor 

I (animal models) I I B7-ex~ressina tumor 1 I cell stimulLes 
tumor-specific T cell I 

and differentiation of 
9- 0 

Tumor cell 
transfected with 
gene for lymphocyte 
costimulator (e.g., 87) 
or IL-2 

p z & s  
tumor-specific 

Dendritic cell 
ingests, processes, 
and presents tumor 
antigens to tumor- 

s~ecific T cells 

GM-CSF promotes 
recruitment and 
maturation of Vaccinate with 

tumor cell 
expressing 

GM-CSF Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF, tumor necrosis factor. CD8+ 
(T cell 

TL,, ,3r cell 
transfected with 
gene for GM-CSF 

lldanomas or sarcomas limited to that limb. The 
potential of IL-12 to enhance anti-tumor T cell- and NK 
cell-mediated immune responses has aroused great 
interest, and early trials in patients with advanced 
cancer are now under way. Hematopoietic growth 
factors, including GM-CSF, GCSF, and IL11, are used 
in cancer treatment protocols to shorten periods of 
neutropenia and thrombocytopenia after chemother- 
awv or autologous bone marrow transplantation. 

as polyclonal activators of lymphocytes. Nonspecific 
immune stimulation of patients with tumors by injec- 
tion of inflammatory substances such as bacillus Cal- 
mette-GuCrin (BCG) at the sites of tumor growth has 
been tried for many years. The BCG mycobacteria acti- 
vate macrophages and thereby promote macrophage- 
mediated killing of the tumor cells. In addition, the 
bacteria function as adjuvants and may stimulate T cell 
responses to tumor antigens. Another approach for 
immune stimulation is to administer low doses of acti- 
vating anti-CD3 antibodies. In animal studies of trans- 
plantable tumors, this treatment results in polyclonal 
activation of T cells and, concomitantly, prevention of 
tumor growth. Early clinical trials with anti-CD3 anti- 
body in patients with disseminated tumors are ongoing. 

tumor-specific 
T cells 

. , ,agocytosed 
tumor cell 

Figure 17-6 Enhancement of tumor cell immunogenicity by transfection of costimula- 
tor and cytokine genes. 

Tumor cells that do not adequately stimulate T cells on transplantation into an animal will not be 
rejected and will therefore grow into tumors. Vaccination with tumor cells transfected with genes 
encoding costimulators or IL-2 (A) can lead to enhanced activation of T cells, and tumors transfected 
with CM-CSF (B) activate professional APCs, notably dendritic cells. These transfected tumor cell vac- 
cines stimulate tumor-specific T cells, leading to T cell-mediated rejection of the tumor (even untrans- 

Nonspecific Stimulation o f  the Immune System 

Immune responses to tumors may be stimulated by the 
local administration of injlammatory substances or 
by systemic treatment with agents that function fected tumor cells). 

Importantly, in several of these studies, the injection of 
cytokine-secreting tumors induced specific, T cell- 
mediated immunity to subsequent challenges by 
unmodified tumor cells. Thus, the local production of 
cytokines may augment T cell responses to tumor anti- 
gens, and cytokine-expressing tumors may act as effec- 
tive tumor vaccines. Several clinical trials with cytokine 
gene-transfected tumors are under way in patients with 
advanced cancer. 

Cytokines may also be administered systemically for 
the treatment of various human tumors (Table 1'7-4). 
This type of experimental therapy became feasible 
when pure preparations of cytokines became available 
in sufficient quantities. The largest clinical experience 
is with IL-2 administered in high doses alone or in com- 
bination with adoptive cellular immunotherapy (dis- 
cussed later). After the administration of IL-2, numbers 
of blood T and B lymphocytes and NK cells are 
increased, NK cell activity is increased, and serum con- 
centrations of TNF, IL1, and IFN-y are elevated. IL2 
presumably works by stimulating the proliferation and 
anti-tumor activity of NK cells and CTLs. The limitation 

of this treatment is that it can be highly toxic and 
induces fever, pulmonary edema, and vascular shock. 
These side effects occur because IL-2 stimulates the pro- 
duction of other cytokines by T cells, such as TNF and 
IFN-y, and these cytokines act on vascular endothelium 
and other cell types. IL2 has been effective in inducing 
measurable tumor regression responses in about 10% 
of patients with advanced melanoma and renal cell 
carcinoma and is currently an approved therapy for 
these cancers. IFN-a may be effective against tumors be- 
cause it increases the cytolytic activity of NK cells and 
increases class I MHC expression on various cell types 
(see Chapter 11). Clinical trials of this cytokine indicate 
that it can induce the regression of renal carcinomas, 
melanomas, Kaposi's sarcoma, various lymphomas, and 
hairy cell leukemia (a B cell lineage tumor). IFN-a is 
currently used in combination with chemotherapy for 
the treatment of melanoma. Other cytokines, such 
as TNF and IFN-?/, are effective anti-tumor agents in 
animal models, but their use in patients is limited by 
serious toxic side effects. In some clinical trials, TNF is 
administered by isolated limb perfusion to patients with 

Table 17-4. Systemic Cytokine Therapy for Tumors 

Cytokine Tumor rejection Clinical trials Toxicity 
in animals 

Melanoma, renal cancer, Vascular leak, 

I 
colon cancer; limited shock, pulmonary 
success (4 5% response edema 

E rate) 

I Only'with local Sarcoma, melanoma Septic shock 
administration (isolated limb perfusion) syndrome 

Abbreviations: CNS, central nervous system; GM-CSF, granulocyte-macrophage 
colony-stimulating factor; TNF, tumor necrosis factor. 
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Cytokine therapies, discussed before, represent another 
method of enhancing immune responses in a non- 
specific manner. 

Passive lmrnunotherapy for Tumors with 
T Cells and Antibodies 

Passive immunotherapy involves the transfer of 
immune effectors, including tumor-specific T cells and 
antibodies, into patients. Passive immunization against 
tumors is rapid but does not lead to long-lived immu- 
nity. Several approaches to passive immunotherapy are 
being tried, with variable success. 

Adoptive Cellular Therapy 

Adoptive cellular immunotherapy is the transfer of 
cultured immune cells that have anti-tumor reactivity 
into a tumor-bearing host. The cells to be transferred 
are expanded from the lymphocytes of patients with the 
tumor. One protocol for adoptive cellular immunother- 
apy is to generate lymphokine-activated killer (LAK) 
cells by removing peripheral blood leukocytes from 
patients with the tumor, culturing the cells in high con- 
centrations of IL2, and injecting the LAK cells back 
into the patients (Fig. 17-7). As discussed previously, 
LAK cells are derived mainly from NK cells. Adoptive 
therapy with autologous LAK cells, in conjunction with 
in vivo administration of IL-2 or chemotherapeutic 
drugs, has yielded impressive results in mice, with 
regression of solid tumors. Human LAK cell therapy 
trials have thus far been largely restricted to advanced 
cases of metastatic tumors, and the efficacy of this 
approach appears to vary from patient to patient. Avari- 
ation of this approach is to isolate tumor-infiltrating 
lymphocytes (TILs) from the inflammatory infiltrate 
present in and around solid tumors, obtained from sur- 
gical resection specimens, and to expand the TILs by 
culture in IG2. The rationale for this approach is that 
TILs may be enriched for tumor-specific CTLs and for 
activated NK cells. Human trials with TIL therapy are 
ongoing. 

Therapy with Anti-tumor Antibodies 

Tumor-speci$c monoclonal antibodies may be useful 
for specijic immunotherapy for tumors. The potential 
of using antibodies as "magic bullets" has been alluring 
to investigators for many years and is still an active area 
of research (Table 17-5). Anti-tumor antibodies eradi- 
cate tumors by the same effector mechanisms that are 
used to eliminate microbes, including opsonization and 
phagocytosis and activation of the complement system 
(see Chapter 14). A monoclonal antibody specific for 
the oncogene product Her-2/Neu, which is expressed 
at high levels in some tumors, has shown success in 
patients with breast cancer and is now approved for clin- 
ical use. In addition to eliciting immune effector mech- 
anisms, the anti-Her-2/Neu antibody interferes with 
growth-signaling functions of the Her-2/Neu molecule. 
Because the anti-tumor antibodies used in the early 
human trials were mouse monoclonal antibodies, an 

Isolate lymphocytes 

I l l  

into patient, with or 
without systemic IL-2 

Figure 17-7 Adoptive cellular therapy. 
In a commonly used approach for adoptive cellular therapy, lym- 

phocytes isolated from the blood or tumor infiltrate of a patient are 
expanded by culture in IL-2 and are infused back into the patient. 
This treatment, often combined with systemic IL-2 administration, 
leads to tumor regression in some patients. 

immune response frequently occurred against the 
mouse Ig, resulting in anti-mouse Ig antibodies that 
caused increased clearance of the anti-tumor antibod- 
ies or blocked binding of the therapeutic agent to its 
target. This problem has been diminished by use of 
"humanized" antibodies consisting of the variable 
regions of a mouse monoclonal antibody specific for 
the tumor antigen combined with human Fc portions. 
One of the most difficult problems with the use of anti- 
tumor antibodies is the outgrowth of antigen loss 
variants of the tumor cells that no longer express 
the antigens that the antibodies recognize. One way 
to avoid this problem may be to use cocktails of anti- 
bodies specific for different antigens expressed on the 
same tumor. 

Many variations on anti-tumor antibodies have been 
tried in attempts to improve their effectiveness. Tumor- 

Table 17-5. Anti-tumor Antibodies for lmrnunotherapy 

Specificity of Form of Clinical trials 
antibody antibody used 

Her-2, Humanized mouse Breast cancer (approved 
monoclonal for clinical use) 

CD20 
(B cell marker) 

CD10 

nunotoxin residual tumor cells 

1 CEA 

CA- 1 25 IF 
Humanized mouse Gastrointestinal cancers, 
monoclonal lung cancer 

Mouse monoclonal Ovarian cancer 

Humanized mouse I Melanoma I 

/ Abbreviation: CEA, carcinoembryonic antigen.1 

specific antibodies may be coupled to toxic molecules, 
radioisotopes, and anti-tumor drugs to promote the 
delivery of these cytotoxic agents specifically to 
the tumor. Toxins such as ricin and diphtheria toxin are 
potent inhibitors of protein synthesis and can be effec- 
tive at extremely low doses if they are carried to tumors 
attached to anti-tumor antibodies; such conjugates are 
called immunotoxins. This approach requires covalent 
coupling of the toxin (lacking its cell-binding compo- 
nent) to an anti-tumor antibody molecule without loss 
of toxicity or antibody specificity. The systemically 
injected immunotoxin is endocytosed by tumor cells, 
and the toxin part is delivered to its intracellular site of 
action. Several practical difficulties must be overcome 
for this technique to be successful. The specificity of the 
antibody must be such that it does not bind to non- 
tumor cells. A sufficient amount of antibody must reach 
the appropriate tumor target before it is cleared from 
the blood by Fc receptor-bearing phagocytic cells. The 
toxins, drugs, or radioisotopes attached to the antibody 
may have systemic effects as a result of circulation 
through normal tissues. For example, hepatotoxicity 
and vascular leak syndromes are common problems 
with immunotoxin therapy. Administration of immuno- 
toxins may result in antibody responses against the 
toxins and the injected antibodies. Because of these 
practical difficulties, clinical trials of immunotoxins 
have had variable and modest success. 

Anti-idiotypic antibodies have been used to treat B 
cell lymphomas that express surface Ig with particular 
idiotypes. The idiotype is a highly specific tumor anti- 
gen because it is expressed only on the neoplastic clone 
of B cells, and it was once hoped that anti-idiotypic 
antibodies would be effective therapeutic reagents with 
absolute tumor specificity. (Anti-idiotypic antibodies 
are raised by immunizing rabbits with a patient's B cell 
tumor and depleting the serum of reactivity against all 
other human immunoglobulins.) The approach has 

not proved generally successful, largely because of the 
selective outgrowth of tumor cells with altered idiotypes 
that do not bind the anti-idiotypic antibody. In part, this 
result may reflect the high rate of somatic mutation in 
Ig genes and the fact that the surface Ig is dispensable 
for tumor growth. 

Anti-tumor antibodies are also used to remove 
cancer cells from the bone marrow before autologous 
marrow transplantation. In this protocol, some of the 
patient's bone marrow is removed, and the patient is 
given doses of radiation and chemotherapy lethal 
enough to destroy tumor cells as well as the remaining 
normal marrow cells. The bone marrow cells removed 
from the patient are treated with antibodies or 
immunotoxins specific for tumor antigens to kill any 
tumor cells. The treated marrow, having been purged 
of tumor cells, is transplanted back into the patient to 
reconstitute the hematopoietic system destroyed by 
irradiation and chemotherapy. 

Summary 

Tumors express antigens that are recognized by 
the immune system, but most tumors are weakly 
immunogenic, and immune responses often fail to 
prevent the growth of tumors. The immune system 
can be stimulated to effectively kill tumors. 

Tumor antigens recognized by CTLs are the princi- 
pal inducers of and targets for antitumor immunity. 
These antigens include mutants of oncogenes and 
other cellular proteins, normal proteins whose 
expression is dysregulated or increased in tumors, 
and products of oncogenic viruses. 

Antibodies specific for tumor cells recognize anti- 
gens that are used for diagnosis and are potential 
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Adaptive immunity serves the important function of 
host defense against microbial infections, but immune 
responses are also capable of causing tissue injury and 
disease. Disorders caused by immune responses are 
called hypersensitivity diseases. This term arose from 
the clinical definition of immunity as "sensitivity," which 
is based on the observation that an individual who has 
been exposed to an antigen exhibits a detectable re- 
action, or is "sensitive," to subsequent encounters with 
that antigen. A common cause of hypersensitivity dis- 
eases is failure of self-tolerance, which is the property 
of the immune system that ensures that individuals 
normally do not respond to their own antigens. 
Diseases caused by failure of self-tolerance and subse- 
quent immune responses against self, or autologous, 
antigens are called autoimmune diseases. Hypersensi- 
tivity diseases may also result from uncontrolled or 
excessive responses against foreign antigens, such as 
microbes and noninfectious environmental antigens. 

In this chapter, we describe the pathogenesis of dif- 
ferent types of hypersensitivity diseases, with an empha- 
sis on the effector mechanisms that cause tissue injury 
and on the mechanisms of autoimmunity. Throughout 
the chapter, we use examples of clinical and experi- 
mental diseases to illustrate important principles. We 
conclude with a brief consideration of the treatment of 
immunologic diseases. 

Types of Hypersensitivity Diseases 

Hypersensitivity diseases represent a clinically hetero- 
geneous group of disorders. The two principal factors 
that determine the clinical and pathologic manifesta- 
tions of such diseases are the type of immune response 
that causes tissue injury and the nature and location of 
the antigen that is the target of this response. 

Hypersensitivity diseases are commonly classifid 
according to the type of immune response and the 



m Section V - The Immune System in Disease 

targets for antibody therapy. These antigens include Selected Readings 
oncofetal antigens, which are expressed normally 
during life and is d~sregulated Burnet FM. The concept of immunological surveillance. 
in some tumors; altered surface glycoproteins and Progress in Experimental Tumor Research 13:l-27, 1970. 
glycolipids; and molecules that are normally ex- Carter P. Improving the efficacy of antibody-based cancer 
pressed on the cells from which the tumors arise and therapies. Nature Reviews Cancer 1: 11 8-129, 2001. 
are thus differentiation antigens for particular cell Coulie PG, T Hanagiri, and M Takenoyama. From tumor anti- 
types. gens to immunotherapy. International Journal of Clinical 

Oncology 6:163-170, 2001. 
Immune responses that are capable of killing tumor Fong L, and EG Engelman. Dendritic cells in cancer immun- 
cells consist of CTLs, NK cells, and activated otherapy. Annual Review of Immunology 18:245-273,2000. 
macrophages. The role of these immune effector Herberman RB. Cancer immunotherapy with natural killer 
mechanisms in protecting individuals from tumors cells. Seminars in Oncology 2927-30, 2002. 

is not well defined. Jager D, E Jager, and A Knuth. Immune responses to tumor 
antigens: implications for antigen specific immunotherapy 

T~~~~~ evade immune responses by several mecha- of cancer. Journal of Clinical Pathology 54669-674,2001. 
Kreitman RJ. Immunotoxins in cancer therapy. Current nisms, including down-regulating the expression of 

Opinion in Immunology 11:570-578, 1999. MHC that do not express Pardoll DM. Spinning molecular immunology into successful 
producing sub- immunotherapy. Nature Reviews Immunology 2:227-238, 

stances, and inducing tolerance to tumor antigens. 2002. 
Reiter Y. Recombinant immunotoxins in targeted cancer cell 

Immunotherapy for tumors is designed to augment therapy. Advances in Cancer Research 81:93-124, 2001. 
active immune responses against these tumors or to Rosenberg SA. Progress in human tumor immunology and 
administer tumor-specific immune effectors to immunotherapy. Nature 41 1 :380-384, 2001. 
patients. Immune responses may be actively Smyth MJ, DI Godfrey, and JA Trapani. A fresh look at tumor 
enhanced by vaccination with tumor cells or anti- immunosurveillance and immunotherapy. Nature 
gens, administration of tumors modified to express Immunology 2:293-299, 2001. 
high levels of costimulators or cytokines that stirnu- Stevanovic S. Identification of tumour-associated T-cell epi- 

, 

late T cell proliferation and differentiation, and sys  vaccine development. Nature Reviews Cancer 
2:514-520, 2002. 

temic of 'ytokines. for yee C, SR Riddell, and PD Greenberg. Prospects for adoptive T 
passive immunotherapy include the administration cell therapy Current Opinion in Immunology 9:702-708, 

Pathogenesis of Autoimmunity 424 
Genetic Susceptibility to Autoimmuni of antitumor antibodies, antibodies conjugated with 1997. Role of Infections in Autoimmunity 4 toxic drugs (immunotoxins), and tumor-reactive T Yee C, and P Greenberg. Modulating T-cell immunity to 

cells and NK cells isolated from patients and Other Factors in Autoimmunity 430 
tumours: new strategies for monitoring T-cell responses. 

expanded by culture with growth factors. Nature Reviews Cancer 2:409-419, 2002. Therapeutic Approaches for lmmunol 

rsensitivity 

Adaptive immunity serves the important function of 
host defense against microbial infections, but immune 
responses are also capable of causing tissue injury and 
disease. Disorders caused by immune responses are 
called hypersensitivity diseases. This term arose from 
the clinical definition of immunity as "sensitivity," which 
is based on the observation that an individual who has 
been exposed to an antigen exhibits a detectable re- 
action, or is "sensitive," to subsequent encounters with 
that antigen. A common cause of hypersensitivity dis- 
eases is failure of self-tolerance, which is the property 
of the immune system that ensures that individuals 
normally do not respond to their own antigens. 
Diseases caused by failure of self-tolerance and subse- 
quent immune responses against self, or autologous, 
antigens are called autoimmune diseases. Hypersensi- 
tivity diseases may also result from uncontrolled or 
excessive responses against foreign antigens, such as 
microbes and noninfectious environmental antigens. 

In this chapter, we describe the pathogenesis of dif- 
ferent types of hypersensitivity diseases, with an empha- 
sis on the effector mechanisms that cause tissue injury 
and on the mechanisms of autoimmunity. Throughout 
the chapter, we use examples of clinical and experi- 
mental diseases to illustrate important principles. We 
conclude with a brief consideration of the treatment of 
immunologic diseases. 

Types of Hypersensitivity Diseases 

Hypersensitivity diseases represent a clinically hetero- 
geneous group of disorders. The two principal factors 
that determine the clinical and pathologic manifesta- 
tions of such diseases are the type of immune response 
that causes tissue injury and the nature and location of 
the antigen that is the target of this response. 

Hypersensitivity diseases are commonly classifid 
according to the type of immune response and the 
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Table 18-2. Examples of Diseases Caused by Cell- or Tissue-Specific Antibodies Figure 18-2 Effector mechanisms 

of antibody-mediated disease. 
A. Antibodies opsonize cells and 

may activate complement, generating 
complement products that also ops- 
onize cells, leading to phagocytosis of 
the cells through phagocyte Fc recep- 
tors or C3 receptors. 

B. Antibodies recruit leukocytes by 
binding to Fc receptors or by activating 
complement and thereby releasing 
by-products that are chemotactic for 
leukocytes., 

C. Antibodies specific for cell surface 
receptors for hormones or neurotrans- 
mitters may stimulate the activity of the 
receptors even in the absence of the 
hormone (left panel) or may inhibit 
binding of the neurotransmitter to its 
receptor (right panel). TSH, thyroid- 
stimulating hormone. 

@ Opsonization and phagocytosis 
Disease I Target antigen 

r: 
Mechanisms of ,, *i Clinicopathologic 
q~qase  

. ., 
2, cc manifestations 

Opsonization and Hemolysis, anemia 
phagocytosis 
of erythrocytes 

F ,eceptor 1 Opsonized </, 
cell 9- 

Autoimmune Erythrocyte membrane 
hemolytic anemia proteins (Rh blood group 

antigens, I antigen) 1 
v-receptor 

ef 
Complement 

Autoimmune Platelet membrane 

- 
activation 

Antibody-mediated Skin vesicles (bullae) 
activation of proteases, 
disruption of 
intercellular adhesions 

I Complement- and Fc receptor-mediated inflammation 

Noncollagenous protein in 
basement membranes of 
kidney glomeruli and lung 

Neutrophil degranulation -". :~&culitis 
and inflammation , I 

' -  * *A, ,*,r,; 5,b.$,.# ;\+ A: 4, I -, ,, , &.: ,, , ,4  2:; I ,  - I 

Complement- and Nephritis, lung 
Fc receptor- hemorrhage 
mediated inflammation 

~ o h ~ l e h e n t  
activation 

I tissue injury I Acute rheumatic :Streptococcal cell wal 
fever I intigen; antibody cr 

eacts with mvocardi 
)Abnormal physiologic response; without cellltissue injury 

Antibody against 
TSH receptor 11 TSH \ IACh) 

,~ntigen", . , , 

Myasthenia gravis Acetylcholine receptor Antibody inhibits Muscle weakness, 
acetylcholine binding, paralysis 
down-modulates receptors 

Thvroid hormones 

Graves' disease Antibody-mediated Hyperthyroidisni ! ' 
stimulation 
of TSH receptors . 
Antibody inhibits Hyperglycemia, 
binding of insulin ketoacidosis 

factor, decreased 
absorption of vitamin BIZ 

7arietal cells 

] Abbreviations: ANCA, antineutrophil cytoplasmic antibodies; TSH, thyroid-stimulating hormone.! 

the toxin by the transfer of serum containing antitoxin 
antibodies. von Pirquet noted that joint inflammation 
(arthritis), rash, and fever developed in patients 
injected with the antitoxin-containing horse serum. 
Two clinical features of this reaction suggested that it 
was not due to the infection or a toxic component of 
the serum itself. First, these symptoms appeared even 
after the injection of horse serum not containing the 
antitoxin, so the lesions could not be attributed to 
the anti-diphtheria antibody. Second, the symptoms 
appeared at least a week after the first injection of horse 
serum and more rapidly with each repeated injection. 
von Pirquet concluded that this disease was due to a 
host response to some component of the serum. He 
suggested that the host made antibodies to horse serum 
proteins, these antibodies formed complexes with the 
injected proteins, and the disease was due to the 
antibodies or immune complexes. We now know that 

his conclusions were entirely accurate. He called this 
disease serum disease; it is now more commonly known 
as serum sickness and is the prototype for systemic 
immune complex-mediated disorders. 

complement proteins by Fc and complement receptors. 
These leukocytes are activated and their products 
induce tissue injury. This is the mechanism of injury in 
antibody-mediated glomerulonephritis and many other 
diseases. Third, antibodies that bind to normal cellular 
receptors or other proteins may interfere with the func- 
tions of these receptors or proteins and cause disease 
without actual tissue damage. Antibody-mediated func- 
tional abnormalities are the cause of Graves' disease 
(hyperthyroidism) and myasthenia gravis. Examples of 
hypersensitivity diseases in humans that are caused by 
autoantibodies against self antigens are listed in Table 
18-2. Tissue deposits of antibodies may be detected by 
morphologic examination in some of these diseases, 
and the deposition of antibody is often associated with 
local complement activation, inflammation, and tissue 
injury (Fig. 18-3). 

Immune Complex-Mediated Diseases 

Immune complexes that cause disease may be com- 
posed of either self antigens or foreign antigens with 
bound antibodies. The pathologic features of diseases 
caused by immune complexes reflect the site of 
immune complex deposition and are not determined 
by the cellular source of the antigen. Therefore, 
immune complex-mediated diseases tend to be sys- 
temic, with little or no specificity for a particular tissue 
or organ. 

The occurrence of diseases caused by immune 
complexes was suspected as early as 1911 by an astute 
physician named Clemens von Pirquet. At that time, 
diphtheria infections were being treated with serum 
from horses immunized with the diphtheria toxin, 
which is an example of passive immunization against 

Much of our current knowledge of immune complex 
diseases is based on analyses of experimental models 
of serum sickness. Immunization of an animal such as 
a rabbit with a large dose of a foreign protein antigen 
leads to the formation of antibodies against the 
antigen (Fig. 18-4). These antibodies complex with 
circulating antigen and initially lead to enhanced 
phagocytosis and clearance of the antigen by macro- 
phages in the liver and spleen. As more and more 
antigen-antibody complexes are formed, some of them 
are deposited in vascular beds. In these tissues, the 
antibodies in the complexes may activate complement, 
with a concomitant fall in serum complement levels. 
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antibody-mediated 
glomerulonephritis 

mediated 
glomerulonephritis 

Figure 18-3 Pathologic features of antibody-mediated glomerulonephritis. 
A. Clomerulonephritis induced by an antibody against the glomerular basement membrane 

(Goodpasture's syndrome): the light micrograph shows glomerular inflammation and severe damage, 
and immunofluorescence shows smooth (linear) deposits of antibody along the basement membrane. 

B. Clomerulonephritis induced by the deposition of immune complexes (systemic lupus erythe- 
matosus): the light micrograph shows neutrophilic inflammation, and the immunofluorescence and 
electron micrograph show coarse (granular) deposits of antigen-antibody complexes along the base- 
ment membrane. (Courtesy of Dr. Helmut Rennke, Department of Pathology, Brigham and Women's 
Hospital, Boston.) 

Complement activation leads to recruitment and acti- 
vation of inflammatory cells, predominantly neu- 
trophils, at the sites of immune complex deposition, 
and the neutrophils cause tissue injury. Neutrophils 
also bind to the immune complexes by their Fcy recep- 
tors. Because the complexes are deposited mainly in 
small arteries, renal glomeruli, and the synovia of 

joints, the clinical and pathologic manifestations ale 

vasculitis, nephritis, and arthritis. The clinical symp- 
toms are usually short-lived, and the lesions heal unless 
the antigen is injected again. This type of disease is an 
example of acute serum sickness. A more indolent 
and prolonged disease, called chronic serum sickness, 
is produced by multiple injections of antigen, which 
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Figure 1 8 4  Sequence of immunologic responses in 
experimental acute serum sickness. 

Injection of bovine serum albumin into a rabbit leads to the 
production of specific antibody and the formation of immune 
complexes. These complexes are deposited in multiple tissues, 
activate complement (leading to a fall in serum complement levels), 
and cause inflammatory lesions, which resolve as the complexes and 
the remaining antigen are removed. (Adapted from Cochrane CC. 
lmmune complex-mediated tissue injury. In Cohen S, PA Ward, and 
RT McCluskey [eds]. Mechanisms of Immunopathology. Werbel & 
Peck, New York, 1979, pp 29-48. Copyright 1979, Wiley-Liss, Inc.) 

lead to the formation of smaller complexes that are 
deposited most often in the kidneys, arteries, and 
lungs. 

0 A localized form of experimental immune complex- 
mediated vasculitis is called the Arthus reaction. It is 
induced by injecting an antigen subcutaneously into 
a previously immunized animal or an animal that 
has been given intravenous antibody specific for the 
antigen. Circulating antibodies rapidly bind to the 
injected antigen and form immune complexes that 
are deposited in the walls of small arteries at the injec- 

tion site. This deposition gives rise to a local cutaneous 
vasculitis with necrosis. 

Antigen-antibody complexes are produced during 
normal immune responses, but they cause disease only 
when they are produced in excessive amounts, are not 
efficiently cleared, and become deposited in tissues. 
The amount of immune complex deposition in tissues 
is determined by the nature of the complexes and the 
characteristics of the blood vessels. Small complexes are 
often not phagocytosed and tend to be deposited in 
vessels more than large complexes, which are usually 
cleared by phagocytes. Complexes containing cationic 
antigens bind avidly to negatively charged components 
of the basement membranes of blood vessels and 
kidney glomeruli. Such complexes typically produce 
severe and long-lasting tissue injury. Capillaries in 
the renal glomeruli and synovia are vessels in which 
plasma is ultrafiltered (to form urine and synovial 
fluid, respectively) by passing through the capillary 
wall at high hydrostatic pressure, and these locations 
are among the most common sites of immune complex 
deposition. Immune complexes may also activate infla- 
mmatory cells and mast cells to secrete cytokines and 
vasoactive mediators, which cause increased adhesion 
of leukocytes to the endothelium, increased vascular 
permeability, and enhanced deposition of immune 
complexes in vessel walls by enlarging the interen- 
dothelial spaces. 

The deposition of immune complexes in vessel walls 
leads to complement- and Fc receptor-mediated 
inflammation and injury to the vessels and adjacent 
tissues. Deposits of antibody and complement may be 
detected in the vessels, and if the antigen is known, it 
is possible to identify antigen molecules in the deposits 
as well (see Fig. 18-3). Many systemic immunologic 
diseases in humans are caused by the deposition of 
immune complexes in blood vessels (Table 18-3). A 
prototype of such diseases is systemic lupus erythe- 
matosus (SLE), an autoimmune disease in which 
numerous autoantibodies are produced. Its clinical 
manifestations include glomerulonephritis and arthri- 
tis, which are attributed to the deposition of immune 
complexes composed of self DNA or nucleoprotein 
antigens and specific antibodies (Box 18-1). 

Table 18-3. Examples of Human lmmune Complex-Mediated Diseases 

ystemic lupus DNA, nucleoproteins, Nephritis, arthritis, 1 others / vasculitis 

Polyarteritis nodosa Hepatitis B virus Vasculitis 
surface ant~gen 

oststreptococcal Streptococcal cell wall Nephritis 
omerulonephritis 1 ~;~f~;$\,;V~Ybrular 

asement membrane I 

1 Various proteins Arthritis,vascuIitis, 1 nephritis I 
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Diseases Caused by T Lymphocytes 

Diseases Caused by Immune Responses: Hypersensitivity and Autoimmunity a-m 
T lymphocytes cause tissue inju y either by triggering 
delayed-type hypersensitivity (DTH) reactions or by 
directly killing target cells (Fig. 18-5). DTH reactions 
are elicited by CD4+ T cells of the TH1 subset and CD8+ 
cells, both of which secrete cytokines that activate 
macrophages (interferon-y [IFN-y] ) and induce inflam- 
mation (such as tumor necrosis factor [TNF]). In some 
T cell-mediated disorders, CD8+ cytolytic T lyrnpho- 
cytes (CTLs) directly kill target cells bearing class I 
major histocompatibility complex (MHC)-associated 
antigens. The T cells that cause tissue injury may 
be autoreactive, or they may be specific for foreign 
protein antigens that are present in or bound to 
cells or tissues. T lymphocyte-mediated tissue injury 
may also accompany strong protective immune re- 
sponses against persistent microbes, especially intracel- 
lular microbes that resist eradication by phagocytes and 
antibodies. 

A role for T cells in causing a particular immuno- 
logic disease is suspected largely because of the demon- 
stration of T cells in lesions and the isolation of T cells 
specific for self antigens from the tissues or blood of 
patients. Furthermore, cytokines secreted by activated 
T cells induce alterations in adjacent tissues that are 
used as indicators of local T cell stimulation. For 
instance, IFN-y induces the expression of class I1 MHC 
molecules on cells that do not express these molecules 

constitutively. Abnormal expression of class I1 MHC 
molecules in a tissue suggests that T cells have been 
activated in the immediate environment. 

Diseases Caused by Delayed-type Hypersensitivity 

In DTH reactions, tissue injury results from the prod- 
ucts of activated macrophages, such as hydrolytic 
enzymes, reactive oxygen intermediates, nitric oxide, 
and proinflammatory cytokines (see Chapter 13). 
Vascular endothelial cells in the lesions may express 
enhanced levels of cytokine-regulated surface proteins 
such as adhesion molecules and class I1 MHC mole- 
cules. Chronic DTH reactions often produce fibrosis as 
a result of the secretion of cytokines and growth factors 
by the macrophages. 

Many organ-specific autoimmune diseases are 
caused by DTH reactions induced by autoreactive T 
cells (Table 18-4). In insdimdependent diabetes 
mellitus (IDDM) (Box 18-2), infiltrates of lymphocytes 
and macrophages are found around the islets of 
Langerhans in the pancreas, with destruction of insulin- 
producing P cells in the islets and a resultant deficiency 
in insulin production. In animal models of IDDM, the 
disease can be transferred to young, prediseased 
animals by injecting T cells from older diseased 
animals. Multiple sclerosis (MS) is an autoimmune 
disease of the central nervous system in which CD4+ T 

) Delayed-type hypersensitivity 

t I Inflammation I 

Normal tissue 

)T cell-mediated cytolysis CD8+ - -  - 

TLs 

Cell killing and 
tissue injury 1 

Figure 18-5 Mechanisms of T cell-mediated diseases. 
A. In delayed-type hypersensitivity reactions, CD4+ T cells (and sometimes CD8' cells) respond to 

tissue antigens by secreting cytokines that stimulate inflammation and activate phagocytes, leading 
to tissue injury. APC, antigen-presenting cell. 

B. In some diseases, CD8' cytolytic T lymphocytes (CTLs) directly kill tissue cells. 
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Table 184. Examples of T C 

Disease 

arthritis nt synovium 
II 

Multiple sclerosis, 
' " /elin basic protein, 

experimental 2teolipid protein 
autoimmune 
encephalomyelitis 
(EAE) 
Peripheral neuritis' "? protein of peripheral 

rve myelin 

Experimental 
autoimmune 

4-Mediated immunologic Diseases 

1 Human disease I Animal models 
I 

I Yes; specificity of NOD mouse, BB rat, 
T cells not established transgenic mouse 

models 

Yes; specificity of T cells Collagen-induced 
and role of antibody arthritis, others 
not established 

Yes; T cells recognize EAE is induced by 
myelin antigens immunization with CNS 

myelin antigens; TCR 
transgenic models 

Guillain-Barre syndrome Induced by immunization 
with peripheral nerve 
myelin antigens 

? Induced by 
immunization 
with myosin 

I Abbreviations: CNS. central nervous system; NOD nonobese diabetic; TCR, T cell receptor.1 

In some autoimmune diseases such as myasthenia gravis, the lesions are caused by autoantibodies but the 1 
disease may be transferred in experimental models by helper T cells specific for self antigens. In such disorders, 1 
the function of the T cells is to stimulate the production of autoantibodies. 

, . 
i 
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cells of the TH1 subset react against self myelin antigens 
(Box 18-3). The DTH reaction results in the activation 
of macrophages around nerves in the brain and spinal 
cord, destruction of the myelin, abnormalities in nerve 
conduction, and neurologic deficits. An animal model 
of MS is experimental autoimmune encephalomyelitis 
(EAE) , induced by immunization with protein antigens 
of central nervous system myelin in adjuvant. Such 
immunization leads to an autoimmune T cell response 
against myelin. EAE can be transferred to naive animals 
with myelin antigen-specific CD4+ TH1 cells, and the 
disease can be prevented by treating immunized 
animals with antibodies specific for class I1 MHC or for 
CD4 molecules, indicating that CD4+ class I1 MHC- 
restricted T cells play an obligatory role in this disor- 
der. Rheumatoid arthritis (Box 18-4) is a systemic 
disease affecting the small joints and many other 
tissues. A role for T cell-mediated inflammation is sus- 
pected in this disease because of its similarity to animal 
models in which arthritis is known to be caused by T 
cells specific for joint collagen. Antibodies may also 
contribute to joint inflammation in this disease. Antag- 
onists against the inflammatory cytokine TNF have a 
beneficial effect in rheumatoid arthritis. 

Cell-mediated immune responses to microbes and 
other foreign antigens may also lead to tissue injury at 
the sites of infection or antigen exposure. Intracellular 

bacteria such as Mycobacterium tuberculosis induce strong 
T cell and macrophage responses that result in granu- 
lomatous inflammation and fibrosis; the inflammation 
and fibrosis may cause extensive tissue destruction 
and functional impairment, in this case in the lungs. 
Tuberculosis is a good example of an infectious disease 
in which tissue injury is mainly due to the host immune 
response (see Chapter 15). A variety of skin diseases 
that result from topical exposure to chemicals and 
environmental antigens, called contact sensitivity, 
are due to DTH reactions, presumably against neoanti- 
gens formed by the binding of the chemicals to self 
proteins. 

Some immunologic diseases are associated with 
abnormal production of cytokines. Inflammatory bowel 
disease (IBD) consists of a heterogeneous group of dis- 
orders, including Crohn's disease and ulcerative colitis, 
in which an immunologic etiology has been suspected 
for many years. Several knockout mouse models of IBD 
illustrate the roles of cytokines in immune inflamma- 
tion in these diseases. Severe IBD develops in mice in 
which the genes for the cytokines ILlO or IL2 are 
knocked out. It is thought that in IL-10 knockouts, the 
mechanism of the lesions is unregulated macrophage 
responses to enteric bacteria, because the disease does 
not develop in germ-free knockout mice. Autoimmu- 
nity may develop in IL2 knockouts because of defective 
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Insulindependent (type I) diabetes mellitus (IDDM) is a 
multisystem metabolic disease resulting from impaired 
insulin production or function. The disease is character- 
ized by hyperglycemia and ketoacidosis. Chronic compli- 
cations of IDDM include progressive atherosclerosis of 
arteries, which can lead to ischemic necrosis of limbs and 
internal organs, and microvascular obstruction causing 
damage to the retina, renal glomeruli, and peripheral 
nerves. The relationship of abnormal glucose metabolism 
and vascular lesions is not known. IDDM (also called juve- 
nile or type I diabetes) affects about 0.2% of the U.S. pop- 
ulation, with a peak age at onset of 11 to 12 years. These 
patients have a deficiency of insulin resulting from destruc- 
tion of the insulin-producing P cells of the islets of 
Langerhans in the pancreas, and continuous hormone 
replacement therapy is needed. 

Several mechanisms may contribute to p cell destruc- 
on, including DTH reactions mediated by CD4+ TH1 cells 

reactive with islet antigens, CTLmediated lysis of islet cells, 
local production of cytokines (TNF and IL1) that damage 
,let cells, and autoantibodies against islet cells. In the rare 

cases in which the pancreatic lesions have been examined I at the early active stages of the disease, the islets show 
ellular necrosis and lymphocytic infiltration. This lesion 

is called insulitis. The infiltrates consist of both CD4+ and 
CD8+ T cells. Surviving islet cells often express class I1 
MHC molecules, probably an effect of local production of 
IFN-y by the T cells. Autoantibodies against islet cells and 
insulin are also detected in the blood of these patients. 
These antibodies may participate in causing the disease or 
may be a result of T cell-mediated injury and release of 
normally sequestered antigens. In susceptible children 
who have not developed diabetes (such as relatives of 
patients), the presence of antibodies against islet cells is 
predictive of the development of IDDM. This suggests that 
the anti-islet cell antibodies contribute to injury to the 
islets. 

Multiple genes are involved in IDDM (see text, Table 
18-5). A great deal of attention has been devoted to the 
role of HLA genes. Ninety percent to 95% of whites with 
IDDM have HLA-DR3, or DR4, or both, in contrast to 
about 40% of normal subjects, and 40% to 50% of patients 
are DR3/DR4 heterozygotes, in contrast to 5% of normal 
subjects. Interestingly, susceptibility to IDDM is actually 
associated with a linked DQ allele called DQ3.2 that is 
often in linkage disequilibrium with DR4. Sequencing of 
DQ molecules associated with diabetes, both in humans 
and in the IDDM-susceptible NOD mouse strain, suggests 
that an asparagine at position 57 in the DQP chain (I-A in 
the mouse) protects against IDDM, and its absence 
increases susceptibility. Although there are many excep- 
tions to this finding, a general hypothesis is that develop 
ment of IDDM is influenced by the structure of the entire 
DQ peptide-binding cleft, with residue 57 playing a 
significant but not exclusive role. Despite the high relative 
risk of IDDM in individuals with particular class I1 alleles, 
most persons who inherit these alleles do not develop the 
disease. For instance, the frequency of DQ3.2 in the 

~neral population is approximately 27%, but only a small 
action of these individuals develop IDDM. 

Non-HLA genes also contribute to the disease. The first 
of these to be identified is insulin, with tandem repeats in 
the promoter region being associated with disease suscep- 

tibility. The mechanism of this association is unknown. In 
the NOD mouse model, another polymorphism associated 
with the disease is believed to be in the IL2 gene. The 
functional consequences of this polymorphism are not 
known, but it is intriguing that IL2 knockout mice develop 
autoimmunity. Furthermore, some studies have suggested 
that viral infections (e.g., with coxsackievirus B4) may 
precede the onset of IDDM, perhaps by initiating cell 
injury, inducing inflammation and the expression of 
costimulators, and triggering an autoimmune response. 
However, epidemiological data suggest that repeated infec- 
tions protect against IDDM, and this is similar to the NOD 
model. In fact, it has been postulated that one reason for 
the increased incidence of IDDM in developed countries 
is the control of infectious diseases. 

ANIMAL MODELS OF SPONTANEOUS IDDM The 
.JOD mouse strain develops a spontaneous T cell- 
mediated insulitis, which is followed by overt diabetes. 
lisease can be transferred to young NOD mice with T cells 

-.-om older, affected animals. As mentioned earlier, the 
linkage of this disease with the MHC is remarkably similar 
to the HLA linkage of IDDM in humans. In NOD mice, 
disease is induced by diabetogenic T cells that may recog- 
nize various islet antigens, including insulin and an islet 
cell enzyme called glutamic acid decarboxylase. Induction 
of T cell tolerance to these antigens retards the onset of 
diabetes in NOD mice. Another animal model of the 
'isease is the BB rat, in which insulitis and diabetes are 
ssociated with lymphopenia. 

TRANSGENIC MOUSE MODELS OF IDDM Several 
different transgenic models have been created by expre, 
ing transgenes in pancreatic islet p cells by introducil _ 
these genes into mice under the control of insulil .o- 
moters. Allogeneic class I and class 11 MHC molecules can 
be expressed in islet cells to test the hypothesis that this 
will create an endogenous "allograft" that should be 
attacked by the immune system. Insulitis does not develop 
in these mice because T cells specific for the allogeneic 
MHC molecules become tolerant, in part because the 
insulin promoter is leaky and the alloantigens are 
expressed in the thymus. Expression of the costimulator 
B7-1 in islet cells increases susceptibility to insulitis (see 
text). In some models, if both allogeneic MHC molecules 
and IL-2 are expressed in islets, insulitis does develop, 
probably because local IL2 production breaks T cell 
anergy and initiates an allogeneic reaction against the 
islets. Other model protein antigens have also been 
expressed in islet P cells, and the reaction of T cells to 
these antigens has been studied as a model for IDDM. 

A different transgenic model involves expressing in T 
-11s a T cell receptor (TCR) specific for an islet cell 
ntigen in T cells. As these mice age, they develop 

insulitis and diabetes. Interestingly, the TCR transgene- 
expressing T cells are not deleted in the thymus, iniicat- 
ing that islet antigens do not cause central tolerance. In 
addition, insulitis develops many weeks before over ia- 
betes, but the factors responsible for stepwise disease pro- 
gression are not known. A variation of this approach is to 
express a model protein antigen in the islets and introduce 
into these antigen-expressing mice T cells from TCR trans- 
genic mice expressing receptors specific for that antigen. 
These models are valuable for studying T cell tolerance 
and responses to tissue antigens. 
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1 Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis 

Multiple sclerosis (MS) is the most common neurologic autoreactiveT cells specific for myelin proteins pres 
disease of young adults. On pathdogic examination, there in the circulation of normal individuals. fmmuniza~on 
is inflammation in the central nervous system (CNS) white with a myelin antigen together with an adjuvant leads to 
matter with secondary demyelination. The disease is T cell activation against epitopes of autologous myc 
characterited clinically by weakness, pdalysis, and ocular pr6teins. Activated 'lr cells traffic into the CNS more 
symptoms with exacerbations and remissions; CNS imag- ready than do naive cells. In the CNS, the activated T 
ing suggests that in patients with active disease, there is cells encounter myelin proteins and release Wki i 

frequent new lesion formation. The disease is modeled by that recruit and activate macrophages and other T cem, 
experimental autoimmune encephalomyelitis (EAE) in leading to'myelin destruction. Microbes potentiate disease 
mice, rats, guinea pigs, and nonhuman primates, and this by stimulating the expression of costimulators and 
is probably the be~t~characterizetl experimental model of cytokines and the "bystander activation" of autoreactive T 
an organ-specific autoimmune disease mediated exclu- cells and perhaps by expressing antigenic epitopes that 
sively by T lpphocytes. EAE is induced.by immunizing crowreact wi$ self myelin antigens. The disease is 
animals with antigens normally present in CNS myelin, -*'3pPagatecl by the process known as epitope spreading, 
such as myelin basic protein (MBP), proteolipid protein thin weeks after the onset of EAE, *ere is tissue break- 
(PLP), and myelin oligbdendrocyte glycoprotein (MOG), down with release of new protein epitopes; local antigen- 
with an adjuvant containing heat-killed mycobacterium, presenting hlls in the CNS itself express high levels of class 
which is necessary for stimulating the innate immune I1 MHC and costimulatory molecules. Thus, the immwo- 
system. About 1 t o 2  weeks after immunization, animals logically activated brain tissue induces the activation of 
develop an encephalomyelitis, characterized by perivascu- alxtoreactive T cells recognizing many myelin proteins 
lar infiltraes composed of lymphocytes and macrophages her than the antigen that triggered the disease. The clin- 
in the CNS white matter, followed by demyelination. The 1 relevance of the phenomenon is that by the time 
severity of the lesions depends on the animal species, , Aents present to the clinic, there is unlikely to be a single 
antigen, and adjuvant. The'eeurologic lesims can be mild antigen driving the disease. 
and self-limited or chrodc and relapsing. EAE Fas been used to analyze the fine specificity !of 

In mice, EAE is caused by activated, @4+ THI cells myelin-reactive encephalitogenic T cells and to help define 
specific for MBP, PUP, or MOG. This has been establish i m n o d o m i m t  regions of myelin proteins that mat 
by many lines of expsrimenml evidence. Mice immunizea relevant to MS in humans. Mutational analysis of various 
with MBP or PLP contain CD4+ T cells that secrete IL2 MBP and PLP peptides has shown that some amino acid 
and IFN-y ,and proliferate ifi response to that antigel residues are critical for binding to MHC molecules 
vim. The disease can be transferred to naive animal,s ~y others for recognition by T cells. Altered peptide liganas 
CD4+ T cells from MBP- or PLPdmmunized syngeneic (APLk, see Chapter 8) may be produced by introducing 
animals or with MBP- or PLP$peclfk cloni?d CD4+ T cell conservative substitutions in the TCR contact residues of 
lines. All diseask-produting cloi?es;have a TH1 phenotype, ""SP or PLP. Administration of such mutant peptides 
and the lesions &EAE usuilljr haqe-'the -cliaracteT-fstics of ,cks the induction of EAE. It is thought that the altitred 
delayed-type hypersensitivity ceactionh, b humans, T cells peptide ligands induce anergy in TH1 cells specific for 
specific for .myelin pP@ins c h .  lee' isolated from the --the MBP or PLP or stirnolate the development of anti; 
peripheral blood of normal subjects as well as from l m a t o r y  TH2 cells specifio for these myelin antigens. 
patients withA4S; however, as predicted by@e EAE model) This appr~ach has recently been tried in patients with MS. 
the myelin-reactive T cells derived frOm paYiefiq with MS T@ contact residues identified in an immunodominant 
are in an activatqd state compared with those fiom nvyrnal MBP peptide were modified to produce an APL, and the 
subjects, which appear to be naive. , APL was injected into patients. At high antigen doses, a 

Diseasecausing T cells in EAE express kgh lev_els of the subset of patients experienced a flare-up of the disease 
integrin VLA4. The infiltqtion of T cells i nk  the CNS associated with very high frequencies of APLreactive T 

is thought to depend on the binding of V u 4  td its ligdd, cdls that were crosweactive with the native self antigen. 
VCAM-1, on mikovascular endothelium. Snidies in These unfortunate result4 provide strong evidence that 
have demonstrated that monoclonal antibodids blocking flareups of MS are related to T cell responses to myelin 
the VLA-4-VCAM interaction block the onset of EAE. Sim- proteins. 
ilarly, data from early clinical'trials indicate that blocking Both EAE and MS have strong genetic components and . 
VLA4 can significantly prevent the onset of new lesions as dccur only in genetically susceptible hosts. Identical twins 
measured by magnetic resonance imaging of the brain. ' te a 225% to 40% concor&mce rate for development of 
Whether this will translate into an acceptable, long-lasting i, whereas nonidentical twins have a 1% concordance 
therapy for the disease is not yet k n o ~ .  rate. In both mice and humans, certain MHC haplotypes 

The sequence of events in the development of EAE, and have been linked to the disease. 
by analogy MS, is thought to be the following. Potentially 
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Rheumatoid Arthriti! 

Rheumatoid arthritis is an inflammatory disease involving 
small joints of the extremities, particularly of the fingers, 
as well as larger joints including shoulders, elbows, knees, 
and ankles. Rheumatoid arthritis is characterized by 
inflammation of the synovium associated with destruction 
of the joint cartilage and bone, with a morphologic picture 
suggestive of a local immune response. Both cell-mediated 
and humoral immune responses may contribute to devel- 
opment of synovitis. CD4+T cells, activated B lymphocytes, 
plasma cells, and macrophages as well as other inflamma- 
tory cell types are found in the inflamed synovium, and in 
severe cases, well-formed lymphoid follicles with germinal 
centers may be present. Numerous cytokines, including 
ILl ,  IL8, TNF, and IFN-y, have been detected in the 
synovial (joint) fluid. Cytokines are believed to activate 
resident synovial cells to produce proteolytic enzymes, 
such as collagenase, that mediate destruction of the carti- 
lage, ligaments, and tendons of the joints. Many of the 
cytokines thought to play a role in initiating joint destruc- 
tion are probably produced as a result of local T cell and 
macrophage activation. Antagonists against TNF have 
proved to be of benefit in patients, and soluble TNF recep 
tor as well as anti-TNF antibody are now approved for treat- 
ment of the disease. The bone destruction in rheumatoid 
arthritis is due to increased osteoclast activity in the joints, 
and this may be related to the production of the TNF 
family cytokine RANK ligand (osteoprotegerin ligand) by 
activated T cells. RANK ligand binds to RANK, a member 
of the TNF receptor family that is on osteoclast precursors, 
and induces their differentiation and activation. The speci- 
ficity of the T cells that may be involved in the pathogen- 
esis of arthritis and the nature of the initiating antigen are 
not known. Significant numbers of T cells expressing the 
y6 antigen receptor have also been detected in the synovial 
fluid of some patients with rheumatoid arthritis. However, 
the pathogenic role of this subset of T cells, like their 
physiologic function, is obscure. 

Systemic complications of rheumatoid arthritis include 
vasculitis, presumably caused by immune complexes, 
lung injury. The nature of the antigen or the antibodie, 

these complexes is not known. Patients with the adult 
form of rheumatoid arthritis frequently have circulating 
antibodies, which may be IgM or IgG, reactive with the Fc 
(and rarely Fab) portions of their own IgG molecules. 
These autoantibodies are called rheumatoid factors, and 
their presence is used as a diagnostic test for rheumatoid 
arthritis. Rheumatoid factors may participate in the for- 
mation of injurious immune complexes, but their patho- 
genic role is not established. Although activated B cells and 
plasma cells are often present in the synovia of affected 
joints, the specificities of the antibodies produced by these 
cells or their roles in causing joint lesions are not known. 
Susceptibility to rheumatoid arthritis is linked to the HLA- 
DR4 haplotype and less so to DRl and DRWID. In all these 
alleles, the amino acid sequences from positions 65 to 75 
of the fJ chain are nearly identical. These residues are 
located in or close to the peptide-binding clefts of the HLA 
molecules, suggesting that they influence antigen presen- 
tation or T cell recognition. 

There are several experimental models of arthritis. 
MRL/lpr mice develop spontaneous arthritis and have high 
serum levels of rheumatoid factors. The immune mecha- 
nisms of joint disease in MRL/lpr mice are not known. T 
cell-mediated arthritis can be induced in susceptible 
strains of mice and rats by immunization with type I1 colla- 
gen (the type found in cartilage), and the disease can be 
adoptively transferred to unimmunized animals with colla- 
gen-specific T cells. However, in the human disease, there 
is no convincing evidence for collagen-specific autoimmu- 
nity. An antibody-mediated arthritis closely resembling 
rheumatoid arthritis is seen in a TCR transgenic strain of 
mice called K/B x N. In this model, autoantibodies that 
recognize the ubiquitous cytoplasmic enzyme glucose-6- 
phosphate isomerase mediate inflammation specifically on 
articular surfaces. The relevance of this mechanism to 
human disease is not yet known. Experimental arthritis can 
also be produced by immunization with various bacterial 
antigens, including mycobacterial and streptococcal cell 
wall   rote ins. However. such diseases bear little resem- 
blance to human rheumatoid arthritis. 

deletion of autoreactive T cells and deficiency of 
regulatory cells (see Chapter 10). These findings have 
spurred considerable interest in defining the roles of T 
cells and cytokines in human IBD and in trying cytokine 
(e.g., IL-10) therapy for the human disease. 

Diseases Caused by Cytolytic T Lymphocytes 

CTL responses to viral infection can lead to tissue 
injury by killing infected cells, even if the virus itself 
has no cytopathic effects. The principal physiologic 
function of CTLs is to eliminate intracellular microbes, 
primarily viruses, by killing infected cells. Some viruses 
directly injure infected cells and are said to be cyto- 
pathic, whereas others are not. Because CTLs cannot a 
priori distinguish between cytopathic and noncytopathic 
viruses, they kill virally infected cells regardless of 

whether the infection itself is harmful to the host. 
Examples of viral infections in which the lesions are due 
to the host CTL response and not the virus itself 
include lymphocytic choriomeningitis in mice and 
certain forms of viral hepatitis in humans (see Chapter 
15). 

Few examples of autoimmune diseases mediated by 
CTLs have been documented. Myocarditis with infiltra- 
tion of the heart by CD8' T cells develops in mice, and 
sometimes in humans, infected with coxsackievirus 
B. The infected animals contain virus-specific, class I 
MHC-restricted CTLs as well as CTLs that kill unin- 
fected myocardial cells. It is postulated that the heart 
lesions are initiated by the virus infection and virus- 
specific CTLs, and myocardial injury leads to the expo- 
sure or alteration of self antigens and the subsequent 
development of autoreactive CTLs. CTLs may also 
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Figure 18-7 Susceptibility loci for autoimmune diseases. 
The chromosomal locations of susceptibility loci for several autoimmune diseases in inbred 

mice are shown as follows: Cia, collagen-induced arthritis; Eae, experimental autoimmune 
encephalomyelitis; Idd, insulin-dependent (type I) diabetes; Sle, systemic lupus erythematosus (Sles 
refers to loci that suppress SLE). Also shown in red are the locations of genes of immunologic inter- 
est, such as the MHC, cytokines (interleukins, ILs), and some CD molecules. (Courtesy of Dr. Vijay 
Kuchroo, Department of Neurology, Harvard Medical School, and Dr. Jeffrey Encinas, Bayer.) 

ance, see Chapter 10). Similarly, multiple genetic loci 
are involved in SLE (see Box 18-1). In a mouse model 
of SLE, different loci contribute to unregulated B cell 
activation, autoantibody production, or manifestations 
of kidney disease. The mechanistic links between sus- 
ceptibility genes and failure of self-tolerance are not yet 
established. However, it is likely that as the mapping of 
susceptibility genes becomes more sophisticated, we will 
be able to identify the combinations of genes associated 
with different autoimmune diseases, and the mecha- 
nisms by which these genes affect self-tolerance will 
become clearer. 

Among the genes that are associated with autoim- 
munity, the strongest associations are with MHC 
genes, especially class I1 MHC genes. HLA typing of 
large groups of patients with various autoimmune 
diseases has shown that some HLA alleles occur at 
higher frequency in these patients than in the general 
population. From such studies, one can calculate the 
relative risk for development of a disease in individuals 

who inherit various HLA alleles (Table 18-5). The 
strongest such association is between ankylosing 
spondylitis, an inflammatory, presumably autoimmune, 
disease of vertebral joints, and the class I HLA allele 
B27. Individuals who are HLA-B27 positive have a 90- 
to 100-fold greater chance for development of ankylos- 
ing spondylitis than do individuals lacking B27. Neither 
the mechanism of this disease nor the basis of its asso- 
ciation with HLA-B27 is known. Much more work has 
been done recently on the association of class I1 HLA- 
DR and HLA-DQ alleles with autoimmune diseases, 
mainly because class I1 MHC molecules are involved in 
the selection and activation of CD4' T cells, and CD4' 
T cells regulate both humoral and cell-mediated 
immune responses to protein antigens. 

Several features of the association of HLA alleles with 
autoimmune diseases are noteworthy. First, an HLA- 
disease association may be identified by serologic typing 
of one HLA locus, but the actual association may be 
with other alleles that are linked to the typed allele and 
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Table 18-5. Examples of HLA-Linked immunologic Diseases 

*Relative risk is defined as the probability of development 
of a disease in individuals with a particular HIA allele versus 
individuals lacking that HLA allele. The numbers given are 
approximations. 

inherited together. For instance, individuals with a 
particular HLA-DR allele (hypothetically, DR1) may 
show a higher probability of inheriting a particular 
HLA-DQ allele, hypothetically DQ2, than the probabil- 
ity of inheriting these alleles separately and randomly 
(i.e., at equilibrium) in the population. Such inheri- 
tance is an example of linkage disequilibrium. A disease 
may be found to be DR1 associated by HLA typing, but 
the causal association may actually be with the co-inher- 
ited DQ2. This realization has emphasized the concept 
of "extended HLA haplotypes," which refers to sets of 
linked genes, both classical HLA and adjacent non-HLA 
genes, that tend to be inherited together as a single 
unit. Second, in many autoimmune diseases, the 
disease-associated HLA molecules differ from HLA 
molecules that are not disease associated in their 
peptide-binding clefts. This finding is not surprising 
because polymorphic residues of MHC molecules are 
located within and adjacent to the clefts, and the struc- 
ture of the clefts is the key determinant of both func- 
tions of MHC molecules, namely, antigen presentation 
and recognition by T cells (see Chapters 4 and 5). 
These results support the general concept that MHC 
molecules influence the development of autoimmunity 
by controlling T cell selection and activation. Third, 
disease-associated HLA sequences are found in healthy 
individuals. In fact, if all individuals bearing a par- 
ticular disease-associated HLA allele are monitored 
prospectively, most will never acquire the disease. 
Therefore, expression of a particular HLA gene is not 
by itself the cause of any autoimmune disease, 
but it may be one of several factors that contribute to 
autoimmunity. 

It is still not known why particular autoimmune dis- 
eases are associated with the inheritance of particular 

MHC alleles. One possibility is that the structures of 
MHC molecules determine which clones of T lympho- 
cytes are negatively selected during their maturation. 
For instance, if the MHC molecules in the thymus of an 
individual cannot bind a self protein with high affinity, 
immature T cells reactive with this self antigen may 
escape negative selection and mature to functional 
competence. Such a mechanism has been suggested as 
the reason for the failure of central T cell tolerance in 
the NOD mouse model of diabetes mentioned earlier. 
It is also possible that class I1 MHC molecules influence 
the activation of regulatory T cells whose normal func- 
tion is to prevent autoimmunity. However, no evidence 
exists to support this hypothesis. 

Studies with knockout mice and patients have 
identified several genes that infiuence the maintenance 
of tolerance to self antigens. Many of these genes were 
mentioned in Chapter 10, when we discussed the 
molecular pathways of different mechanisms of periph- 
eral T cell tolerance. Several of the known mutations 
that predispose to autoimmunity have provided valu- 
able information about the importance of various 
mechanisms of self-tolerance (Table 18-6). 

Knockout of the gene encoding CTLA-4, the inhibitory 
T cell receptor for B7 molecules, results in fatal 
autoimmunity with T cell infiltrates and tissue destruc- 
tion involving the heart, pancreas, and other organs. 
Blocking CTLA-4 with specific antibodies also greatly 
exacerbates the severity of autoimmune tissue injury in 
mouse models of encephalomyelitis and diabetes. 
Because CTLA-4 may function normally to induce and 
maintain T cell anergy to self antigens, eliminating this 
function leads to autoimmunity. 

The first clear evidence demonstrating that failure 
of activation-induced apoptotic cell death results in 
autoimmunity came from studies of two homozygous 
inbred mouse mutants called lpr/lpr (for lymphopro- 
liferation) and gld/gld (for generalized lymphoprolif- 
erative disease) (see Box 18-1). These mice die by the 
age of 6 months of a systemic autoimmune disease with 
multiple autoantibodies and nephritis. The lpr defect 
is due to an abnormality in the gene encoding the 
death receptor Fas that reduces expression of this 
protein, and the gld defect is due to a point mutation 
in Fas ligand that abolishes the signaling capacity of 
this molecule. Defects in Fas or Fas ligand result in an 
inability to delete mature CD4+ T cells by activation- 
induced cell death. This failure of apoptosis results in 
the survival and persistence of helper T cells specific 
for some as yet unidentified self antigens. Functional 
B cell abnormalities also contribute to autoimmunity 
in Fas- or Fas ligand-defective mice because some 
anergic B cells are normally eliminated by Fas- 
dependent death resulting from interactions with T 
cells, and this pathway of B cell deletion is defective 
in lpr and gld mice. Children with a phenotypically 
similar disease have been identified and shown to carry 
mutations in the gene encoding Fas or in genes in the 
Fas-mediated death pathway that result in a failure of 
activation-induced cell death. These diseases are the 
only ones known in which genetic abnormalities in one 
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Fiqure 18-8 Role of infec- Table 18-6. Examples of Gene Mutations That Result in Autoimmunity 

Gene Phenotype of Mechanism of Human disease? 
knockout mouse failure of tolerance 

TLA-4 
: Lymphoproliferation; Failure of anergy in CTLA-4 polymorphisms 
; T cell infiltrates in multiple CD4+ T cells associated with several 
organs, especially heart; 

I 
autoimmune diseases 

ti& in the development of 
autoimmunity. 

A. Normally, encounter of a 
mature self-reactive T cell with a 
self antigen presented by a co- 
stimulator-deficient resting tis- 
sue antigen-presenting cell (APC) 
results in peripheral tolerance by 
anergy. (Other possible mecha- 
nisms of self-tolerance are not 
shown.) 

B. Microbes may activate the 
APCs to express costimulators, 
and when these APCs present self 
antigens, the self-reactive T cells 
are activated rather than ren- 
dered tolerant. 

lethal bv 3-4 weeks I I I 
Anti-DNA and other Defective AlCD in Autoimmune 
autoantibodies; immune CD4+ T cells and deletion lymphoproliferative 
com~lex ne~hritis; of anergic self-reactive B cells syndrome (ALPS) 
arthritis; lymphoproliferation 
Inflammatory bowel Defective development or None known 
disease; antierythrocyte function of regulatory T cells; 
and anti-DNA autoantibodies defective AlCD of CD4+ T cells 

Multiple autoantibodies Failure of negative regulation 
of B cells 

C. Some microbial antigens 
may cross-react with self antigens 
(molecular mimicry). Therefore, 
immune responses initiated by 
the microbes may activate T cells 
specific for self antigens. 

Presentation of 
antigen by APC 

I 

None known 

Antibody-mediated 
dilated cardiomyopathy 
(on some genetic 
backgrounds, there is 
SLE-like disease) 

SLE 

? Failure of T cell anergy None known 

Activation 

Self - 
tissue II 

I ~utoimmunit~ I 

SLE Defective clearance of 
immune complexes; 
?Failure of B cell tolerance 

I I 

Abbreviations: AICD, activation-induced cell death; IL-2, interleukin-2; PD-1, programmed death 
gene-1 (an inhibitory receptor that is homologous to CD28); SHP-1, SH2-containing phosphatase-1 . 

Most of the examples refer to knockout mice; mutations of the complement protein C4 are seen in 
systemic lupus erythematosus (SLE) in humans. -7 . - - - _ . _  __ ._-___ _. __-- -̂- ." ---"".I" r -  results in the activation of T cells that are not  spe- 

cific for the infectious pathogen; this type of 
response is called bystander activation. The  impor- 
tance of abcrrant expression of costimulators has 
been demonstrated by several types of experiments. 

to converting resting tissue APCs to activated APCs, 
much like what happens in infections. 

apoptosis-inducing ligand-receptor pair lead to phe- 
notypically complex autoimmune diseases. 

I Severe splenomegaly and lymphadenopathy and an 
autoimmune syndrome characterized by autoimmune 
hemolytic anemia and, occasionally, anti-DNA autoan- 
tibodies develop in mice lacking IL-2 or the a or P 
chain of the IL-2 receptor; IBD also develops in some 
of these knockout mice. (Mutations in the IL-2 recep- 
tor y chain lead to immunodeficiency, mainly because 
of loss of the lymphopoietic activity of IL-7, a cytokine 
whose receptor uses the same y chain as IL-2.) The 
pathogenesis of this autoimmune disease is not known. 
It may result from failure of Fas-dependent cell death 
because IL-2 potentiates Fas-mediated apoptotic 
signals. Defective activation of regulatory T cclls in the 
absence of IL-2 or IL-2-mediated signals may also be 
involved. Further supporting the importance of IL-2 as 
a susceptibility gene foi- autoimmunity is the finding 
that a polymorphism in IL-2 that may reduce the half- 
life of the cytokine is associated with the NOD mouse 
node1 of diabetes and susceptibility or mice to EAE. 

Senetic deficiencies of several complement proteins, 
including C2 and C4 (see Chapter 14, Box 14-2), are 
associated with lupus-like autoimmune diseases. The 
postulated mechanism of this association is that 
complement activation promotes the clearance of 
circulating immune complexes, and in the absence of 

complement proteins, these complexes accumulate in 
the blood and are deposited in tissues. 

Infectious microbes may contain antigens that cross- 
react with self antigens, so immune responses to the  
microbes may result in  reactions against self anti- 
gens. This phenomenon is called molecular mimicry, 
because the antigens of the microbe cross-react with, 
o r  mimic, self antigens. 

Experimental T cell-mediated autoimmune diseases, 
such as encephalomyelitis (see Box 18-3) and thy- 
roiditis, develop only if the self antigens (myelin pro- 
teins and thyroglobulin, respectively) are administered 
with strong adjuvants. Such adjuvants may function 
like infectious agents to activate tissue dendritic cells 
and macrophages, leading to the expression of the co- 
stimulators B7-1 and B7-2, the breakdown of T cell 
anergy, and the development of effector T cells reac- 
tive with the self antigen. 

Role of Infections in Autoimmunity 

Viral and bacterial infections may contribute to the 
development and exacerbation of autoimmunity. In 
patients, the onset of autoimmune diseases is often asso- 
ciated with o r  preceded by infections, and in  several 
animal models, autoimmune tissue injury is reduced 
when the animals are free of infections. (One notable 
and unexplained exception is the NOD mouse, in 
which infections tend to ameliorate insulitis and  dia- 
betes.) In  most of these cases, the infectious micro- 
organism is not  present in  lesions and is no t  even 
detectable in  the individual when autoimmunity devel- 
ops. Therefore, the lesions of autoimmunity are not 
due to the infectious agent itself but result from host 
immune responses that may be triggered or  dysregu- 
lated by the microbe. 

Infections may promote the development of auto- 
immunity by two principal mechanisms (Fig. 18-8). 

g) One example of an immunologic cross-reaction 
between microbial and self antigens is rheumatic fever, 
which develops after streptococcal infections and is 
caused by antistreptococcal antibodies that cross-react 
with myocardial proteins. These antibodies are 
deposited in the heart and cause myocarditis. Molecu- 
lar sequencing has revealed numerous short stretches 
of homologies between myocardial proteins and strep- 
tococcal protein. 

More formal demonstration of autoimmune tissue 
injury resulting from the abnormal expression of co- 
stimulators and breakdown of T cell anergy has 
come from transgenic mouse models of IDDM 
(see Box 18-1). Various genes can be expressed selec- 
tively in pancreatic islet P cells as transgenes under the 
control of insulin promoters. If a foreign antigen such 
as a viral protein is expressed as a transgene in islet P 
cells, this antigen effectively becomes "self' and does 
not elicit an autoimmune reaction. However, coex- 
pression of the viral antigen and B7-1 breaks periph- 
eral tolerance in viral antigen-specific T cells, triggers 
a response to the antigcn in the islets, and results in 
insulitis and diabetes. In this model, transgene- 
encoded expression of the costimulator is equivalent 

@ Homologies have also been detected between myocar- 
dial protein antigens and the antigens of Chlamydia 
and Trypanosoma cruzi, both of which are associated 
with myocarditis. In these infections, the myocarditis 
develops after the infectious microbes have been elim- 
inated, suggesting that the disease is due to an immune 
response and not the infection itself. Infections of particular tissues may induce loca. 

innate immune responses that recruit  leukocyte^ 
into the tissues and result in the expression of CO- 

stimulators o n  tissue APCs and  the breakdown of T 
cell tolerance to self antigens. Thus, the infectior 

The  significance of such limited homologies 
between microbial and self antigens remains to be 
established, and it has been difficult to prove that a 
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microbial protein can actually cause a disease that 
resembles a spontaneous autoimmune disease. On 
the basis of transgenic mouse models, it has been 
suggested that molecular mimicry is involved in trig- 
gering autoimmunity when the frequency of autore- 
active lymphocytes is low; in this situation, the 
microbial mimic of the self antigen serves to expand 
the number of self-reactive lymphocytes above some 
pathogenic threshold. When the frequency of self- 
reactive lymphocytes is high, the role of microbes 
may be to induce tissue inflammation, to recruit self- 
reactive lymphocytes into the tissue, and to provide 
second signals for the activation of these bystander 
lymphocytes. 

Other Factors in Autoimmunity 

The development of autoimmunity is related to sev- 
eral factors in addition to susceptibility.genes and 
infections. 

Anatomic alterations in tissues, such as inflamma- 
tion (possibly secondary to infections), ischemic 
injury, or trauma, may lead to the exposure of selfanti- 
gens that are normally concealed from the immune 
system. Such sequestered antigens may not have 
induced self-tolerance. Therefore, if previously seques- 
tered self antigens are released, they can interact with 
immunocompetent lymphocytes and induce specific 
immune responses. Examples of anatomically seques- 
tered antigens include intraocular proteins and sperm. 
Post-traumatic uveitis and orchitis after vasectomy are 
thought to be due to autoimmune responses to self anti- 
gens that are released from their normal locations. 
Tissue inflammation may also cause structural alter- 
ations in self antigens and the formation of new deter- 
minants capable of inducing autoimmune reactions. 

Hormonal injluences play a role in some human 
and exfierimental autoimmune diseases. Many autoim- 
mune diseases have a higher incidence in females than 
in males. For instance, SLE affects women about 10 
times as frequently as men. The SLE-like disease of 
(NZB x NZW)F, mice develops only in females and is 
retarded by androgen treatment. Whether this pre- 
dominance results from the influence of sex hormones 
or other gender-related factors is not known. 

Autoimmune diseases are among the most challeng- 
ing scientific and clinical problems in immunology. 
The current knowledge of pathogenetic mechanisms 
remains incomplete, so theories and hypotheses 
continue to outnumber facts. The application of new 
technical advances and the rapidly improving under- 
standing of self-tolerance will, it is hoped, lead to 
clearer and more definitive answers to the enigmas of 
autoimmunity. 

Therapeutic Approaches for 
immunologic Diseases 

Strategies for treatment of immune-mediated diseases 
are similar to the approaches used to prevent graft 

rejection, another form of injurious immune response 
(see Chapter 16). The mainstay of therapy for hy- 
persensitivity diseases is anti-inflammatory drugs, par- 
ticularly corticosteroids. Such drugs are targeted at 
reducing tissue injury, specifically, the effector phases 
of the pathologic immune responses. Antagonists of 
proinflammatory cytokines, such as I L I  and TNF, and 
agents that block leukocyte emigration into tissues, 
such as antibodies against integrins, are also being 
tested for their anti-inflammatory effects. A soluble 
form of the TNF receptor and an anti-TNF antibody 
that bind to and neutralize TNF are now approved for 
treatment of rheumatoid arthritis and IBD. Other 
approaches to inhibit pathologic immune reactions 
include antagonists against costimulators, such as B7 
molecules, and against T cell effector molecules, such 
as CD40 ligand. These antagonists are now in clinical 
trials for SLE, psoriasis, and other diseases. In severe 
cases, immunosuppressive drugs such as cyclosporine 
are used to block T cell activation. Plasmapheresis has 
been used during exacerbations of antibody-mediated 
diseases to reduce circulating levels of antibodies or 
immune complexes. Large doses of intravenous IgG 
have beneficial effects in some hypersensitivity diseases. 
It is not clear how this agent suppresses immune inflam- 
mation; one possibility is that the IgG binds to 
inhibitory Fc receptors on B lymphocytes and shuts off 
antibody production, similar to the phenomenon of 
antibody feedback (see Fig. 9-19, Chapter 9). More spe- 
cific treatment aimed at disease-producing lymphocyte 
clones or at the antigen that initiates the disease 
requires accurate identification of the antigen. App- 
roaches include attempts to induce tolerance, such as 
by oral administration of antigens that cause autoim- 
munity (for treatment of multiple sclerosis and rheuma- 
toid arthritis), and administration of altered forms of 
self antigens (for multiple sclerosis). Although the 
value of such therapies has been demonstrated in 
various animal models, their application to clinical 
disease has not been established. 

Summary 

Disorders caused by abnormal immune responses are 
called hypersensitivity diseases. Pathologic immune 
responses may be autoimmune responses directed 
against self antigens or uncontrolled and excessive 
responses to foreign antigens. 

Hypersensitivity diseases may result from antibodies 
that bind to cells or tissues, circulating immune com- 
plexes that are deposited in tissues, or T lymphocytes 
reactive with antigens in tissues. 

The effector mechanisms of antibody-mediated 
tissue injury are complement activation and Fc recep- 
tor-mediated inflammation. Some antibodies cause 
disease by interfering with normal cellular functions 
without producing tissue injury. The effector mech- 
anisms of T cell-mediated tissue injury are DTH 
reactions and cell lysis by CTLs. 

Autoimmunity results from a failure of self- 
tolerance. Autoimmune reactions may be triggered 
by environmental stimuli, such as infections, in 
genetically susceptible individuals. 

Most autoimmune diseases are polygenic, and 
numerous susceptibility genes contribute to disease 
development. The greatest contribution is from 
MHC genes; other genes are believed to influence 
the selection of self-reactive lymphocytes and the 
development of self-tolerance. 

Infections may predispose to autoimmunity by 
several mechanisms, including enhanced expression 
of costimulators in tissues and cross-reactions 
between microbial antigens and self antigens. 

The current treatment of autoimmune diseases 
is targeted at minimizing the injurious consequences 
of the autoimmune reaction. A future goal of therapy 
is to inhibit the responses of lymphocytes specific for 
self antigens and to induce tolerance in these cells. 
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O n e  of the most powerful pathologic reactions of 
the immune system i s  elicited by immunoglobulin E 
(1gE)-mediated stimulation of tissue mast cells. IgE 
antibodies that are produced in response to an antigen 
bind to Fc receptors on mast cells. When these cell- 
associated antibodies are cross-linked by the antigen, 
the cells are activated to rapidly release a variety of 
mediators. These mediators collectively cause increased 
vascular permeability, vasodilation, bronchial and vis- 
ceral smooth muscle contraction, and local inflamma- 
tion. This reaction is called immediate hypersensitivity 
because it begins rapidly, within minutes of antigen 
challenge (immediate), and has major pathologic 
consequences (hypersensitivity). In clinical medicine, 
these reactions are commonly called allergy or atopy. 
Although atopy originally meant "unusual," we now 
realize that allergy is the most common disorder of 
immunity and affects 20% of all individuals in the 
United States. This chapter focuses on immune reac- 
tions mediated by IgE. We begin by summarizing some 
important general features of immediate hypersensitiv- 
ity and proceed to describe the production of IgE, the 
structure and functions of IgE-specific Fc receptors, and 
the cellular components of immediate hypersensitivity, 
including mast cells, basophils, and eosinophils. We 
then describe selected clinical syndromes associated 
with immediate hypersensitivity and the principles of 
therapy for these diseases. We conclude with a discus- 
sion of the physiologic role of IgE-mediated immune 
reactions in host defense. 

General Features of Immediate 
Hypersensitivity Reactions 

All immediate hypersensitivity reactions share common 
features, although they differ greatly in the types of anti- 
gens that elicit these reactions and their clinical and 
pathologic manifestations. 

The typical sequence of events in immediate hyper- 
sensitivity consists of exposure to an antigen, acti- 
vation of TH2 cells specijic for the antigen, 
production of IgE antibody, binding of the antibody 
to Fc receptors of mast cells, and triggering of the 

mast cells by re-exposure to the antigen, resulting 
in the release of mediators from the mast cells and 
the subsequent pathologic reaction (Fig. 19-1). 
Binding of IgE to mast cells is also called sensitiza- 
tion because IgE-coated mast cells are ready to be 
activated on antigen encounter. We describe each of 
these steps in the following sections. 

There is a strong genetic predisposition for the 
development of immediate hypersensitivity. Many 
susceptibility genes are associated with atopy. These 
genes are thought to influence different steps in the 

development and reactions of immediate hypersensi- 
tivity. We will discuss some of the major known sus- 
ceptibility genes and their likely roles later in the 
chapter. 

The antigens that elicit immediate hypersen- 
si t ivity,  also called allergens, are usually common 
environmental proteins and chemicals. Most indi- 
viduals who encounter these antigens do not 
produce specific IgE or develop potentially harmful 
reactions, whereas such reactions develop in geneti- 
cally susceptible individuals. 

First exposure 

Antigen activation 
of T142 cells and 

stimulation of 
IgE class switching 

in B cells 

I Production of IgE 

Binding of IgE 
to FcsRl on 
mast cells I 
to allergen 

mast cell: 
release 

Figure 19-1 Sequence of events in imme- 
diate hypersensitivity reactions. 

lmmediate hypersensitivity diseases are initi- 
ated by the introduction of an allergen, which 
stimulates TH2 reactions and IgE production. IgE 
sensitizes mast cells by binding to FceRI, and sub- 
sequent exposure to the allergen activates the 
mast cells to secrete the mediators that are respon- 
sible for the pathologic reactions of immediate 
hypersensitivity. 

~2 cell 

B cell Y 
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hypersensitivity 
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( Cytokines I 
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Late-phase 
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hours after 

repeated 
exposure 

to allergen) 
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Immediate hypersensitivity reactions are depend- 
ent on the activation of TH2 cells. The cytokines pro- 
duced by TH2 cells are responsible for many of the 
features of immediate hypersensitivity, Thus, imme- 
diate hypersensitivity is a TH2-mediated disorder, in 
contrast to delayed-type hypersensitivity, which is the 
classical TH1-mediated immune reaction. 

The clinical and pathologic manifestations of 
immediate hypersensitivity consist of the vascular 
and smooth muscle reaction that develops rapidly 
after repeated exposure to the allergen (the imme- 
diate reaction) and a delayed latephase reaction 
consisting mainly of injlammation. These reactions 
may be triggered by IgE-mediated mast cell activa- 
tion, but different mediators are responsible for dif- 
ferent components of the immediate and late-phase 
reactions. Since mast cells are present in all connec- 
tive tissues and under all epithelia, these are the most 
common sites of immediate hypersensitivity reac- 
tions. Some allergic reactions may be triggered by 
nonimmunologic stimuli, such as exercise and expo- 
sure to cold. Such stimuli presumably induce mast 
cell degranulation and the release of mediators 
without antigen exposure or IgE production. Such 
reactions are said to be nonatopic. 

Immediate hypersensitivity reactions are mani- 
fested in diferent ways, including skin and muco- 
sal allergies, food allergies, asthma, and systemic 
anaphylaxis. In the most extreme systemic form, 
called anaphylaxis, mast cell-derived mediators can 
restrict airways to the point of asphyxiation and 
produce cardiovascular collapse leading to death. 
(The term anaphylaxis was coined to indicate that 
antibodies, especially IgE antibodies, could confer 
the opposite of protection [prophylaxis] on an 
unfortunate individual.) We will return to the patho- 
genesis of these reactions later in the chapter. 

With this introduction, we proceed to a description 
of the steps in the development and reactions of imme- 
diate hypersensitivity. 

Production of IgE 

IgE antibody is responsible for sensitizing mast cells 
and provides recognition of antigen for immediate 
hypersensitivity reactions. IgE is the antibody isotype 
that contains the E heavy chain (see Chapter 3). IgE sen- 
sitizes mast cells by binding to E heavy chain-specific Fc 
receptors on these cells. We will describe the experi- 
mental evidence demonstrating the essential role of IgE 
in immediate hypersensitivity later in the chapter. 

Atopic individuals produce high levels of IgE i n  
response to environmental allergens, whereas normal 
individuals generally synthesize other Ig isotypes, 
such as IgM and IgG, and only small amounts of IgE. 
Regulation of IgE synthesis depends on the propensity 
of an individual to mount a TH2 response to allergens 
because TH2 cell-derived cytokines stimulate heavy 
chain isotype switching to the IgE class in B cells. This 

propensity toward TH2 responses against particular anti- 
gens may be influenced by a variety of factors, includ- 
ing inherited genes, the nature of the antigens, and the 
history of antigen exposure. 

The Nature of  Allergens 

Antigens that elicit immediate hypersensitivity reac- 
tions (allergens) are proteins or chemicals bound to 
proteins to which the atopic individual is chronically 
exposed. Typical allergens include proteins in pollen, 
house dust mites, animal dander, and foods and chem- 
icals like the antibiotic penicillin. It is not known why 
some antigens induce strong TH2 responses and aller- 
gic responses whereas others do not. Two important 
characteristics of allergens are that individuals are 
exposed to them repeatedly and, unlike microbes, they 
do not stimulate the innate immune responses that 
would promote macrophage activation and secretion of 
the THl-inducing cytokines IL12 and IL-18. Chronic 
or repeated T cell activation in the absence of innate 
immunity may drive CD4+ T cells toward the TH2 
pathway, as the T cells themselves make IL-4, the major 
TH2-inducing cytokine (see Chapter 13). The property 
of being allergenic may also reside in the chemical 
nature of the antigen itself. Although no structural 
characteristics of proteins can definitively predict 
whether they will be allergenic, some features are 
typical of many common allergens. These features 
include low molecular weight, glycosylation, and high 
solubility in body fluids. Anaphylactic responses to 
foods typically involve highly glycosylated small pro- 
teins. These structural features probably protect the 
antigens from denaturation and degradation in the gas- 
trointestinal tract and allow them to be absorbed intact. 
Curiously, many allergens, such as the cysteine protease 
of the house dust mite Dermatophagoides pteronyssinus 
and phospholipase A2 in bee venom, are enzymes, but 
the importance of the enzymatic activity in triggering 
immediate hypersensitivity reactions is not known. 

Because immediate hypersensitivity reactions are 
dependent on T cells, T cell-independent antigens 
such as polysaccharides cannot elicit such reactions 
unless they become attached to proteins. Some drugs 
such as penicillin often do elicit strong IgE responses. 
These drugs react chemically with amino acid 
residues in self proteins to form hapten-carrier con- 
jugates, which stimulate IgE production and mast cell 
activation. 

The natural history of antigen exposure is an impor- 
tant determinant of the level of specific IgE antibodies. 
Repeated exposure to a particular antigen is necessary 
for development of an allergic reaction to that antigen 
because IgE isotype switching and sensitization of mast 
cells with IgE must happen before a hypersensitivity 
reaction to an antigen can occur. Individuals with aller- 
gic rhinitis or asthma often benefit from a geographic 
change of residence with a change in indigenous plant 
pollen, although local antigens in the new residence 
may trigger an eventual return of the symptoms. The 
most dramatic examples of the importance of repeated 
exposure to antigen in allergic disease are seen in cases 

of bee stings. The protein toxins in the insect venoms 
are not usually of concern on the first encounter 
because an atopic individual has no preexisting specific 
IgE antibodies. However, an IgE response may occur 
after a single encounter with antigen, and a second 
sting by an insect of the same species may induce fatal 
anaphylaxis! 

Activation of  TH2 Cells 

ZgE synthesis is dependent on the activation of CD4' 
helper T cells of the TH2 subset and their secretion of 
IL-4. It is likely that dendritic cells in epithelia through 
which allergens enter capture the antigens, transport 
them to draining lymph nodes, process them, and 
present peptides to T cells. The T cells then differenti- 
ate into the TH2 subset of effector cells. Differentiated 
TH2 cells promote switching to IgE mainly through the 
secretion of IL4. TH2 cells are involved in other com- 
ponents of the immediate hypersensitivity reaction in 
addition to promoting switching to IgE. IL-5 secreted 
by TH2 cells activates eosinophils, a cell type that is 
abundant in many immediate hypersensitivity reactions. 
IL13 stimulates epithelial cells (e.g., in the airways) to 
secrete increased amounts of mucus, and excessive 
mucus production is also a common feature of these 
reactions. Consistent with a central role of TH2 cells in 
immediate hypersensitivity, atopic individuals contain 
larger numbers of allergen-specific IL-&secreting T 
cells in their circulation than do nonatopic persons. 
In atopic patients, the allergen-specific T cells also 
produce more IL-4 per cell than in normal individuals. 

The central role of TH2 cells in allergic reactions is 
demonstrated by experiments in which mice are made 
to inhale a model protein antigen, such as chicken egg 
albumin, and are injected with T cells specific for the 
antigen. The adoptive transfer of TH2 cells induces 
airway hyperresponsiveness, resembling asthma. 

0 Knockout mice lacking the TH1 transcription factor T- 
bet (see Chapter 13) show defective TH1 responses and 
a compensatory increase in TH2 responses. Such mice 
develop spontaneous airway allergic reactions. 

In addition to stimulating IgE production, TH2 cells 
contribute to the inflammation of the late-phase reac- 
tion. Accumulations of TH2 cells are found at sites of 
immediate hypersensitivity reactions in the skin and 
bronchial mucosa. These T cells are recruited to sites 
of immediate hypersensitivity mainly in response to 
chemokines. TH2 cells express the chemokine receptors 
CCR4 and CCR8, and the chemokines that bind to 
these receptors are produced by many cell types at sites 
of immediate hypersensitivity reactions, including epi- 
thelial cells. 

Activation of  B Cells and Switching t o  IgE 

B cells specific for allergens are activated by TH2 cells, 
as in other T-dependent B cell responses (see Chapter 
9). Under the influence of CD40 ligand and cytokines, 
mainly IL4, produced by the TH2 cells, the B cells 
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undergo heavy chain isotype switching and produce 
IgE. IgE circulates as a bivalent antibody and is nor- 
mally present in plasma at a concentration of less than 
1 pg/mL. In pathologic conditions such as helminthic 
infections and severe atopy, this level can rise to more 
than 1000pg/mL. Allergen-specific IgE produced by B 
cells enters the circulation and binds to Fc receptors on 
tissue mast cells, so that these cells are sensitized and 
poised to react to a subsequent encounter with the 
allergen. Circulating basophils and eosinophils are also 
capable of binding IgE. We will first describe the Fc 
receptors used by these cell types to bind IgE and then 
the properties and reactions of the cells. 

Binding of igE to Mast Cells 
and Basophils 

ZgE antibodies bind to a high-afinity Fc receptor spe- 
cijic for & heavy chains, called Fc&RI, that is expressed 
on mast cells, basophils, and eosinophils. IgE, like all 
other antibody molecules, is made exclusively by B cells, 
yet IgE functions as an antigen receptor on the surface 
of the cells of immediate hypersensitivity. This function 
is accomplished by IgE binding to FceRI on these cells. 
The affinity of FcERI for IgE is very high (dissociation 
constant [Kd] of about 1 x 10-'"M); this binding is much 
stronger than that of any other Fc receptor for its ligand 
(see Chapter 14, Box 14-1). Therefore, the normal 
serum concentration of IgE, although low in compari- 
son to other Ig isotypes (less than 5 x 10-'OM), is suffi- 
ciently high to allow occupancy of FceRI receptors. 
Tissue mast cells in all individuals are normally coated 
with IgE, which is bound to the FcERI. In atopic indi- 
viduals, enough of this bound IgE is specific for one or 
a few antigens that exposure to that antigen or antigens 
is able to cross-link the Fc receptors and activate the 
cells (discussed later). In addition to mast cells, 
basophils, and eosinophils, FcERI, usually lacking the P 
chain, has been detected on epidermal Langerhans 
cells, some dermal macrophages, and activated mono- 
cytes; its function on these cells is not known. 

Structure and Function of the Fc Receptor 
for IgE 

Each Fc&RI molecule is composed of one a chain that 
mediates ligand binding and a P chain and two y 
chains that are responsible for signaling (Fig. 19-2). 
The amino terminal extracellular portion of the a 
chain includes two Ig-like domains that form the 
binding site for IgE. The P chain of FcsRI, which crosses 
the membrane four times, contains a single immunore- 
ceptor tyrosine-based activation motif (ITAM) in the 
cytoplasmic carboxyl terminus. The two identical y 
chain polypeptides are linked by a disulfide bond and 
are homologous to the < chain of the T cell antigen 
receptor complex (see Chapter 6). The cytoplasmic 
portion of each y chain contains one ITAM. The y chain 
of FceRI serves as the signaling subunit for FcyRI, 
FcyRIIIA, and FcaR and is called the FcR y chain (see 
Chapter 14, Boxl4-1). Tyrosine phosphorylation of the 
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Role of Mast Cells, Basophils, and 
Eosinophils in immediate 
Hypersensitivity 

TaMe 19-1. Properties of Mast Cells, Basophils, and Eosinop 

I characteristic ' ' I ~ a s t  cells 1 Basophils 

CD34+ hematopoietic 
progenitor cells I Mast cells, basophils, and eosinophils are the effector 

cells of immediate hypersensitivity reactions and 
allergic disease. Although each of these cell types has 
unique characteristics, all three contain cytoplasmic 
granules whose contents are the major mediators of 
allergic reactions, and all three cell types produce lipid 
mediators and cytokines that induce inflammation. In 
this section of the chapter, we discuss the properties and 
functions of each of these effector cell types (Table 
19-1). Because mast cells are the major cell type respon- 
sible for immediate hypersensitivity reactions in tissues, 
much of our subsequent discussion focuses on mast cells. 

Bone marrow I 
Yes (2.7% of blood 
leukocytes) I 
Yes 

Days to weeks - Figure 19-2 Polypeptide chain structure of the high- 
affinity IgE Fc receptor (FcERI). 

IgE binds to the Ig-like domains of the a chain. The P chain and 
the y chains mediate signal transduction. The boxes in the cyto- 
plasmic region of the P and y chains are immunoreceptor tyrosine 
activation motifs (ITAMs), similar to those found in the T cell recep- 
tor complex (see Fig. 6-5). A model structure of FceRl is shown in 
Chapter 14, Box 14-1. 

Properties of Mast Cells and Basophils 

Modified from Costa Jj, PW Weller, and SJ Galli. The cells of the allergic response. JAMA 178:1815-I 822, 1994. 
Copyright American Medical Association. 
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All mast cells are derived from progenitors in the bone 
marrow. Normally, mature mast cells are not found in 
the circulation. Progenitors migrate to the peripheral 
tissues as immature cells and undergo differentiation 
in situ. Mature mast cells are found throughout the 
body, predominantly near blood vessels and nerves and 
beneath epithelia. They are also present in lymphoid 
organs. By microscopy, human mast cells vary in shape 
and have round nuclei, and the cytoplasm contains 
membrane-bound granules and lipid bodies (Fig. 
19-3). The granules contain acidic proteoglycans that 
bind basic dyes. 

There are two major subsets of mast cells that differ 
in their anatomic locations, granule contents, and 
activities (Table 19-2). In rodents, one subset of mast 
cells is found in the mucosa of the gastrointestinal tract. 
These mucosal mast cells have abundant chondroitin 
sulfate and little histamine in their granules. The pres- 
ence of mucosal mast cells in uiuo depends on T cells 
as indicated by the lack of these mast cells in athymic 
mice. Mast cells may be cultured from rodent bone 
marrow in the presence of IL-3, and such cultured mast 
cells resemble mucosal mast cells on the basis of the 
high granule content of chondroitin sulfate and low his- 
tamine concentration. It is likely that T cell dependence 
of mucosal mast cell development in uiuo reflects the 
dependence on IL-3 produced by helper T cells. The 
human counterpart to this subset is most often identi- 
fied by the presence of tryptase and not other neutral 
proteases in the granules. Human mucosal mast cells 
predominate in intestinal mucosa and alveolar spaces 
in the lung, and their presence is also T cell depend- 
ent. A second subset of rodent mast cells is found in the 
lung and in the serosa of body cavities, and these cells 
are called connective tissue mast cells. Their major 
granule proteoglycan is heparin, and they also produce 
large quantities of histamine. Unlike mucosal mast 
cells, connective tissue mast cells show little T cell 
dependence. In humans, the corresponding subset is 
identified by the presence of several neutral proteases 
in the granules, including tryptase, chymase, cathepsin 
G-like protease, and carboxypeptidase. Human con- 

ITAMs of the P and y chains initiates the signals from 
the receptor that are required for mast cell activation. 
We will return to the nature of these signals when we 
discuss mast cells later in the chapter. 

@ The importance of FcsRI in IgE-mediated immediate 
hypersensitivity reactions has been demonstrated in 
FceRI a chain knockout mice. When these mice are 
given intravenous injections of IgE specific for a known 
antigen followed by that antigen, anaphylaxis does not 
develop, whereas it does in wild-type mice treated in 
the same way. 

nective tissue mast cells are found in the skin and intes- 
tinal submucosa. 

Although we do not know if these mast cell subsets 
serve distinct functions, their locations, granule con- 
tents, and relative T cell dependence suggest that 
each subset may be important in a different set of dis- 
ease processes. It is likely that mucosal mast cells are 
involved in T cell- and IgE-dependent immediate 
hypersensitivity diseases involving the airways, such as 
bronchial asthma, and other mucosal tissues. Con- 

hypersensitivity reactions in the skin. The phenotype 
of a mast cell is not fixed and may vary in response 
to cytokines and growth factors. For example, bone 
marrow-derived mucosal mast cells can be changed to 
a connective tissue mast cell phenotype by coculture 
with fibroblasts or incubation with c-Kit ligand (stem 
cell factor) (see Chapter 11). Repopulation experi- 
ments in mast cell-deficient mice further suggest that 
the mucosal and connective tissue phenotypes are not 
distinct lineages and that bidirectional changes occur 

FceRI expression on mast cells and basophils is up- 
regulated by IgE, thereby providing a mechanism for 
the amplification of IgE-mediated reactions. The rela- 
tionship between the levels of IgE and FceRI expression 
is supported by several observations. 

versely, connective tissue mast cells mediate immediate in different microenvironments. 

A positive correlation between FceRI expression on 
human blood basophils and circulating IgE levels has 
been observed. 

@ Treatment of mast cells in vitro with IgE induces 
increased expression of FcsRI. 

@ Mast cells from knockout mice lacking IgE have very 
low levels of FceRI. 

Table 19iZ. Mast Cell Subunits 

Location Peritoneal cavity 
I 

I Skin, intestinal 
submucosa 

Intestinal mucosa Alveoli, intestinal 1 mucosa 

T cell dependence 
for develo~ment of 

Yes Yes 

Major neutral protease: 
tryptase 

Another IgE receptor is FceRII, a protein related to 
C-type mammalian lectins, whose affinity for IgE is 
much lower than that of FceRI. Two different isoforms 
of FceRII have been identified, one called FceRIIA, 
which is B cell specific, and the other called FceRIIB or 
CD23, whose expression is induced on B cells, mono- 
cytes, and eosinophils in response to IL4. The biologic 
roles of FceRII are not known. 

phenotype in tissues 

Granule contents High levels of 
histamine, 
heparin 

Major neutral 
proteases: tryptase, 
chymase, 

Low levels of 
histamine; high levels 
of chondroitin 
sulfate 



Section V - The Immune System in Disease Chapter 19 - Immediate Hypersensitivity m, 

Antigen- 
cross-linked 
IgE/Fc&RI 

'--v 
Allergen 

muscle response: late-phase 
Figure 1 9 4  Morphology of basophils and eosinophils. 

Photomicrographs of a Wright-Giemsa-stained peripheral blood basophil (A) and eosinophil (B) 
are presented. Note the characteristic red staining of the cytoplasmic granules in the eosinophil and 
blue-staining cytoplasmic granules of the basophil. (Courtesy of Dr. Jonathan Hecht, Department of 
Pathology, Brigham and Women's Hospital, Boston.) 

Activation of  Mast Cells in the signaling cascade, including several adapter mol- 
ecules and enzymes that participate in the formation 
of a multicomponent signaling complex, as described 
in T cells. One of the enzymes recruited to this 
complex and phosphorylated is the y isoform of a 
phosphatidylinositol-specific phospholipase C (PLCy) , 
which catalyzes phosphatidylinositol bisphosphate 
breakdown to inositol triphosphate (IP,) and diacyl- 
glycerol (DAG) (see Chapter 8).  IPS causes elevation of 
cytoplasmic calcium levels, and DAG activates protein 
kinase C. Phosphorylation of the myosin light chains 
by activated protein kinase C leads to disassembly of 
the actin-myosin complexes beneath the plasma mem- 
brane, thereby allowing granules to come in contact 
with the plasma membrane. Fusion of the granule 
membrane and the plasma membrane is mediated by 
interactions between proteins associated with the 
granule membrane and proteins associated with the 
plasma membrane; these events are apparently regu- 
lated by the guanosine triphosphate (GTP)-binding 
(activated) form of Ras-related Rab proteins. 

Cross-linking of FceRI also activates the enzyme 
adenylate cyclase through a heterotrimeric GTP- 
binding protein. Activated adenylate cyclase in turn ele- 
vates cyclic adenosine monophosphate (CAMP) levels, 
and CAMP activates protein kinase A. Protein kinase 
A inhibits degranulation, thus suggesting that this 
pathway is a negative feedback loop. Certain pharma- 
cologic approaches to treatment of allergic disease take 
advantage of CAMP-mediated inhibition of mast cell 
degranulation (discussed later). 

Synthesis of lipid mediators is controlled by activa- 
tion of the cytosolic enzyme phospholipase A2 ( P W )  
(see Fig. 19-5). This enzyme is activated by two signals: 
elevated cytoplasmic calcium and phosphorylation 
catalyzed by a mitogen-activated protein (MAP) kinase 
such as extracellular receptor-activated kinase (ERK). 

Mast cells are activated by cross-linking of FcERI 
molecules, which occurs by binding of multivalent 
antigens to the attached IgE molecules (see Fig. 19-3). 
In an individual allergic to a particular antigen, a large 
proportion of the IgE bound to mast cells is specific for 
that antigen. Exposure to the antigen will cross-link suf- 
ficient IgE molecules to trigger mast cell activation. In 
contrast, in nonatopic individuals, the mast cell-associ- 
ated IgE is specific for many different antigens, all of 
which may have induced low levels of IgE production. 
Therefore, no single antigen will cross-link enough of 
the IgE molecules to cause mast cell activation. Exper- 
imentally, antigen binding can be mimicked by poly- 
valent anti-IgE or by anti-FceRI antibodies. In fact, 
anti-IgE antibodies can cross-link IgE molecules regard- 
less of antigen specificity and lead to comparable trig- 
gering of mast cells from both atopic and nonatopic 
individuals. 

Activation of mast cells results i n  three types of 
biologic response: secretion of the preformed contents 
of their granules by a regulated process of exocytosis, 
synthesis and secretion of lipid mediators, and syn- 
thesis and secretion of cytokines. These responses 
result from the cross-linking of FceRI, which initiates a 
signaling cascade in mast cells involving protein tyro- 
sine kinases (Fig. 19-5). The signaling cascade is similar 
to the proximal signaling events initiated by antigen 
binding to lymphocytes (see Chapters 8 and 9). The 
Lyn tyrosine kinase is constitutively associated with the 
cytoplasmic tail of the FcelU P chain. On cross-linking 
of FceRI molecules by antigen, Lyn tyrosine kinase 
phosphorylates the ITAMs in the cytoplasmic domains 
of FcERI P and y chains. The Syk tyrosine kinase is then 
recruited to the ITAMs of the y chain, becomes acti- 
vated, and phosphorylates and activates other proteins 

Figure 19-3 Mast cell activation. 
Antigen binding to IgE cross-links FceRl molecules on mast cells, which induces the release of medi- 

ators that cause the hypersensitivity reaction (A, B). Other stimuli, including the complement frag- 
ment C5a, can also activate mast cells. A light photomicrograph of a resting mast cell with abundant 
purple-staining cytoplasmic granules is shown in C. These granules are also seen in the electron micro- 
graph of a resting mast cell shown in E. In contrast, the depleted granules of an activated mast cell 
are shown in the light photomicrograph (D) and electron micrograph (F). (Courtesy of Dr. Daniel 
Friend, Department of Pathology, Brigham and Women's Hospital and Harvard Medical School, 
Boston.) 

inflammatory sites, usually together with eosinophils. 
Basophils contain granules that bind basic dyes, and 
they are capable of synthesizing many of the same medi- 
ators as mast cells (see Table 19-2). Like mast cells, 
basophils express FceRI, bind IgE, and can be triggered 
by antigen binding to the IgE. Therefore, basophils that 
are recruited into tissue sites where antigen is present 
may contribute to immediate hypersensitivity reactions. 

Basophils are blood granulocytes wi th  structural 
and functional similarities to mast cells. Like other 
granulocytes, basophils are derived from bone marrow 
progenitors (a lineage different from that of mast cells), 
mature in the bone marrow, and circulate in the blood 
(Fig. 19-4). Basophils constitute less than 1% of the 
total blood leukocytes. Although they are normally not 
present in tissues, basophils may be recruited to some 
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Allergen Mast cell activation through the FceRI pathway is reg- 
ulated by the inhibitory Fc receptor FcyRIIb, which 
contains a single immunoreceptor tyrosine-based inhi- 
bition motif (ITIM) within its cytoplasmic tail. FcyRIIb 

genic amines and granule macromolecules, and newly 
synthesized mediators, which include lipid-derived 
mediators and cytokines. 

appears to coaggregate with F C E ~ I  during mast cell acti- 
vation, and the ITIM is phosphorylated by Lyn. This 
leads to recruitment of the tyrosine phosphatase SH2 
domain-containing inositol 5-phosphatase (SHIP) and 
inhibition of FceRI signaling. 

Mast cells can be directly activated by a variety of bio- 
logic substances independent of allergen-mediated 
cross-linking of FceRI, including polybasic compounds, 
peptides, chemokines, and complement-derived ana- 
phylatoxins. These additional modes of mast cell acti- 
vation may be important in non-immune-mediated 
immediate hypersensitivity reactions, or they may 
amplify IgE-mediated reactions. Certain types of 
mast cells or basophils may respond to mononuclear 
phagocyte-derived chemokines, such as macrophage 
inflammatory protein-la (MIP-la), produced as part of 
innate immunity, and to T cell-derived chemokines. 

Biogenic Amines 

Many of the biologic effects of mast cell activation are 
mediated by biogenic amines that are stored in  and 
released from cytoplasmic granules. Biogenic amines, 
sometimes called vasoactive amines, are low molecular 
weight compounds that share the structural feature of 
an amine group. In human mast cells, the only media- 
tor of this class that is present in significant quantities 
is histamine, but in some rodents, serotonin may be of 
equal or greater import. Histamine acts by binding to 
target cell receptors, and different cell types express dis- 
tinct classes of histamine receptors (e.g., HI, Hz, H3) 
that can be distinguished by pharmacologic inhibitors. 
The actions of histamine are short-lived because hista- 
mine is rapidly removed from the extracellular milieu 
by amine-specific transport systems. On binding to cel- 
lular receptors, histamine initiates intracellular events, 
such as phosphatidylinositol breakdown to IP3 and 
DAG, that cause different changes in different cell 
types. Binding of histamine to endothelium causes 
cell contraction leading to leakage of plasma into the 
tissues. Histamine also stimulates endothelial cells to 
synthesize vascular smooth muscle cell relaxants, such 
as prostacyclin (PG12) and nitric oxide, which cause 
vasodilation. These actions of histamine produce the 
wheal and flare response of immediate hypersensitivity 
(described later). HI histamine receptor antagonists 
(commonly called antihistamines) can inhibit the 
wheal and flare response to intradermal allergen or 
anti-IgE antibody. Histamine also causes constriction of 
intestinal and bronchial smooth muscle. Thus, hista- 
mine may contribute to the increased peristalsis and 
bronchospasm associated with ingested allergens and 
asthma, respectively. However, in these instances, espe- 
cially in asthma, antihistamines are not effective at 
blocking the reaction. Moreover, bronchoconstriction 
in asthma is more prolonged than are the effects of 
histamine, suggesting that other mast cell-derived 
mediators are important in some forms of immediate 
hypersensitivity. 
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produced as part of adaptive cell-mediated immunity. 
The complement-derived anaphylatoxins, especially 
C5a, bind to specific receptors on mast cells and stim- 
ulate degranuiation. In humans, skin mast cells but not 
lung mast cells are sensitive to C5a. These chemokines 
and complement fragments are likely to be produced 
at sites of inflammation. Therefore, mast cell activa- ' Cytokine RNA 

I 

tion and release of mediators may amplify even IgE- 
independent reactions. Polybasic compounds, such 
as compound 48/40 and mastoparan, are used as 
pharmacologic triggers for mast cells. These agents 
contain a cationic region adjacent to a hydrophobic 
moiety, and they work by activating G proteins. 

Many neuropeptides, including substance P, somato- 
statin, and vasoactive intestinal peptide, induce mast 

0 .* Cytokines 
I Exocytosis -\\\\\\ -- 

cell histamine release and m& -mediate neuroen- 
docrine-linked mast cell activation. The nervous system 
is known to affect immediate hypersensitivity reactions, 
and neuropeptides may be involved. The flare pro- 
duced at the edge of the wheal in elicited immediate 
hypersensitivity reactions is in part mediated by the 
nervous system, as shown by the observation that it is 
markedly diminished in skin sites lacking innervation. 

membrane . - - -  
Histamine - --'- '.: :- - - -  

Lipid mediators I lCytokineDl I Granule contents1 

Figure 19-5 Biochemical events of mast cell activation. 
Cross-linking of bound IgE by antigen is thought to activate protein tyrosine kinases (Syk and Lyn), 

which in turn cause activation of a mitogen-activated protein (MAP) kinase cascade and a phos- 
phatidylinositol-specific phospholipase C (PI-PLCy). PI-PLCy catalyzes the release of inositol triphos- 
phate (IP,) and diacylglycerol (DAC) from membrane PIP2. IP, causes release of intracellular calcium 
from the endoplasmic reticulum. Calcium and DAC activate protein kinase C (PKC), which phospho- 
rylates substrates such as myosin light chain protein and thereby leads to the degradation and release 
of preformed mediators. Calcium and MAP kinases combine to activate the enzyme cytosolic phos- 
pholipase A, (cPLA,), which initiates the synthesis of lipid mediators. 

Cold temDeratures and intense exercise mav also 
trigger mast cell degranulation, but the mechanisms 
involved are not known. 

Mast cells also express Fc receptors for IgG heavy 
chains, and these cells can be activated by cross-linking 
bound IgG. This IgGmediated reaction is the likely 
explanation for the finding that E chain knockout mice 
remain susceptible to antigen-induced mast cell-medi- 

Granule Proteins and Proteoglycans 

Neutral serine proteases, including tryptase and 
chymase, are the most abundant protein constituents 
of mast cell secretory granules and contribute to tis- 
sue damage in  immediate hypersensitivity reactions. 
Tryptase is present in all human mast cells and is not 
known to be present in any other cell type. Conse- 
quently, the presence of tryptase in human biologic 
fluids is interpreted as a marker of mast cell activation. 
Chymase is found in some human mast cells, and its 
presence or absence is one criterion for characterizing 
human mast cell subsets, as discussed earlier. The func- 
tions of these enzymes in vivo are not known; however, 
several activities demonstrated in uitro suggest impor- 
tant biologic effects. For example, tryptase cleaves 

ERK is activated as a consequence of a kinase cascade 
initiated through the receptor ITAMs, probably using 
the same intermediates as in T cells (see Chapter 8). 
Once activated, PLA2 hydrolyzes membrane phospho- 
lipids to release substrates, which are then converted 
by enzyme cascades into the ultimate mediators. The 
major substrate is arachidonic acid, which is converted 
by cyclooxygenase or lipoxygenase into different medi- 
ators (discussed later). 

Cytokine production by activated mast cells is a con- 
sequence of newly induced cytokine gene transcription. 

The biochemical events that regulate cytokine gene 
transcription in mast cells appear to be similar to the 
events that occur in T cells. Recruitment and activation 
of various adapter molecules and kinases in response 
to FceRI cross-linking lead to nuclear translocation of 
NFAT (nuclear factor of activated T cells) and NF-KB 
as well as activation of AP-1 by protein kinases such as 
c-Jun N-terminal kinase. These transcription factors 
stimulate transcription of several cytokines (IL-4, IL5, 
IL6, and tumor necrosis factor [TNF], among others) 
but, in contrast to T cells, not IL2. 

ated anaphyiaxis. ~owev&, IgE is by far the major 
antibody isotype involved in most immediate hypersen- 
sitivity reactions. 

Mediators Derived from Mast Cells 

The effector functions of mast cells are mediated by 
soluble molecules released from the cells on activation 
(Fig. 19-6 and Table 19-3). These mediators may be 
divided into preformed mediators, which include bio- 
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Table 19-3. Mediators Produced by Mast Cells, Basophils, and Eosinophils 

F e l l  type I Mediator category I Mediator I Functionlpathologic effects 

, . .' 6, " : p, : :;,;; 
SL~IIIII ~t . . .+. . . Increases vascular permealiiiiy, stimulates 

. . . ' .. ;, ,. . iji ,iJ,<..'. , 
:, . , . . . smooth muscle cell contraction 

Biogenic amines 
(e.g., histamines) 

Lipid mediators 
(e.g., PAF, PGD2, LTC4) Major lipid mediators 

produced on activation 
Vasodilation, bronchoconstriction, 
neutrophil chemotaxis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Prolonged bronchoconstriction, mucus 
secretion, increased vascular permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Chemotaxis and activation of leukocytes, 
bronchoconstriction, increased vascular 
~ermeabilitv 

Leukotriene C4, D4, E4 

,TiEiGq 
hypermotility 

Platelet-activating factor 

Activated \ \ 
Cvtokines 

I Lipid mediators 
(e.g., PAF, PGD2, LTC4) 

tored oreformed in I Maior basic orotein. k 

e.g., tryptase) 
- I Tissue I , , . .,,~~~labmic aranules I eosinoohil cationic brotei 

Major lipid mediators Leukotriene C4, D4, E4 
produced on activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Lipoxins 

Prolonged bronchoconstriction; mucus I secretion, increased vascular permeability I 
Killing of 

parasites and 
host cells 

I Cationic aranule  rotei ins I I Promote inflammation I 

Enzymes 
(e.g., eosinophil peroxidase) pq 

remodeling - -- - - - -- - -- .- -- -- -- . -- - - - 
Modified from Costa JJ, PW Weller, and SJ Galli. The cells of the allergic response. JAMA 178:1815-1822, 1994. 

American Medical Association. I c - - - - - -- -- - - -- - - 
Figure 19-6 Biologic effects of mediators of immediate hypersensitivity. 

Mast cells and basophil mediators include biogenic amines and enzymes stored preformed in gran- 
ules as well as cytokines and lipid mediators, which are largely newly synthesized on cell activation. 
The biogenic amines and lipid mediators induce vascular leakage, bronchoconstriction, and intestinal 
hypermotility, all components of the immediate response. Cytokines and lipid mediators contribute 
to inflammation, which is part of the late-phase reaction. Enzymes probably contribute to tissue 
remodeling. Activated mast cells release preformed cationic proteins as well as enzymes that are toxic 
to parasites and host cells. Some eosinophil granule enzymes probably contribute to tissue remodel- 
ing in chronic allergic diseases. 

proteoglycans serve as storage matrices for positively 
charged biogenic amines, proteases, and other media- 
tors and prevent their accessibility to the rest of the cell. 
The mediators are released from the proteoglycans at 
different rates after granule exocytosis, biogenic amines 
dissociating much more rapidly than tryptase or 
chymase. In this way, the proteoglycans may control the 
kinetics of immediate hypersensitivity reactions. 

The maior arachidonic acid-derived mediator 
produced by the cyclooxygenase pathway in mast cells 
is prostaglandin Dp (PGD,). Released PGD, binds to 
receDtors on smooth muscle cells and acts as a vasodila- 

I 

tor and as a bronchoconstrictor. PGD9 also promotes 
neutrophil chemotaxis and accumulation at inflamma- 
tory sites. PGD, synthesis can be prevented by inhibitors 
of cyclooxygenase, such as aspirin and nonsteroidal 
anti-inflam.katory agents. ~ h e s e  drugs may paradoxi- 
cally exacerbate asthmatic bronchoconstriction, 
because they shunt arachidonic acid toward production 
of leukotrienes, discussed next. 

fibrinogen and activates collagenase, thereby causing 
tissue damage, whereas chymase can convert angio- 
tensin I to angiotensin 11, degrade epidermal basement 
membrane, and stimulate mucus secretion. Other 
enzymes found within mast cell granules include car- 
boxypeptidase A and cathepsin G. Basophil granules 
also contain several enzymes, some of which are the 
same as those in mast cell granules, such as neutral pro- 

teases; others are found in eosinophil granules, such as 
major basic protein and lysophospholipase. 

Proteoglycans, including heparin and chondroitin 
sulfate, are also major constituents of both mast cell and 
basophil granules. These molecules are composed of 
a polypeptide core and multiple unbranched gly- 
cosaminoglycan side chains that impart a strong net 
negative charge to the molecules. Within the grand-" 

Lipid Mediators 

Mast cell activation results in the rapid de novo syn- 
thesis and release of lipid-derived mediators that have 
a variety of effects on blood vessels, bronchial smooth 
muscle, and leukocytes. The most important of these 
mediators are cyclooxygenase and lipoxygenase meta- 
bolites of arachidonic acid. 

The most important arachidonic acid-derived medi- 
ators produced by the lipoxygenase pathway are the 
leukotrienes, especially LTC4 and its degradation prod- 
ucts LTD, and LTE4. LTC4 is made by mucosal mast cells 
and basophils, but not by connective tissue mast cells. 



Mast cell-derived leukotrienes bind to specific recep- 
tors on smooth muscle cells, different from the 
receptors for PGD,, and cause prolonged bronchocon- 
striction. When injected into the skin, these leuko- 
trienes produce a characteristic long-lived wheal and 
flare reaction. Collectively, LTC4, LTD,, and LTE4 con- 
stitute what was once called slow-reacting substance of 
anaphylaxis (SRS-A) and are thought to be major medi- 
ators of asthmatic bronchoconstriction. Pharmacologic 
inhibitors of 5-lipoxygenase also block anaphylactic 
reactions in experimental systems. 

A third type of lipid mediator produced by mast cells 
is called platelet-activating factor (PAF) for its original 
bioassay as an inducer of rabbit platelet aggregation. In 
mast cells and basophils, PAF is synthesized by acylation 
of lysoglyceryl ether phosphorylcholine, a derivative of 
PLA,-mediated hydrolysis of membrane phospholipids. 
PAF has direct bronchoconstricting actions. It also 
causes retraction of endothelial cells and can relax 
vascular smooth muscle. However, PAF is hydrophobic 
and is rapidly destroyed by a plasma enzyme called PAF 
hydrolase, which limits its biologic actions. Pharmaco- 
logic inhibitors of PAF receptors ameliorate some 
aspects of immediate hypersensitivity in the rabbit lung. 
Recent genetic evidence has pointed to PAF as a medi- 
ator of asthma. Asthma develops in early childhood in 
individuals with a genetic deficiency of PAF hydrolase. 
PAF may also be important in late-phase reactions, in 
which it can activate inflammatory leukocytes. In this 
situation, the major source of PAF may be basophils or 
vascular endothelial cells (stimulated by histamine or 
leukotrienes) rather than mast cells. 

Cytokines 

Mast cells (and basophils) produce many diferent 
cytokines that may contribute to allergic injlamma- 
tion. These cytokines include TNF, IL1, IL4, IL5, 
IL6, IL13, MIP-la, MIP-IP, and various colony-stimu- 
lating factors such as IL-3 and granulocyte-monocyte 
colony-stimulating factor (GM-CSF) . As mentioned 
before, mast cell activation induces transcription and de 
novo synthesis of these cytokines, but preformed TNF 
may also be stored in granules and rapidly released 
on FcelU cross-linking. TH2 cells that are recruited into 
the sites of allergic reactions also produce some of these 
cytokines. The cytokines that are released on IgE- 
mediated mast cell or basophil activation or on TH2 cell 
activation are mainly responsible for the late-phase 
reaction. TNF, in particular, activates endothelial 
expression of the adhesion molecules that account 
for sequential polyrnorphonuclear and mononuclear 
cell infiltrates by the same mechanisms described in 
Chapter 12. In addition to allergic inflammation, mast 
cell cytokines also apparently contribute to the innate 
immune responses to infections. For example, as we will 
discuss later, mouse models indicate that mast cells are 
required for effective defense against some bacterial 
infections, and this effector functi& is mediated largely 
by TNF. 

Properties of Eosinophils 

Eosinophils are bone marrow-derived granulocytes 
that are abundant i n  the injlammatory injiltrates of 
late+hase reactions and contribute to many of the 
pathologic processes in allergic diseases. Eosinophils 
develop in the bone marrow, and after maturation, 
they circulate in the blood. GM-CSF, IG3, and IL5 
promote eosinophil maturation from myeloid precur- 
sors. Eosinophils are normally present in peripheral 
tissues, especially in mucosal linings of the respiratory, 
gastrointestinal, and genitourinary tracts, and their 
numbers can increase by recruitment in the setting 
of inflammation. The granules of eosinophils contain 
basic proteins that bind acidic dyes such as eosin (see 
Fig. 19-5). 

Cytokines produced by TH2 cells promote the acti- 
vation of eosinophils and their recruitment to late- 
phase reaction inflammatory sites. IL5 is a potent 
eosinophil-activating cytokine. It enhances the ability of 
eosinophils to release granule contents on cross-linking 
of FceRI. IL5 also increases maturation of eosinophils 
from bone marrow precursors, and in the absence of 
this cytokine (e.g., in IL5 knockout mice), there is 
a deficiency of eosinophil numbers and functions. 
Eosinophils are recruited into late-phase reaction sites 
as well as sites of helminthic infection, and their recruit- 
ment is mediated by a combination of adhesion mole- 
cule interactions and chemokines. Eosinophils bind to 
endothelial cells expressing E-selectin and the ligand 
for the VLA-4 integrin. Eosinophil recruitment and 
infiltration into tissues also depend on various che- 
mokines such as eotaxin and monocyte chemotactic 
protein-5, which are produced by epithelial cells at sites 
of allergic reactions. In addition, the complement 
product C5a and the lipid mediators PAF and LTB,, 
which are produced by mast cells, also function as 
chemoattractants for eosinophils. 

Eosinophils release granule proteins that are toxic 
to parasitic organisms and may injure normal tissue. 
Little is known about the mechanisms involved in 
eosinophil degranulation and mediator production. 
Although eosinophils express Fc receptors for IgG, 
IgA, and IgE, they do not appear to be as sensitive to 
activation by antigen-mediated cross-linking of these 
receptors as are mast cells and basophils. Nonethe- 
less, eosinophils can kill microorganisms by antibody- 
dependent cell-mediated cytotoxicity (ADCC) with the 
use of FcelU and perhaps FcaR. During this process, 
eosinophils bind to microorganisms coated with IgE (or 
IgA) antibody, and their granule contents are released 
onto the microbes. The granule contents of eosinophils 
include lysosomal hydrolases found in other granulo- 
cytes as well as eosinophil-specific proteins that are par- 
ticularly toxic to helminthic organisms, including major 
basic protein and eosinophil cationic protein. These 
two cationic polypeptides have no known enzymatic 
activities, but they are toxic to helminths, bacteria, 
and normal tissue. In addition, eosinophilic granules 
contain eosinophil peroxidase, which is distinct from 
the myeloperoxidase found in neutrophils and catalyzes 

the production of hypochlorous or hypobromous acid. 
These products are also toxic to helminths, protozoa, 
and host cells. 

Activated eosinophils, like mast cells and basophils, 
produce and release lipid mediators, including PAF, 
prostaglandins, and leukotrienes (LTC, and its deriva- 
tives LTD, and LTE,). The importance of eosinophil- 
derived lipid mediators in immediate hypersensitivity 
is not completely known, but it is likely that they con- 
tribute to the pathologic processes of allergic diseases. 
Eosinophils also produce a variety of cytokines that 
may promote inflammatory responses, but the biologic 
significance of eosinophil cytokine production is not 
known. 

Reactions of lmmediate 
Hypersensitivity 

The IgE- and mast cell-mediated reactions of immedi- 
ate hypersensitivity consist of the immediate reaction, 
in which vascular and smooth muscle responses to 
mediators are dominant, and the late-phase reaction, 
characterized by leukocyte recruitment and inflamma- 
tion (Fig. 19-7). 

The lmmediate Reaction 

The early vascular changes that occur during immedi- 
ate hypersensitivity reactions are demonstrated by the 
wheal and jlare reaction to the intradermal injection 
of an allergen (Fig. 19-8). When an individual who has 
previously encountered an allergen and produced IgE 
antibody is challenged by intradermal injection of the 
same antigen, the injection site becomes red from 
locally dilated blood vessels engorged with red blood 
cells. The site then rapidly swells as a result of leakage 
of plasma from the venules. This soft swelling is called 
a wheal and can involve an area of skin as large as 
several centimeters in diameter. Subsequently, blood 
vessels at the margins of the wheal dilate and become 
engorged with red blood cells and produce a charac- 
teristic red rim called a flare. The full wheal and flare 
reaction can appear within 5 to 10 minutes after admin- 
istration of antigen and usually subsides in less than an 
hour. By electron microscopy, the venules in the area 
of the wheal show slight separation of the endothelial 
cells, which accounts for the escape of macromolecules 
and fluid, but not cells, from the vascular lumen. 

The wheal and jlare reaction is dependent on IgE 
and mast cells. Histologic examination shows that mast 

@ pGzq I Late-phase reaction 1 
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A. Kinetics: The immediate vascular and 
smooth muscle reaction to allergen develops 
within minutes after challenge (allergen exposure 
in a previously sensitized individual), and the late- 
phase reaction develops 2 to 24 hours later. 

B, C. Morphology: The immediate reaction (B) 
is characterized by vasodilation, congestion, and 
edema, and the late-phase reaction (C) is charac- 
terized by an inflammatory infiltrate rich in 
eosinophils, neutrophils, and T cells. (Courtesy 
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cells in the area of the wheal and flare have released 
preformed mediators; that is, their cytoplasmic gran- 
ules have been discharged. A causal association of IgE 
and mast cells with immediate hypersensitivity was 
deduced from three kinds of experiments. 

Immediate hypersensitivity reactions against an aller- 
gen can be elicited in unresponsive individuals if the 
local skin site is first injected with IgE from a respon- 
sive individual. Thus, IgE is responsible for specific 
recognition of antigen and can be used to adoptively 
transfer immediate hypersensitivity. Such adoptive 
transfer experiments were first performed with serum 
from immunized individuals, and the serum factor 

Figure 19-8 The wheal and flare reaction in the skin. 
A. In response to antigen-stimulated release of mast cell 

mediators, local blood vessels first dilate and then become 
leaky to fluid and macromolecules, which produces redness 
and local swelling (a wheal). Subsequent dilation of vessels on 
the edge of the swelling produces the appearance of a red rim 
(the flare). 

B. Photograph of a typical wheal and flare reaction in the 
skin in response to injection of an allergen. (Courtesy of Dr. 
James D. Faix, Department of Pathology, Stanford University 
School of Medicine, Palo Alto, Calif.) 

responsible for the reaction was originally called 
reagin. For this reason, IgE molecules are still some- 
times called reaginic antibodies. The antigen-initiated 
skin reaction that follows adoptive transfer of IgE is 
called passive cutaneous anaphylaxis. 

@ Immediate hypersensitivity reactions can be mimicked 
by injecting anti-IgE antibody instead of antigen. 
Anti-IgE antibodies act as an analogue of antigen and 
directly activate mast cells that have bound IgE on their 
surface. This use of anti-IgE to activate mast cells is 
similar to the use of anti-IgM antibodies as analogues 
of antigen to activate B cells (see Chapter 9), except 
that in the case of mast cells, secreted IgE, made by B 
cells, is bound to high-affinity Fc receptors on the cell 

surface rather than being synthesized as membrane 
IgE. Anti-IgE antibodies activate mast cells even in 
normal (nonatopic) individuals because, as mentioned 
earlier, mast cells are normally coated with IgE by 
virtue of the high-affinity FcEIU. In contrast, any 
antigen will activate mast cells only in individuals who 
are allergic to that antigen because only these individ- 
uals will produce enough specific IgE to sensitize mast 
cells for antigen-induced responses. 

0 Immediate hypersensitivity reactions can be mimicked 
by the injection of other agents that directly activate 
mast cells, such as the complement fragments C5a, 
C4a, and C3a, called anaphylatoxins, or by local 
trauma, which also causes degranulation of mast cells. 
Conversely, these reactions can be inhibited by agents 
that prevent mast cell activation. 

The wheal and flare reaction results from sensitiza- 
tion of dermal mast cells by IgE bound to FceRI, cross- 
linking of the IgE by the antigen, and activation of 
mast cells with release of mediators, notably histamine. 
Histamine binds to histamine receptors on venular 
endothelial cells; the endothelial cells synthesize and 
release PG12, nitric oxide, and PAF, and these media- 
tors cause vasodilation and vascular leak, as described 
earlier in the chapter. Skin mast cells appear to produce 
only small amounts of long-acting mediators such as 
leukotrienes, and the wheal and flare response typically 
subsides after about 15 to 20 minutes. Allergists often 
test patients for allergies to different antigens by ex- 
amining the ability of these antigens applied in skin 
patches to elicit wheal and flare reactions. 

The Late-Phase Reaction 

The immediate wheal and .flare reaction is .followed 2 
to 4 hours later by a latephase reaction consisting of 
the accumulation of inflammatory leukocytes, includ- 
ing neutrophils, eosinophils, basophils, and TH2 cells 
(see Fig. 19-7). The inflammation is maximal by about 
24 hours and then gradually subsides. The capacity to 
mount a late-phase reaction can be adoptively trans- 
ferred with IgE, and the reaction can be mimicked by 
anti-IgE antibodies or mast cell-activating agents, like 
the wheal and flare reaction. Mast cell granules contain 
cytokines, including TNF, that can up-regulate endothe- 
lial expression of leukocyte adhesion molecules, such 
as E-selectin and intercellular adhesion molecule-1 
(ICAM-I). Thus, mast cell degranulation can lead to the 
induction of adhesion molecules on vascular endothe- 
lial cells that promote the recruitment of leukocytes 
into tissues. The types of leukocytes that are typical of 
late-phase reactions are eosinophils and TH2 cells; in 
addition, neutrophils are often present in these reac- 
tions. Eosinophils and TH2 cells express receptors for 
many of the same chemokines, such as eotaxin and 
MCP-5, and this is why both cell types are recruited to 
sites of production of these chemokines. The late-phase 
reaction differs from delayed-type hypersensitivity 
reactions, in which macrophages and TH1 cells are 
abundant. 
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The latephase reaction may occur without a 
detectable preceding immediate hypersensitivity reac- 
tion. Bronchial asthma and eczema are diseases in 
which there is chronic inflammation with accumula- 
tions of eosinophils and TH2 cells without the vascular 
changes that are characteristic of the wheal and flare 
response. It is believed that in such disorders, the 
cytokines that induce the chronic late-phase reaction 
are derived from TH2 cells. 

Genetic Susceptibility to 
lmmediate Hypersensitivity 

The propensity to produce ZgE is influenced by the 
inheritance of several genes. Abnormally high levels of 
IgE synthesis and associated atopy often run in families. 
Family studies have shown clear autosomal transmission 
of atopy, although the full inheritance pattern is prob- 
ably multigenic. Within the same family, the target 
organ of atopic disease is variable. Thus, hay fever, 
asthma, and eczema can be present to various degrees 
in different members of the same kindred. All these 
individuals, however, will show higher than average 
plasma IgE levels. 

A variety of studies have identified candidate genes 
or loci that may be involved in a1ler.w (Table 19-4). 
One of these susceptibility loci for atopy is on chromo- 
some 5q, near the site of the gene cluster encoding the 
cytokines IL3, IL4, IL5, IG9, and IL13 and the IL4 
receptor. This region is of great interest because of the 
connection between several of the cenes located here " 
and the mechanisms of IgE regulation and mast cell 
and eosinophil growth and differentiation. In addition, 
polymorphisms of the IL9 gene have been associated 
with human bronchial asthma. and this cvtokine can 
induce airway inflammation in experimental models of 
asthma. Furthermore, the homologous chromosomal 
region in mice has been linked to a propensity for CD4' 
T cells in some inbred strains of mice to differentiate 
into TH2 cells in response to model protein antigens. 
Another atopy/asthma-associated locus is on chromo- 
some llq13, the location of the gene encoding the P 
chain of the high-affinity IgE receptor. Some studies 
have shown that a polymorphism in this receptor is asso- 
ciated with atopy, but many other studies have failed to 
establish a linkage of atopy with the Fc&RI P chain or 
even this chrom&omal region. A polymorphism in the 
IG4 receptor a chain has been associated with atopic 
asthma in some families. Several other chromosomal 
regions have been shown to be associated with high 
serum IgE levels, atopy, and asthma, but the studies are 
preliminary and candidate genes have not been identi- 
fied. Finally, the tendency to produce IgE antibodies 
against some but not all antigens, such as ragweed 
pollen, may be linked to particular class I1 major histo- 
compatibility complex (MHC) alleles. This linkage may 
be an example of an immune response gene (Ir gene) 
effect in which atopic individuals inherit class I1 MHC 
alleles that can bind and display dominant epitopes of 
certain allergens (see Chapter 4). 
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Table 19-4. Candidate Genes Associated with Atopy and Asthma 

I Chromosomal I Candidate genes 1 Role of gene products in - 1 location I immediate hypersensitivity 

IL-4, IL-5, IL-9, IL-13, 
GM-CSF 

PrAdrenergic 
receptor 

IL-4 and IL-13 promote IgE switching, 
and IL-5 promotes eosinophil growth 

Regulates arterial and bronchial 
smooth muscle contraction 

- 1 class 11 MHC 1 Some alleles may regulate T cell 1 

' Adapted from Leung DYM. Molecular basis of allergic diseases. Molecular Genetics and " 
Metabolism 63:157-167, 1998. 

Allergic Diseases in Humans: 
Pathogenesis and Therapy 

Mast cell degranulation is a central component of all 
allergic diseases, and the clinical and pathologic man- 
ifestations of the diseases depend on the tissues in 
which the mast cell mediators have effects as well as 
the chronicity of the resulting injlammatory process. 
Atopic individuals may have one or more manifesta- 
tions of atopic disease. The most common forms of 
atopic disease are allergic rhinitis (hay fever), bronchial 
asthma, atopic dermatitis (eczema), and food allergies. 
The clinical and pathologic features of allergic reac- 
tions vary with the anatomic site of the reaction, for 
several reasons. The point of contact with the allergen 
determines the organs or tissues that are involved. For 
example, inhaled-antigens cause rhinitis or asthma, 
ingested antigens often cause vomiting and diarrhea, 
and injected antigens cause systemic effects on the cir- 
culation. The concentrations of mast cells in various 
target organs influence the severity of responses. Mast 
cells are particularly abundant in the skin and the 
mucosa of the respiratory and gastrointestinal tracts, 
and these tissues frequently suffer the most injury in 
immediate hypersensitivity reactions. The local mast 
cell phenotype may influence the characteristics of the 
immediate hypersensitivity reaction. For example, con- 
nective tissue mast cells with abundant histamine are 
responsible for wheal and flare reactions in the skin. In 
the following section, we discuss the major features of 
allergic diseases manifested in different tissues. 

Systemic Anaphylaxis 

Anaphylaxis is a systemic immediate hypersensitiv- 
ity reaction characterized by edema in many tissues 
and fall in blood pressure, secondary to vasodilation. 

These effects usually result from the systemic presence 
of antigen introduced by injection, an insect sting, or 
absorption across an epithelial surface such as the skin 
or gut mucosa. The allergen activates mast cells in many 
tissues, resulting in the release of mediators that gain 
access to vascular beds throughout the body. The 
decrease in vascular tone and leakage of plasma caused 
by the released mediators can lead to a fall in blood 
pressure or shock, called anaphylactic shock, which is 
often fatal. The cardiovascular effects are accompanied 
by constriction of the upper and lower airways, hyper- 
sensitivity of the gut, outpouring of mucus in the gut 
and respiratory tree, and urticaria1 lesions (hives) in the 
skin. It is not known which mast cell mediators are the 
most important in anaphylactic shock. The mainstay 
of treatment is systemic epinephrine, which can be 
lifesaving by reversing the bronchoconstrictive and 
vasodilatory effects of the various mast cell mediators. 
Epinephrine also improves cardiac output, further 
aiding survival from threatened circulatory collapse. 
Antihistamines may also be beneficial in anaphylaxis, 
suggesting a role for histamine in this reaction. In some 
animal models, PAF receptor antagonists offer partial 
protection. 

Bronchial Asthma 

Asthma is an injlammatory disease caused by repeated 
immediate hypersensitivity and late-phase reactions 
in the lung leading to the clinicopathologic triad of 
intermittent and reversible airway obstruction, chro- 
nic bronchial injlammation with eosinophils, and 
bronchial smooth muscle cell hypertrophy and hyper- 
reactivity to bronchoconstrictors (Fig. 19-9) . Patients 
suffer paroxysms of bronchial constriction and in- 
creased production of thick mucus, which leads to 
bronchial obstruction and exacerbates respiratory diffi- 

Figure 19-9 Histopathologic features 
of bronchial asthma. 

Atopic bronchial asthma results from 
repeated immediate hypersensitivity reac- 
tions in the lungs with chronic late- 
phase reactions. A cross-section of a normal 
bronchus is shown in A; a bronchus from 
a patient with asthma is shown in B. The 
diseased bronchus has excessive mucus 
production, many submucosal inflammatory 
cells (including eosinophils), and smooth 
muscle hypertrophy. (Courtesy of Dr. James 
D. Faix, Department of Pathology, Stanford 
University School of Medicine, Palo Alto, 
Calif.) 

Excessive 
mucus secretion 

Submucosal inflammatory 
infiltrate with lymphocytes 
and eosinophils 

Thickened basement 
membrane 

Smooth muscle cell 
hyperplasia 

culties. Asthma frequently coexists with bronchitis or 
emphysema, and the combination of diseases can cause 
severe tissue destruction. Asthma affects about 10 
million people in the United States, and the frequency 
of this disease has increased significantly in recent years. 
The prevalence rate is similar to that in other industri- 
alized countries, but it may be lower in less developed 
areas of the world. Affected individuals may suffer con- 
siderable morbidity, and asthma causes death in some 
patients. 

About 70% of cases of asthma are due to IgE- 
mediated immediate hypersensitivity. In the remaining 
30% of patients, asthma may not be associated with 
atopy and may be triggered by nonimmune stimuli such 
as drugs, cold, and exercise. Even among nonatopic 
asthmatics, the pathophysiologic process of airway con- 
striction is similar, which suggests that alternative mech- 
anisms of mast cell degranulation (e.g., by locally 
produced neurotransmitters) may underlie the disease. 

The pathophysiologic sequence in atopic asthma is 
initiated by mast cell activation in response to allergen 
binding to IgE as well as by TH2 cells reacting to aller- 
gens (Fig. 19-10). Cytokines produced by the mast cells 
and T cells lead to the recruitment of eosinophils, 
basophils, and more TH2 cells. The chronic inflamma- 
tion in this disease may continue without mast cell 
activation. Smooth muscle cell hypertrophy and hyper- 
reactivity are thought to result from leukocyte-derived 
mediators and cytokines. Mast cells. basophils, and 

eosinophils all produce mediators that constrict airway 
smooth muscle. The most important of the bron- 
choconstricting mediators are LTC4, its breakdown 
products LTD4 and LTE4, and PAF. In clinical experi- 
ments, antagonists of LTC4 synthesis or leukotriene 
receptor antagonists prevent allergen-induced airway 
constriction. 

Current therapy for asthma has two major targets: 
prevention and reversal of inflammation and relaxation 
of airway smooth muscle. In recent years, the balance 
of therapy has shifted toward anti-inflammatory agents 
as the primary mode of treatment. Two major classes of 
drugs are in current use: corticosteroids, which block 
the production of inflammatory cytokines, and sodium 
cromolyn. The mechanism of action of sodium cro- 
molyn is not clear, but it appears to antagonize IgE- 
induced release of mediators. Both agents can be used 
prophylactically as inhalants. Corticosteroids may also 
be given systemically, especially once an attack is under 
way, to reduce inflammation. Newer anti-inflammatory 
therapies are in preclinical and clinical trials. For 
example, leukotriene receptor antagonists and 5- 
lipoxygenase inhibitors are proving to be effective 
asthma treatments. Other experimental drugs include 
inhibitors of leukocyte adhesion to endothelial cells 
(e.g., antibodies to VCAM-1, ICAM-1, or E-selectin) and 
PAF receptor antagonists. It remains to be seen whether 
these agents are effective in treating asthma. Because 
histamine has little role in airway constriction, antihis- 
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I LTC4, LTD4, LTE4, PAF I 
TNF, IL-4, IL-5, 
other cytokines 

I Inflammation I 

I 

Venule 

tamines (HI receptor antagonists) are not useful in the 
treatment of asthma. Indeed, because many antihista- 
mines are also anticholinergics, these drugs may worsen 
airway obstruction by causing thickening of mucus 
secretions. 

Bronchial smooth muscle cell relaxation has princi- 
pally been achieved by elevating intracellular cAMP 
levels in smooth muscle cells, which inhibits contrac- 
tian. The major drugs used are activators of adenylate 
cyclase, such as epinephrine and related P2-adrenergic 
ageqts, and inhibitors of the phosphodiesterase 
enzymes that degrade CAMP, such as theophylline. 
These drugs also raise cAMP levels in mast cells and act 
to inhibit mast cell degranulation. 

lmmediate Hypersensitivity Reactions in the 
Upper Respiratory Tract, Gastrointestinal 
Tract, and Skin 

Allergic rhinitis, also called hay fever, is perhaps the 
most common allergic disease and is a consequence of 
immediate hypersensitivity reactions to common aller- 
gens such as plant pollen or house dust mites localized 
to the upper respiratory tract by inhalation. The patho- 
logic and clinical manifestations include mucosal 
edema, leukocyte infiltration with abundant eosino- 
phils, mucus secretion, coughing, sneezing, and diffi- 

Figure 19-10 Mediators and 
treatment of asthma. 

Mast cell-derived leukotrienes 
and platelet-activating factor (PAF) 
are thought to be the major medi- 
ators of acute bronchoconstric- 
tion. Therapy is targeted both at 
reducing mast cell activation with 
inhibitors such as cromolyn and at 
countering mediator actions on 
bronchial smooth muscle by bron- 
chodilators such as epinephrine 
and theophylline. These drugs also 
inhibit mast cell activation. Mast 
cell-derived cytokines are thought 
to be the major mediators of sus- 
tained airway inflammation, which 
is an example of a late-phase reac- 
tion, and corticosteroid therapy is 
used to inhibit cytokine synthesis. 

culty breathing. Allergic conjunctivitis with itchy eyes is 
commonly associated with the rhinitis. Focal protru- 
sions of the nasal mucosa, called nasal polyps, filled with 
edema fluid and eosinophils may develop in patients 
who suffer frequent repetitive bouts of allergic rhinitis. 
Antihistamines are the most common drugs used to 
treat allergic rhinitis. 

Food allergies are immediate hypersensitivity reac- 
tions to ingested foods that lead to the release of medi- 
ators from intestinal mucosal and submucosal mast 
cells. Clinical manifestations include enhanced peri- 
stalsis, increased fluid secretion from intestinal lining 
cells, and associated vomiting and diarrhea. Urticaria 
is often associated with allergic reactions to food, and 
systemic anaphylaxis may occasionally ensue. Allergic 
reactions to many different types of food have been 
described, but some of the most common are peanuts 
and shellfish. Individuals may be so sensitive to these 
allergens that severe systemic reactions can occur in 
response to minute contaminants of the allergen intro- 
duced accidentally during food preparation. 

Allergic reactions in the skin are manifested as 
urticaria and eczema. Urticaria, which is essentially an 
acute wheal and flare reaction induced by mast cell 
mediators, occurs in response to direct contact with the 
allergen or after an allergen enters the circulation 
through the intestinal tract or by injection. Because the 

reaction that ensues is mediated largely by histamine, 
antihistamines (HI receptor antagonists) can block this 
response almost completely. The urticaria may persist 
for several hours, probably because antigen persists in 
the plasma. Chronic eczema is a common skin disorder 
that may be caused by a late-phase reaction to an aller- 
gen in the skin. In the cutaneous late-phase reaction, 
TNF, IL4, and other cytokines, probably derived from 
TH2 cells and mast cells, act on the venular endothelial 
cells to promote inflammation. As may be expected for 
a cytokine-mediated response, the late-phase inflam- 
matory reaction is not inhibited by antihistamines. It 
can be blocked by treatment with corticosteroids, which 
inhibit cytokine synthesis. 

lmmunotherapy for Allergic Diseases 

In addition to therapy aimed at the consequences of 
immediate hypersensitivity, clinical immunologists 
often try to limit the onset of allergic reactions by treat- 
ments aimed at reducing the quantity of IgE present in 
the individual. Several empirical protocols have been 
developed to diminish specific IgE synthesis. In one 
approach, called desensitization, small but increasing 
quantities of antigen are administered subcutaneously 
during a period of hours or more gradually during 
weeks or months. As a result of this treatment, specific 
IgE levels decrease and IgG titers often rise, perhaps 
further inhibiting IgE production by neutralizing the 
antigen and by antibody feedback (see Chapter 9). It is 
also possible that desensitization may work by inducing 
specific T cell tolerance or by changing the predomi- 
nant phenotype of antigen-specific T cells from TH2 to 
THl; however, few direct data support these hypotheses. 
The beneficial effects of desensitization may occur in 
a matter of hours, much earlier than changes in IgE 
levels. Although the precise mechanism is unknown, 
this approach has been successful in preventing acute 
anaphylactic responses to protein antigens (e.g., insect 
venom) or vital drugs (e.g., penicillin). It is more vari- 
able in its effectiveness for chronic atopic conditions 
such as hay fever and asthma. 

Other approaches being tried to reduce IgE levels 
include systemic administration of humanized mono- 
clonal anti-IgE antibodies. Antagonists against the 
cytokines IL4  and IG5 are also in clinical trials. 

The Protective Roles of IgE- 
and Mast Cell-Mediated 
Immune Reactions 

Although most of our understanding of mast cell- and 
basophil-mediated responses comes from analysis of 
hypersensitivity or disease, it is logical to assume that 
these responses have evolved because they provide pro- 
tective functions. In fact, some evidence shows that IgE- 
and mast cell-mediated responses are important for 
defense against certain types of infection. 

A major protective function of IgE-initiated 
immune reactions is the eradication of parasites. 
Eosinophil-mediated killing of IgE-coated helminths by 
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the process of ADCC is an effective defense against 
these organisms (see Chapter 14, Fig. 14-4). Thus, the 
activities of IG4, IL5, and IL-13 in IgE production and 
eosinophil activation contribute to a coordinated 
defense against helminths. It has also been speculated 
that IgE-dependent mast cell activation in the gastroin- 
testinal tract promotes the expulsion of parasites by 
increasing peristalsis and by an outpouring of ~rlucus. 
Studies in mice have highlighted the beneficial roles of 
IgE and mast cells. 

0 Mice treated with anti-IL-4 antibody and IL4 knock- 
out mice do not make IgE and appear to be less 
resistant than normal animals to some helminthic 
infections. IL-5 knockout mice, which are unable to 
activate eosinophils, also show increased susceptibility 
to some helminths. 

0 Genetically mast cell-deficient mice show increased 
susceptibility to infection by tick larvae, and immunity 
can be provided to these mice by adoptive transfer of 
specific IgE and mast cells (but not by either compo- 
nent alone). The larvae are eradicated by the late- 
phase reaction. 

Mast cells play an important protective role as pdrt 
of the innate immune response to bacterial infectionk. 
Studies in mice have indicated that mast cells can be 
activated by IgE-independent mechanisms in the course 
of an acute bacterial infection and that the mediators 
they release are critical for clearing the infection. 

0 Mast cell-deficient mice are less capable of clearing 
and are more likely to die of acute bacterial infection 
of the peritoneum than are normal mice. The protec- 
tive role of mast cells in this setting is mediated by TNF 
and depends on TNF-stimulated influx of neutrophils 
to the peritoneum, specifically, the late-phase reaction. 
The mechanisms by which mast cells are activated 

during innate immune responses to bacterial infection , 

are not known but may involve complement activation 
and the release of C5a, which directly triggers mast cell 
degranulation. The alternative pathway of comple- 
ment can be activated directly by microbial products. 
It is also possible that the classical pathway of comple- 
ment could be activated by natural antibodies that are 
produced by B-1 B cells and that recognize common 
microbial pathogens. 

Summary 

Immediate hypersensitivity is an immune reaction 
that is triggered by antigen binding to IgE preat- 
tached to mast cells and that leads to inflammatory 
mediator release. 

The steps in the development of immediate hyper- 
sensitivity are exposure to an antigen (allergen) that 
stimulates TH2 responses and IgE production, 
binding of the IgE to FCE receptors on mast cells, 
cross-linking of the IgE and the FCE receptors by 
the allergen, activation of mast cells, and release of 
mediators. 
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Individuals susceptible to immediate hypersensitivity 
reactions are called atopic and often have more IgE 
in the blood and more IgE-specific Fc receptors per 
mast cell than do nonatopic individuals. IgE synthe- 
sis is induced by exposure to antigen and TH2 
cytokines, particularly IL4. 

Mast cells are derived from the bone marrow and 
mature in the tissues. They express high-affinity 
receptors for IgE (FcERI) and contain cytoplasmic 
granules in which are stored various inflammatory 
mediators. Subsets of mast cells, including mucosal 
and connective tissue mast cells, may produce differ- 
ent mediators. Basophils are a type of circulating 
granulocyte that expresses high-affinity FCE receptors 
and contains granules with contents similar to mast 
cells. 

Eosinophils are a special class of granulocyte; they 
are recruited into inflammatory reactions by 
chemokines and IL4 and are activated by IL-5. 
Eosinophils are effector cells of IgE-initiated reac- 
tions. They mediate IgE-directed ADCC to eradicate 
parasites. In allergic reactions, eosinophils con- 
tribute to tissue injury. 

On binding of antigen to IgE on the surface of mast 
cells or basophils, the high-affinity Fce, receptors 
become cross-linked and activate intracellular second 
messengers that lead to granule release and new 
synthesis of mediators. Activated mast cells and 
basophils produce three important classes of media- 
tors: biogenic amines, such as histamine; lipid medi- 
ators, such as prostaglandins, leukotrienes, and PAF; 
and cytokines, such as TNF, IL4, and IL-5. 

Biogenic amines and lipid mediators cause the rapid 
vascular and smooth muscle reactions of immediate 
hypersensitivity, such as vascular leakage, vasodila- 
tion, and bronchoconstriction. Cytokines mediate 
the late-phase reaction. 

Various organs show distinct forms of immediate 
hypersensitivity involving different mediators and 
target cell types. Any allergen may lead to a systemic 
reaction called anaphylactic shock. Asthma is a man- 
ifestation of immediate hypersensitivity and late- 
phase reactions in the lung. Allergic rhinitis (hay 
fever) is the most common allergic disease of the 
upper respiratory tract. Food allergens can cause 
diarrhea and vomiting. In the skin, immediate hyper- 

Drug therapy is aimed at inhibiting mast cell media- 
tor production and at blocking or counteracting the 
effects of released mediators on target organs. The 
goal of immunotherapy is to prevent or to reduce 
TH2 cell responses to specific allergens and the pro- 
duction of IgE. 

Immediate hypersensitivity reactions provide protec- 
tion against helminthic infections by promoting IgE- 
and eosinophil-mediated ADCC and gut peristalsis. 
Furthermore, mast cells may play an important role 
in innate immune responses to bacterial infections. 
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Acquired 

Integrity of the immune system is essential for defense 
against infectious organisms and their toxic products 
and therefore for the survival of all individuals. Defects 
in one or more components of the immune system 
can lead to serious and often fatal disorders, which are 
collectively called immunodeficiency diseases. These 
diseases are broadly classified into two groups. The 
congenital or primary immunodeficiencies are genetic 
defects that result in an increased susceptibility to infec- 
tion that is frequently manifested early in infancy and 
childhood but is sometimes clinically detected later in 
life. It is estimated that in the United States, approxi- 
mately 1 in 500 individuals is born with a defect in some 
component of the immune system, although only a 
small proportion are affected severely enough for devel- 
opment of life-threatening complications. Acquired 
or secondary immunodeficiencies develop as a con- 
sequence of malnutrition, disseminated cancer, treat- 
ment with immunosuppressive drugs, or infection 
of cells of the immune system, most notably with the 
human immunodeficiency virus (HIV) , the etiologic 
agent of acquired immunodeficiency syndrome (AIDS). 
This chapter describes the major types of congenital 
and acquired immunodeficiencies, with an emphasis on 
their pathogenesis and the components of the immune 
system that are involved in each. 

General Features of 
Immunodeficiency Diseases 

Before beginning our discussion of individual diseases, 
it is important to summarize some general features of 
immunodeficiencies. 

The principal consequence of immunodejiciency is  
an increased susceptibility to infection. The nature 
of the infection in a particular patient depends 
largely on the component of the immune system that 
is defective (Table 20-1). Deficient humoral immu- 
nity usually results in increased susceptibility to infec- 
tion by pyogenic bacteria, whereas defects in 
cell-mediated immunity lead to infection by viruses 
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Table 20-1. Features of lmmunodeficiencies Affecting T or B Lymphocytes 

Feature I B cell deficiency . . T cell deficiency 

I 

Morphology of Absent or reduced follicles Usually normal follicles, may be 
and germinal centers lymphoid tissues , 
(B cell zones) 

reduced parafollicular cortical 
' regions (T cell zones) 

Pyogenic bacteria (otitis, pneumonia, Pneumocystis carinii, many 
meningitis, osteomyelitis), enteric viruses, atypical mycobacteria, 
bacteria and viruses, some parasites fungi 

Abbreviation: DTH, delayed-type hypersensitivity. 

and other intracellular microbes. Combined defi- 
ciencies in both humoral and cell-mediated immu- 
nity make patients susceptible to infection by all 
classes of microorganisms. 

Patients with immunodejiciencies are also sus- 
ceptible to certain types of cancer. Many of 
these cancers appear to be caused by oncogenic 
viruses, such as the Epstein-Barr virus (EBV). An in- 
creased incidence of cancer is most often seen in T 
cell immunodeficiencies because, as discussed in 
Chapter 17, T cells play an important role in sur- 
veillance against oncogenic viruses and the tumors 
they cause. In addition, paradoxically, certain im- 
munodeficiencies are associated with an increased 
incidence of autoimmunity. The mechanism under- 
lying this association is not known; it may reflect a 
deficiency of regulatory T lymphocytes that normally 
serve to maintain self-tolerance. 

Immunodejiciency may result from defects in  lym- 
phocyte maturation or activation or from defects in  
the effector mechanisms of innate and adaptive 
immunity. Immunodeficiency diseases are clinically 
and pathologically heterogeneous, in part because 
different diseases involve different components of 
the immune system. 

In this chapter, we first describe congenital immuno- 
deficiencies, including defects in the humoral and cell- 
mediated arms of the adaptive immune system and 
defects in components of the innate immune system. 
We conclude with a discussion of acquired immuno- 
deficiencies, with an emphasis on AIDS. 

Congenital (Primary) 
lmmunodeficiencies 

The first inherited immunodeficiency to be described, 
in 1952, was a disease called X-linked agammaglobu- 
linemia that affected boys and is now known to be 

caused by a defect in B lymphocyte maturation. Since 
then, a large number of other congenital immunodefi- 
ciencies have been described, and the genetic bases of 
many of these disorders are now known. This under- 
standing has led to an increased hope for gene replace- 
ment as therapy for the diseases. 

In different immunodeficiencies, the primary abnor- 
mality may be at different stages of lymphocyte matu- 
ration or in the responses of mature lymphocytes to 
antigenic stimulation. Abnormalities in B lymphocyte 
development and function result in deficient antibody 
production and increased susceptibility to infection by 
extracellular microbes. B cell immunodeficiencies are 
diagnosed by reduced levels of serum immunoglobulin 
(Ig), defective antibody responses to vaccination, and, 
in some cases, reduced numbers of B cells in the cir- 
culation or lymphoid tissues or absent plasma cells in 
tissues (see Table 20-1). Abnormalities in T lymphocyte 
maturation and function lead to deficient cell-mediated 
immunity and an increased incidence of infection 
with intracellular microbes. Deficiencies of helper T 
cells may also result in reduced antibody production. 
Primary T cell immunodeficiencies are diagnosed by 
reduced numbers of peripheral blood T cells; low pro- 
liferative responses of blood lymphocytes to polyclonal 
T cell activators, such as phytohemagglutinin; and de- 
ficient cutaneous delayed-type hypersensitivity (DTH) 
reactions to ubiquitous microbial antigens, such as 
Candida antigens. In the following sections, we describe 
immunodeficiencies caused by different defects in lym- 
phocyte maturation or activation and in innate immu- 
nity and conclude with a brief discussion of therapeutic 
strategies for these diseases. 

Defects in Lymphocyte Maturation 

The process of lymphocyte maturation from stem cells 
to functionally competent mature lymphocytes involves 
cell proliferation, expression of antigen receptors, 
selection of cells with useful specificities, and changes 
in the expression of numerous genes (see Chapter 7 ) .  

Genetic defects in many of these stages have been 
described in experimental models and humans. In 
fact, the abnormalities in lymphocyte development 
caused by inherited mutations and targeted disruption 
of genes encoding a variety of molecules, including 
enzymes and transcription factors, have been useful in 
elucidating the mechanisms of lymphocyte maturation 
(see Chapter 7, Box 7-1). In the following section, we 
focus on congenital immunodeficiencies in humans 
that are known to result from blocks at various stages of 
lymphocyte maturation (Fig. 20-1 and Table 20-2). Dis- 
orders that affect both B and T lymphocytes, with result- 
ant defects in humoral and cell-mediated immunity, are 
called severe combined immunodeficiencies (SCIDs) . 
Children with SCID usually have infections during the 
first year of life and succumb to these infections unless 
they are treated. Other diseases affect either the B or T 
cell lineage and are given specific names for the clini- 
copathologic condition. 

X-Linked Severe Combined lmmunodeficiency 
Caused by  Mutations in the Cytokine Receptor 
Common y Chain 

Approximately 50% of SCID cases are X-linked and due 
to mutations in the gene encoding the common y chain 
(yc) shared by the receptors for the interleukins IL2, 
IL4, IL7, IL9, and IL-15 (see Chapter 11). These muta- 
tions are recessive, so heterozygous females are usually 
phenotypically normal carriers, whereas males who 
inherit the abnormal X chromosome manifest the 
disease. Because developing cells in females randomly 
inactivate one of the two X chromosomes. the normal 
allele encoding a functional yc protein will not be 
expressed in half the lymphocyte precursors in a female 
carrier. These cells will fail to mature, and consequently, 
all the mature lymphocytes in a female carrier will have 
inactivated the same X chromosome (carrying the 
mutant allele). In contrast, half of all nonlymphoid cells 
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Figure 20-1 lmmunodeficiency caused by defects in B and T cell maturation. 
Primary immunodeficiencies caused by genetic defects in lymphocyte maturation are shown. These 

defects may affect B cell maturation alone, T cell maturation alone, or both. Lymphocyte maturation 
pathways are described in detail in Chapter 7. ADA, adenosine deaminase; Btk, B cell tyrosine kinase; 
MHC, major histocompatibility complex; PNP, purine nucleoside phosphorylase; RAG, recombinase- 
activating gene; SCID, severe combined immunodeficiency disease; TAP, transporter associated with 
antigen processing. 
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Table 20-2. Defects of Lymphocyte Maturation 

I Functional deficiencies I Presumed mechanism of defect I 

ADA, PNP deficiency 
(autosomal recessive) 

Markedly decreased T cells, 
normal or increased B cells, 
reduced serum lg 

Progressive decrease in T 
and B cells (mostly T); 
reduced serum Ig in ADA 
deficiency, normal B cells and 
serum Ig in PNP deficiency 

Other autosomal 
recessive 

Decreased T and B cells, 
reduced serum lg 

X-linked Decrease in all serum Ig 
agammaglobulinemia isotypes, reduced B cell 

numbers 

Ig heavy chain 1 IgG1, lgG2, or lgG4 absent; 
deletions sometimes associated with 

absent laA or laE 

DiGeorge syndrome Decreased T cells, normal B 
cells, normal or decreased 
serum Ig 

Cytokine receptor common y chain gene 
mutations, defective T cell maturation 
from lack of IL-7 signals 

ADA or PNP deficiency leading to 
accumulation of toxic metabolites in 
lymphocytes 

I 

Defective maturation of T and B cells; 
genetic basis unknown in most cases, 
mav be mutations in RAG aenes 

Block in maturation beyond pre-B cells 
because of mutation in B cell tyrosine 
kinase 

Chromosomal deletion at 14q32 
(Ig heavy chain locus) 

Anomalous development of 3rd and 4th 
branchial pouches leading to thymic 
hypoplasia I 

Abbreviations: ADA, adenosine deaminase; PNP, purine nucleoside phosphorylase; RAG, 
recombinase-activating gene. 

will have inactivated one X chromosome, and half the 
other. A comparison of X chromosome inactivation in 
lymphoid cells versus nonlymphoid cells may be used 
to identify carriers of the mutant allele. The non- 
random use of X chromosomes in mature lymphocytes 
is also characteristic of female carriers of other X-linked 
mutations of genes that affect lymphocyte develop- 
ment, as discussed later. 

X-linked SCID is characterized by impaired matura- 
tion of T cells and NK (natural killer) cells and greatly 
reduced numbers of mature T cells and NK cells, but 
the number of B cells is usually normal or increased. 
The humoral immunodeficiency in this disease is due 
to a lack of T cell help for antibody production. This 
disease is a result of the inability of the lymphopoietic 
cytokine IL-7, whose receptor uses the yc chain for sig- 
naling, to stimulate the growth of immature thymo- 
cytes. In addition, the receptor for IL.15, which is a 
potent stimulus for the proliferation of NK cells, also 
uses the yc signaling chain, and the failure of IL-15 func- 
tion accounts for the deficiency of NK cells. 

Some patients with a disease identical to X-linked 
SCID show an autosomal recessive inheritance pattern. 
These patients have mutations in the JAK3 kinase, 
which associates with the yc chain and is required for 
signaling by this protein (see Chapter 11, Box 11-2). 
Knockout mice lacking the yc chain, IL-7, the cytokine- 

binding chain of the IL-7 receptor, or JAK3 develop a 
disease similar to human X-linked SCID, although B 
cell maturation in mice is decreased more than in 
humans. 

Severe Combined lmmunodeficiency Caused by 
Adenosine Deaminase Deficiency 

About 50% of patients with SCID show an autosomal 
recessive pattern of inheritance, and half of these cases 
are due to deficiency of an enzyme called adenosine 
deaminase (ADA). ADA functions in the salvage path- 
way of purine degradation and catalyzes the irreversible 
deamination of adenosine and 2'-deoxyadenosine to 
inosine and 2'-deoxyinosine, respectively. Deficiency of 
the enzyme leads to the accumulation of deoxyadeno- 
sine and its precursors Sadenosylhomocysteine and 
deoxyadenosine triphosphate (dATP) . These by-prod- 
ucts have many toxic effects, including inhibition of 
DNA synthesis. Although ADA is present in most cells, 
developing lymphocytes are less efficient than most 
other cell types at degrading dATP into 2'-deoxyadeno- 
sine, and therefore lymphocyte maturation is particu- 
larly sensitive to ADA deficiency. ADA deficiency leads 
to reduced numbers of B and T cells; lymphocyte cell 
numbers are usually normal at birth but fall off pre- 
cipitously during the first year of life. A few patients may 

have nearly normal numbers of T cells, but these 
cells do not proliferate in response to antigenic stimu- 
lation. A rarer autosomal recessive form of SCID is due 
to the deficiency of another enzyme, called purine 
nucleoside phosphorylase (PNP) , that is also involved 
in purine catabolism. PNP catalyzes the conversion of 
inosine to hypoxanthine and guanosine to guanine, 
and deficiency of PNP leads to the accumulation of 
deoxyguanosine and deoxyguanosine triphosphate, 
with toxic effects on immature lymphocytes, mainly T 
cells. 

Other Causes o f  Severe Combined 
lmmunodeficiency 

About half the cases of autosomal recessive SCID are 
caused by mutations in various genes involved in 
lymphocyte maturation or genetic defects that are not 
yet known. Mutations in R4Gl  or RAG2 genes, or 
genes encoding other components of the recombinase 
enzyme, cause a defect in antigen receptor gene recom- 
bination leading to an absence of mature B and T lym- 
phocytes, similar to knockout mice lacking RAG1 or 
RAG2. A severe form of SCID is seen in a disease called 
reticular dysgenesis. This disorder is characterized by 
the absence of T and B lymphocytes and myeloid cells, 
such as granulocytes, and is presumably due to a defect 
at the level of the hematopoietic stem cell. This disease 
is rare, and neither its molecular basis nor its mode 
of inheritance is known. An instructive experimental 
model is the SCID mouse, in which B and T cells are 
absent because of an early block in maturation from 
bone marrow precursors. The defect in SCID mice 
is a mutation in a component of the enzyme DNA- 
dependent protein kinase, which is required for 
double-stranded DNA break repair. This defect results 
in abnormal joining of Ig and T cell receptor (TCR) 
gene segments during recombination and therefore 
failure to express antigen receptors. 

Defect in B Cell Maturation: 
X-Linked Agammaglobulinemia 

X-linked agammaglobulinemia, also called Bruton's 
agammaglobulinemia, is characterized by the absence 
of gamma globulin in the blood, as the name implies. 
It is one of the most common congenital immunodefi- 
ciencies and the prototype of a failure of B cell matu- 
ration. The defect in X-linked agammaglobulinemia is 
a failure of B cells to mature beyond the pre-B cell stage 
in the bone marrow (see Fig. 20-1). This failure is 
caused by mutations or deletions in the gene encoding 
an enzyme called B cell tyrosine kinase (Btk). Btk is 
involved in transducing signals from the pre-B cell 
receptor that are required for continued maturation of 
the cells. In female carriers of this disease, only B cells 
that have inactivated the X chromosome carrying the 
mutant allele mature. Unlike the case with X-linked 
SCID, described earlier, this nonrandom X chromo- 
some inactivation is not seen in T cells. Patients with 
X-linked agammaglobulinemia usually have low or 
undetectable serum Ig, reduced or absent B cells in 
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peripheral blood and lymphoid tissues, no germinal 
centers in lymph nodes, and no plasma cells in tissues. 
The maturation, numbers, and functions of T cells are 
generally normal. Some studies have revealed reduced 
numbers of activated T cells in patients, which may be 
a consequence of reduced antigen presentation caused 
by the lack of B cells. Autoimmune disorders develop 
in almost 20% of patients, for unknown reasons. The 
infectious complications of X-linked agammaglobu- 
linemia are greatly reduced by periodic (e.g., weekly or 
monthly) injections of pooled gamma globulin prepa- 
rations. Such preparations contain preformed antibod- 
ies against common pathogens and provide effective 
passive immunity. 

Knockout mice lacking Btk show a much less severe 
defect in B cell maturation than humans do, which sug- 
gests the existence of other compensatory signaling 
mechanisms. An inbred mouse strain called CBA/N has 
an X-linked defect in B cell maturation that is a result 
of a point mutation in the btk gene. The major abnor- 
mality in the CBA/N mouse is defective antibody 
responses to some polysaccharide antigens, but the 
numbers of B cells in lymphoid tissues are nearly 
normal. 

Defect in T Cell Maturation: 
The DiGeorge Syndrome 

This selective T cell deficiency is due to a congenital 
malformation that results in defective development of 
the thymus and the parathyroid glands as well as other 
structures that develop from the third and fourth pha- 
ryngeal pouches during fetal life. The congenital defect 
is manifested by hypoplasia or agenesis of the thymus 
leading to deficient T cell maturation, absent parathy- 
roid glands causing abnormal calcium homeostasis 
and muscle twitching (tetany), abnormal development 
of the great vessels, and facial deformities. Different 
patients may show varying degrees of these abnormali- 
ties. The disease is caused by a deletion in chromosome 
22q11.2, but the responsible gene has not been identi- 
fied. Peripheral blood T lymphocytes are absent or 
greatly reduced in number, and the cells do not 
respond to polyclonal T cell activators or in mixed 
leukocyte reactions. Antibody levels are usually normal 
but may be reduced in severely affected patients. As in 
other severe T cell deficiencies, patients are susceptible 
to mycobacterial, viral, and fungal infections. 

The immunodeficiency associated with DiGeorge 
syndrome can be corrected by fetal thymic transplanta- 
tion or by HLA-identical bone marrow transplantation. 
Such treatment is not usually necessary, however, 
because T cell function tends to improve with age and 
is often normal by 5 years. Improvement with age prob- 
ably occurs because of the presence of some thymic 
tissue or because some as yet undefined extrathymic 
sites assume the function of T cell maturation. It is also 
possible that as these patients grow older, typical thymus 
tissue develops at ectopic sites (i.e., other than the 
normal location). 

An animal model of T cell immunodeficiency result- 
ing from abnormal development of the thymus is the 
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nude (athymic) mouse. These mice have an inherited 
defect of epithelial cells in the skin leading to hairless- 
ness and in the lining of the third and fourth pharyn- 
geal pouches causing thymic hypoplasia. The disorder 
is due to a mutation in a gene encoding a transcription 
factor that is believed to be required for normal devel- 
opment of certain epidermal cells. Affected mice have 
rudimentary thymuses in which T cell maturation 
cannot occur normally. As a result, few or no mature T 
cells are present in peripheral lymphoid tissues, and 
cell-mediated immune reactions cannot occur. Several 
knockout mouse strains have been developed with tar- 
geted disruption of the genes required for T cell devel- 
opment (see Chapter '7, Box 7-l), and these mice are 
useful models for studying T cell maturation. 

Defects in Lymphocyte Activation 
and Function 

Congenital abnormalities in immune responses despite 
the presence of mature T and B lymphocytes are being 
increasingly recognized as our understanding of the 
molecular basis of lymphocyte activation has improved. 
These diseases may affect either B or T lymphocytes and 
are associated with deficient humoral or cell-mediated 
immunity, respectively (Fig. 20-2 and Table 20-3). 

Selective lmmunoglobulin lsotype Deficiencies 

Many immunodeficiencies that selectively involve one 
or a few Ig isotypes have been described. The most 
common is selective IgA deficiency, which affects about 
1 in '700 white individuals and is thus the most common 
primary immunodeficiency known. IgA deficiency 
usually occurs sporadically, but many familial cases with 
either autosomal dominant or recessive patterns of 
inheritance are also known. The clinical features are 
variable. Many patients are entirely normal; others have 
occasional respiratory infections and diarrhea; and 
rarely, patients have severe, recurrent infections leading 
to permanent intestinal and airway damage, with asso- 
ciated autoimmune disorders. IgA deficiency is charac- 
terized by low serum IgA, usually less than 5Opg/mL 
(normal, 2 to 4 mg/mL), with normal or elevated levels 
of IgM and IgG. The defect in these patients is a block 
in the differentiation of B cells to IgA antibody-secret- 
ing plasma cells. The a heavy chain genes and the 
expression of membrane-associated IgA are normal. It 
is not known whether the block in B cell differentiation 
is due to an intrinsic B cell defect or to an abnormal- 
ity in T cell help such as the production of cytokines 
that enhance IgA secretion (e.g., transforming growth 
factor4 and IL5) or in B cell responses to these 
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Figure 20-2 Immunodeficiency caused by defects in B and T cell activation. 
Primary immunodeficiencies may be caused by genetic defects in the expression of molecules 

required for antigen presentation to T cells, T or B lymphocyte antigen receptor signaling, helper T 
cell activation of B cells or macrophages, or differentiation of antibody-producing B cells. 
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Variable reductions in multiple Ig Defect in B cell activation, usually 
isotypes; normal or decreasd B cells caused by intrinsic B cell abnormality 

(nature unknown) 

and hypogammaglobulinemia LAM molecule 

Lack of class I MHC molecule Mutation in the TAPgenes preventing 
expression, decreased number of peptide loading of class I MHC 
CD8+ T cells; susceptibility to molecules 
bacterial infections 

Abbreviations: SAP, SLAM-associated protein; SLAM, signaling lymphocyte activation molecule; 
TAP, transporter associated with antigen processing; ZAP-70, zeta-associated protein of 70-kD. 

cytokines. No gross abnormalities in the numbers, phe- 
notypes, or functional responses of T cells have been 
noted in these patients. 

Selective IgG subclass deficiencies have been 
described in which total serum IgG levels are normal 
but concentrations of one or more subclasses are below 
normal. Deficiency of IgG3 is the most common 
subclass deficiency in adults, and IgG2 deficiency, as- 
sociated with IgA deficiency, is the most common in 
children. Some individuals with these deficiencies have 
recurrent bacterial infections, but many do not have 
any clinical problems. Selective IgG subclass deficien- 
cies are usually due to abnormal B cell differentiation 
and rarely to homozygous deletions of various constant 
region (CJ genes. 

Defect in T Cell-Dependent B Cell Activation: 
The X-Linked Hyper-lgM Syndrome 

The X-linked hyper-IgM syndrome is a rare disorder 
associated with defective switching of B cells to the IgG 
and IgA isotypes; these antibodies are therefore absent, 
and a compensatory increase in IgM in the blood 

occurs. The defect is caused by mutations in the gene 
encoding the T cell effector molecule CD40 ligand. 
The mutant forms of CD40 ligand produced in these 
patients do not bind to or transduce signals through 
CD40 and therefore do not stimulate B cells to undergo 
heavy chain isotype switching, which requires T cell 
help (see Chapter 9). Patients suffer from infections 
similar to those seen in other hypogammaglobuline- 
mias. Patients with X-linked hyper-IgM syndrome show 
defects in cell-mediated immunity (see Chapter 13), 
with a striking susceptibility to infection by the intra- 
cellular microbe Pneumocystis carinii. Defective cell- 
mediated immunity occurs because CD40 ligand is 
also involved in T cell-dependent activation of 
macrophages (see Chapter 13). Knockout mice lacking 
CD40 or CD40 ligand have a phenotype similar to that 
of the human disease. 

There are rare cases of hyper-IgM syndrome that 
show an autosomal recessive inheritance pattern. In 
these patients, the genetic defects are in CD40 or in the 
enzyme activation-induced deaminase that is involved 
in heavy chain isotype switching and affinity maturation 
(see Chapter 9). 



- Section V - The Immune System in Disease 

Defects in B Cell Differentiation: 
Common Variable lmmunodeficiency 

Common variable immunodeficiency is a group of 
heterogeneous disorders defined by reduced levels 
of serum Ig, impaired antibody responses to infection 
or vaccines, and increased incidence of infections. 
The diagnosis is usually one of exclusion when other 
primary immunodeficiency diseases are ruled out. The 
presentation and pathogenesis are, as the name 
implies, highly variable. Although Ig deficiency and 
associated pyogenic infections are major components 
of these disorders, autoimmune diseases, including 
pernicious anemia, hemolytic anemia, and rheumatoid 
arthritis, may be just as significant. A high incidence of 
malignant tumors is also associated with common vari- 
able immunodeficiency. These disorders may be diag- 
nosed early in childhood or late in life. Both sporadic 
and familial cases occur, the latter with both autosomal 
dominant and recessive inheritance patterns. Mature B 
lymphocytes are present in these patients, but plasma 
cells are absent in lymphoid tissues, which suggests a 
block in B cell differentiation to antibody-producing 
cells. The defective antibody production has been 
attributed to multiple abnormalities, including intrin- 
sic B cell defects, deficient T cell help, and excessive 
"suppressor cell" activity. The genetic basis of the 
disease is not known. 

Defects in T Lymphocyte Activation and Function 

Many examples of rare immunodeficiency diseases 
caused by defects in the expression of molecules 
required for T cell activation and function have been 
identified. Modern biochemical and molecular analyses 
of affected individuals have revealed mutations in 
the genes encoding various T cell proteins. Examples 
include impaired TCR complex expression or function 
caused by mutations in the CD3 E or y genes, defective 
TCR-mediated signaling caused by mutations in the 
ZAP-70 gene, reduced synthesis of cytokines such as IL- 
2 and interferon-y (IFN-y) (in some cases caused by 
defects in transcription factors), and lack of expression 
of IL2 receptors. These defects are often found in only 
a few isolated cases or in a few families, and the clinical 
features and severity vary widely. Patients with these 
abnormalities may have deficiencies predominantly in 
T cell function or have mixed T cell and B cell immuno- 
deficiencies despite normal or even elevated numbers 
of blood lymphocytes. Some of these defects are asso- 
ciated with abnormal ratios of CD4' and CD8' T cell 
subsets, which may reflect impaired development of 
one subset in the thymus or impaired expansion of one 
subset in the peripheral immune system. For example, 
patients with ZAP-70 deficiency have more CD8' than 
CD4' T cells, although the reason for the abnormal 
ratio is not clear. 

X-linked lymphoproliferative disease is a disorder 
characterized by an inability to eliminate EBV, even- 
tually leading to fulminant infectious mononucleosis 
and the development of B cell tumors and associated 
hypogammaglobulinemia. The disease is due to muta- 

tions in the gene encoding an adapter molecule that 
binds to a cell surface molecule involved in activation 
of T and B lymphocytes, called signaling lymphocyte 
activation molecule (SLAM). The role of SLAM and 
the associated adapter protein in immune responses is 
not well understood. However, defects in the SLAM- 
associated adapter protein result in increased suscepti- 
bility to viral infections, which is most commonly 
manifested by severe EBV infections, probably because 
of the ubiquitous nature of EBV. 

Defective Class I1 MHC Expression: 
The Bare Lymphocyte Syndrome 

Class I1 major histocompatibility complex (MHC) defi- 
ciency, also called bare lymphocyte syndrome, is a rare 
heterogeneous group of autosomal recessive diseases in 
which patients express little or no HLA-DP, HLA-DQ 
or HLA-DR on B lymphocytes, macrophages, and den- 
dritic cells and fail to express class I1 MHC molecules 
in response to IFN-y. They express normal or only 
slightly reduced levels of class I MHC molecules and pp- 
microglobulin. Most cases of the bare lymphocyte syn- 
drome are due to mutations in genes encoding proteins 
that regulate class I1 MHC transcription. For example, 
mutations in the constitutively expressed transcription 
factor RFX5 or the IFN-y-inducible transcriptional 
activator CIITA lead to reduced class I1 MHC expres- 
sion and a failure of antigen-presenting cells (APCs) to 
activate CD4" T lymphocytes. Failure of antigen pres- 
entation may result in defective positive selection of T 
cells in the thymus with a reduction in the number of 
mature CD4" T cells or defective activation of cells in 
the periphery. Affected individuals are deficient in 
DTH responses and in antibody responses to T cell- 
dependent protein antigens. The disease appears 
within the first year of life and is usually fatal unless it 
is treated by bone marrow transplantation. 

Defective Class I MHC Expression 

Autosomal recessive class I MHC deficiencies have also 
been described and are characterized by decreased 
CD8' T cell numbers and function. In some cases, the 
failure to express class I MHC molecules is due to muta- 
tions in the gene encoding the TAP-1 or TAP-2 subunit 
of the TAP (transporter associated with antigen pro- 
cessing) complex, which normally pumps peptides into 
the endoplasmic reticulum, where they are required for 
class I MHC assembly (see Chapter 6). These TAP- 
deficient patients express few cell surface class I MHC 
molecules, a phenotype similar to TAP gene knockout 
mice. Such patients suffer mainly from respiratory tract 
bacterial infections and not viral infections, which is 
surprising considering that a principal function of CD8' 
T cells is defense against viruses. 

lmmunodeficiency Associated with Other 
Inherited Diseases 

Variable degrees of B and T cell immunodeficiency 
occur in certain congenital diseases with a wide spec- 

trum of abnormalities involving multiple organ systems. 
One such disorder is the Wiskott-Aldrich syndrome, an 
X-linked disease characterized by eczema, thrombocy- 
topenia (reduced blood platelets), and susceptibility to 
bacterial infection. In the initial stages of the disease, 
lymphocyte numbers are normal, and the principal 
defect is an inability to produce antibodies in response 
to T cell-independent polysaccharide antigens, be- 
cause of which these patients are especially susceptible 
to infections with encapsulated pyogenic bacteria. 
The lymphocytes (and platelets) are smaller than nor- 
mal. With increasing age, the patients show reduced 
numbers of lymphocytes and more severe immunode- 
ficiency. The defective gene responsible for the 
Wiskott-Aldrich syndrome encodes a cytoplasmic pro- 
tein expressed exclusively in bone marrow-derived cells 
that interacts both with adapter molecules, such as Grb- 
2 (see Chapter 8), and with small G proteins of the Rho 
family that regulate the actin cytoskeleton. Expression 
of many cell surface glycoproteins is also reduced, 
including the sialic acid-rich glycoprotein called CD43 
(or sialophorin), which is normally expressed on lym- 
phocytes, macrophages, neutrophils, and platelets. 
Cumulatively, these alterations may interfere with traf- 
ficking of leukocytes to sites of inflammation. 

Another multisystem congenital disease associated 
with immunodeficiency is ataxia-telangiectasia. It is 
an autosomal recessive disorder characterized by ab- 
normal gait (ataxia), vascular malformations (telan- 
giectases), neurologic deficits, increased incidence 
of tumors, and immunodeficiency. The immunologic 
defects are of variable severity and may affect both B 
and T cells. The most common humoral immune defect 
is IgA and IgG2 deficiency. The T cell defects, which are 
usually less pronounced, are associated with thymic 
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hypoplasia. Patients experience upper and lower respi- 
ratory tract bacterial infections, multiple autoimmune 
phenomena, and increasingly frequent cancers with 
advancing age. The gene responsible for this disorder 
is located on chromosome 11 and encodes a protein 
that is related to the enzyme phosphatidylinositol-3 
kinase, which was described as participating in T cell 
activation by antigens (see Chapter 8). The precise 
function of the ataxia-telangiectasia gene product is 
unknown, but it may play a role in DNA repair. 

Defects in Innate Immunity 

Innate immunity constitutes the first line of defense 
against infectious organisms. Two important mediators 
of innate immunity are phagocytes and complement, 
which also participate in the effector phases of adaptive 
immunity. Therefore, congenital disorders of phago- 
cytes and the complement system result in recurrent 
infections of varying severity. Complement deficiencies 
were described in Chapter 14 (see Box 14-2). In this 
section of the chapter, we discuss some examples of con- 
genital phagocyte disorders (Table 20-4). 

Defect in Microbicidal Activities o f  Phagocytes: 
Chronic Granulomatous Disease 

Chronic granulomatous disease (CGD) is a rare disease, 
estimated to affect about 1 in 1 million individuals 
in the United States. About two thirds of cases show 
an X-linked recessive pattern of inheritance, and the 
remainder are autosomal recessive. The disease is char- 
acterized by recurrent intracellular bacterial and fungal 
infections, usually from early childhood. Because the 
infections are not controlled by phagocytes, they stim- 

Table 20-4. Congenital Disorders of Innate Immunity 

Functional deficiencies Mechanisms 
and clinical problems of defect 

Defective production of reactive Mutations in genes 
oxygen intermediates by phagocytes; encoding components of 
recurrent intracellular bacterial and the phagocyte oxidase 
fungal infections enzyme, most often 

cytochrome b558 

Absent or deficient expression of p2 Mutations in gene 
integrins causing defective leukocyte encoding the P chain 
adhesion-dependent functions; (CD18) of p:! integrins 
recurrent bacterial and fungal 
infections 
-- 

Absent or deficient expression of 
leukocyte ligands for endothelial E- 
and P-selectins causing failure of 
leukocyte migration into tissues; 
recurrent bacterial and fungal 
infections 

Mutations in gene 
encoding a GDP-fucose 
transporter required 
for synthesis of the 
sialyl Lewis X component 
of E- and P- 
selectin ligands 

Defective lysosomal function in 
neutrophils, macrophages, and 
dendritic cells; defective granule 
function in natural killer cells; recurrent 
infections by pyogenic bacteria 

Mutation in a gene of 
unknown function leading 
to increased fusion of 
cytoplasmic granules 
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ulate chronic cell-mediated immune responses result- 
ing in T cell-mediated macrophage activation and 
the formation of granulomas composed of activated 
macrophages. The disease is often fatal, even with 
aggressive antibiotic therapy. 

CGD is caused by mutations in a component of the 
phagocyte oxidase enzyme, most often the 91-kD mem- 
brane protein cytochrome b558, also known as phox 
(phagocyte oxidase)-91. This mutation results in defec- 
tive production of superoxide anion, a reactive oxygen 
intermediate that constitutes a major microbicidal 
mechanism of phagocytes (see Chapter 12). Defective 
production of reactive oxygen intermediates results in 
a failure to kill phagocytosed microbes. The cytokine 
IFN-y stimulates the production of superoxide by 
normal neutrophils, as well as CGD neutrophils, espe- 
cially in cases in which the phox-91 gene is intact but 
its transcription is reduced. IFN-y enhances tran- 
scription of the phox-91 gene and also stimulates other 
components of the phagocyte oxidase enzyme. Once 
neutrophil superoxide production is restored to about 
10% of normal levels, resistance to infection is greatly 
improved. IFN-?/ therapy is now commonly used for the 
treatment of X-linked CGD. 

Leukocyte Adhesion Deficiencies 

Leukocyte adhesion deficiency type 1 (LAD-1) is a rare 
autosomal recessive disorder characterized by recurrent 
bacterial and fungal infections and impaired wound 
healing. In these patients, most adhesion-dependent 
functions of leukocytes are abnormal. These functions 
include adherence to endothelium, neutrophil aggre- 
gation and chemotaxis, phagocytosis, and cytotoxicity 
mediated by neutrophils, NK cells, and T lymphocytes. 
The molecular basis of the defect is absent or deficient 
expression of the pp integrins, or the CDllCD18 family 
of glycoproteins, due to various mutations in the CD18 
gene. The P2 integrins include leukocyte function- 
associated antigen-1 (LFA-1 or CDllaCD18), Mac-1 
(CDllbCD18), and p150,95 (CDllcCD18). These pro- 
teins participate in the adhesion of leukocytes to other 
cells, notably endothelial cells, and the binding of T 
lymphocytes to APCs (see Chapter 6, Box 6-2). 

LAD9 is another disorder described in a small 
number of patients that is clinically similar to LAD-1 but 
is not due to integrin defects. In contrast, LAD9 results 
from an absence of sialyl Lewis X, the carbohydrate 
ligand on neutrophils that is required for binding to E- 
selectin and P-selectin on cytokine-activated endothe- 
lium (see Chapter 6, Box 6-3). This defect is caused by 
a mutation in a fucose transporter gene leading to an 
inability to add fucose moieties to carbohydrates that 
are part of the sialyl Lewis X component of selectin 
ligands. 

Defect in NK Cells and Other Leukocytes: 
The Chtdiak-Higashi Syndrome 

The Chkdiak-Higashi syndrome is a rare autosomal 
recessive disorder characterized by recurrent infections 
by pyogenic bacteria, partial oculocutaneous albinism, 
and infiltration of various organs by non-neoplastic 

lymphocytes. The neutrophils, monocytes, and lym- 
phocytes of these patients contain giant cytoplasmic 
granules. It is thought that this disease is due to a 
cellular abnormality leading to increased fusion of 
cytoplasmic granules. This increased granule fusion 
affects the lysosomes of neutrophils and macrophages 
(causing reduced resistance to infection), melanocytes 
(causing albinism), cells of the nervous system (causing 
nerve defects), and platelets (leading to bleeding dis- 
orders). The gene responsible for this disorder has 
been mapped to chromosome 1 and encodes a widely 
expressed cytosolic protein. It is not known how defects 
in the protein encoded by this gene lead to abnormal 
granule membrane fusion. The giant lysosomes found 
in neutrophils form during the maturation of these 
cells from myeloid precursors. Some of these neu- 
trophil precursors die prematurely and cause moderate 
leukopenia. Surviving neutrophils may contain reduced 
levels of the lysosomal enzymes that normally function 
in microbial killing. These cells are also defective in 
chemotaxis and phagocytosis, further contributing to 
their deficient microbicidal activity. Defects in the lyso- 
somes of dendritic cells and macrophages may impair 
antigen processing and presentation. NK cell function 
in these patients is impaired, probably because of an 
abnormality in the cytoplasmic granules that store pro- 
teins mediating cytolysis. Interestingly, cytolytic T lym- 
phocyte (CTL)-mediated killing is normal. 

A mutant mouse strain called the beige mouse is an 
animal model for the ChCdiak-Higashi syndrome. This 
strain is characterized by deficient NK cell function and 
giant lysosomes in leukocytes. The beige mutation has 
been mapped to the mouse homologue of the human 
Chediak-Higashi gene. 

Therapeutic Approaches for 
Congenital lmmunodeficiencies 

The current treatment of immunodeficiencies has 
two aims-to minimize and control infections and 
to replace the defective or absent components of the 
immune system by adoptive transfer or transplantation. 
Passive immunization with pooled gamma globulin is 
enormously valuable for agammaglobulinemic patients 
and has been lifesaving for many boys with X-linked 
agammaglobulinemia. Bone marrow transplantation is 
currently the treatment of choice for various immuno- 
deficiency diseases and has been successful in the treat- 
ment of SCID with ADA deficiency, Wiskott-Aldrich 
syndrome, bare lymphocyte syndrome, and LAD. It is 
most successful with careful T cell depletion from the 
marrow and HLA matching to prevent graft-versus-host 
disease (see Chapter 16). Enzyme replacement therapy 
for ADA and PNP deficiencies has been attempted, with 
red blood cell transfusions used as a source of the 
enzymes. This approach has produced temporary clini- 
cal improvement in several patients with autosomal 
SCID. Injection of bovine ADA conjugated to polyeth- 
ylene glycol to prolong its serum half-life has proved 
successful in some cases, but the benefits are usually 
short-lived. 

In theory, the therapy of choice for congenital dis- 
orders of lymphocytes is to replace the defective gene 
in self-renewing precursor cells. Gene replacement 
remains a distant goal for most human immunodefi- 
ciencies at present, despite considerable effort. The 
main obstacles to this type of gene therapy are difficul- 
ties in purifying self-renewing stem cells, which are the 
ideal target for introduction of the replacement gene, 
and the lack of a method for introducing genes into 
cells to achieve stable, long-lived, and high-level expres- 
sion. A small number of patients with X-linked SCID 
have been successfully treated by transplantation of 
autologous bone marrow cells engineered to express a 
normal yC chain gene. This is the first disease to be 
treated by gene therapy, but it is not known how long- 
lived the gene replacement will be. For unknown 
reasons, gene therapy has not been as successful in 
treating patients with autosomal SCID caused by ADA 
mutations. 

Acquired (Secondary) 
lmmunodeficiencies 

Deficiencies of the immune system often develop 
because of abnormalities that are not genetic but 
acquired during life (Table 20-5). The most important 
of these abnormalities is HIV infection, and this is 
described in the next section. Acquired immunodefi- 
ciency diseases are caused by two main types of patho- 
genic mechanisms. First, immunosuppression may 
occur as a biologic complication of another disease 
process. Second, so-called iatrogenic immunodeficien- 
cies may develop as complications of therapy for other 
diseases. 

Diseases i n  which immunodejiciency is  a common 
complicating element include malnutrition, neo- 
plasms, and infections. Protein-calorie malnutrition is 
extremely common in developing countries and is asso- 
ciated with impaired cellular and humoral immunity to 
microorganisms. Much of the morbidity and mortality 

Table 20-5. Acquired lmmunodeficiencies 

Metabolic 
derangements inhibit 
lymphocyte maturation 
and function 

1 Reduced site of 
leukocyte development I 

that afflict malnourished people is due to infections. 
The basis for the immunodeficiency is not well defined, 
but it is reasonable to assume that the global metabolic 
disturbances in these individuals, caused by deficient 
intake of protein, fat, vitamins, and minerals, will ad- 
versely affect maturation and function of the cells of the 
immune system. 

Patients with advanced widespread cancer are often 
susceptible to infection because-of impaired cell-medi- 
ated Bnd humoral immune responses to a variety of 
organisms. Bone marrow tumors, including cancers 
metastatic to marrow and leukemias that arise in the 
marrow, may interfere with the growth and develop- 
ment of normal lymphocytes and other leukocytes. 
In addition, tumors may produce substances that inter- 
fere with lymphocyte development or function. An ex- 
ample of malignancy-associated immunodeficiency is 
the impairment in T cell function commonly observed 
in patients with a type of lymphoma called Hodgkin's 
disease. This defect was first characterized as an inabil- 
itv to mount a DTH reaction on intradermal injection ., 
of various common antigens to which the patients were 
previously exposed, such as Candida or tetanus toxoid. 
Other in  uitro measures of T cell function, such as 
proliferative responses to polyclonal activators, are 
also impaired in patients with Hodgkin's disease. Such 
a generalized deficiency in DTH responses is called 
anergy. The cause of these T cell abnormalities is 
unknown. 

Various types of infections lead to immunosuppres- 
sion. Viruses other than HIV are known to impair 
immune responses; examples include the measles virus 
and human T cell lymphotropic virus 1 (HTLV-1). Both 
viruses can infect lymphocytes, which may be a basis for 
their immunosuppressive effects. Like HIV, HTLV-1 is 
a retrovirus with tropism for CD4' T cells; however, 
instead of killing helper T cells, it transforms them and 
produces an aggressive T cell malignant disease called 
adult T cell leukemia/lymphoma (ATL). Patients with 
ATL typically have severe immunosuppression with 
multiple opportunistic infections. Chronic infections 
with Mycobacterium tuberculosis and various fungi fre- 
quently result in anergy to many antigens. Chronic par- 
asitic infections may also lead to immunosuppression. 
For example, African children with chronic malarial 
infections have depressed T cell function, which may be 
important in the pathogenesis of EBV-associated malig- 
nant tumors (see Chapter 17, Box 17-2). 

Iatrogenic immunosuppression is  most often due to 
drug therapies that either kill or functionally inacti- 
vate lymphocytes. Some drugs are given intentionally 
to immunosuppress patients, either for the treatment 
of inflammatory diseases or to prevent rejection of 
tissue allografts. The most commonly used anti- 
inflammatory and immunosuppressive drugs are cor- 
ticosteroids and cyclosporine, respectively. Various 
chemotherapeutic drugs are administered to patients 
with cancer, and these drugs are usually cytotoxic to 
both mature and developing lymphocytes as well as to 
granulocyte and monocyte precursors. Thus, cancer 
chemotherapy is almost always accompanied by a 
period of immunosuppression and risk of infection. 
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Radiation treatment of patients with cancer carries the HIV Structure and Genes 
same risks. 

One other form of acquired immunosuppression 
results from the absence of a spleen caused by surgical 
removal of the organ after trauma and as treatment of 
certain hematologic diseases or by infarction in sickle 
cell disease. Patients without spleens are more suscep- 
tible to infection by some organisms, particularly encap- 
sulated bacteria such as Streptococcus pneumoniae. This 
enhanced susceptibility is due to absence of the impor- 
tant function of the spleen in phagocytic clearance of 
opsonized blood-borne microbes. 

Human Immunodeficiency Virus 
and the Acquired Immunodeficiency 
Syndrome 

AIDS is the disease caused by infection with HZV and 
is characterized by profound immunosuppression 
with associated opportunistic infections and malig- 
nant tumors, wasting, and central nervous system 
(CNS) degeneration. HIV infects a variety of cells of the 
immune system, including CD4expressing helper T 
cells, macrophages, and dendritic cells. HIV evolved as 
a human pathogen very recently relative to most other 
known human pathogens, and the HIV epidemic was 
first identified only in the 1980s. However, the degree 
of morbidity and mortality caused by HIV and the 
global impact of HIV infection on health care resources 
and economics are already enormous and continue to 
grow. HIV has infected 50 to 60 million people and has 
caused the death of nearly 20 million adults and chil- 
dren. In the year 2001, there were almost 40 million 
people living with HIV infection and AIDS, of which 
70% were in Africa and 15% in Asia. It is estimated that 
there were 5 million people newly infected with HIV 
during the year, and 3 million deaths were caused by 
AIDS. Currently, no prophylactic immunization or cure 
is known for AIDS, although new therapies are being 
developed. In this section of the chapter, we describe 
the molecular and biologic properties of HIV, the 
nature and possible causes of HIV-induced immunode- 
ficiency, and the clinical and epidemiologic features of 
HIV-related diseases. 

Molecular and Biologic Features of HIV 

HIV is a member of the lentivirus family of animal re- 
troviruses. Lentiviruses, including visna virus of sheep 
and the bovine, feline, and simian immunodeficiency 
viruses (SIV), are capable of long-term latent infection 
of cells and short-term cytopathic effects, and they 
all produce slowly progressive, fatal diseases that 
include wasting syndromes and CNS degeneration. Two 
closely related types of HIV, designated HIV-1 and HIV- 
2, have been identified. HIV-1 is by far the most 
common cause of AIDS, but HIV-2, which differs in 
genomic structure and antigenicity, causes a similar 
clinical syndrome. 

An infectious HIV particle consists of two identical 
strands of RNA packaged within a core of viral 
proteins and surrounded by a phospholipid bilayer 
envelope derived from the host cell membrane but 
including virally encoded membrane proteins (Fig. 
20-3). The RNA genome of HIV is -9.2 kb long and has 
the basic arrangement of nucleic acid sequences char- 
acteristic of all known retroviruses (Fig. 20-4). Long 
terminal repeats (LTRs) at each end of the genome reg- 
ulate viral integration into the host genome, viral gene 
expression, and viral replication. The gag sequences 
encode core structural proteins. The env sequences 
encode the envelope glycoproteins gp120 and gp41, 
which are required for infection of cells. The pol 
sequences encode reverse transcriptase, integrase, and 
viral protease enzymes required for viral replication. In 
addition to these typical retrovirus genes, HIV-1 also 
includes six other regulatory genes, namely, the tat, rev, 
viJ; n$ vph and vpu genes, whose products regulate viral 
reproduction in various ways. The functions of these 
genes are summarized in Figure 20-4. 

Viral Life Cycle 

HZV infection of cells begins when the envelope glyco- 
protein (Env) of a viralparticle binds to both CD4 and 
a coreceptor that is a member of the chemokine recep- 
tor family (Fig. 20-5). The viral particles that initiate 
infection are usually in the blood, semen, or other body 
fluids of one individual and are introduced into 
another individual by sexual contact, needle stick, or 
transplacental passage. Env is a complex composed of 
a transmembrane gp41 subunit and an external, non- 
covalently associated gp120 subunit. These subunits are 
produced by proteolytic cleavage of a gp160 precursor. 
The Env complex is expressed as a trimeric structure of 
three gp120/gp41 pairs. This complex mediates a mul- 
tistep process of fusion of the virion envelope with the 
membrane of the target cell (Fig. 20-6). The first step 
of this process is the binding of gp120 subunits to CD4 
molecules, which induces a conformational change that 
promotes secondary gp120 binding to a chemokine 
coreceptor. Coreceptor binding induces a conforma- 
tional change in gp41 that exposes a hydrophobic 
region, called the fusion peptide, that inserts into the 
cell membrane and enables the viral membrane to fuse 
with the target cell membrane. After the virus com- 
pletes its life cycle in the infected cell (described later), 
free viral particles are released from one infected cell 
and bind to an uninfected cell, thus propagating the 
infection. In addition, gp120 and gp41, which are 
expressed on the plasma membrane of infected cells 
before virus is released, can mediate cell-cell fusion with 
an uninfected CD4 and coreceptor-expressing cell, and 
HIV genomes can then be passed between the fused 
cells directly. 

The identification of CD4 and chemokine receptors 
as HIV receptors involved several different experimen- 
tal approaches and clinical observations. 
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An HIV-1 virion is shown next to a T cell surface. 
HIV-1 consists of two identical strands of RNA (the 
viral genome) and associated enzymes, including 
reverse transcriptase, integrase, and protease, 
packaged in a cone-shaped core composed of p24 
capsid protein with a surrounding p17 protein 
matrix, all surrounded by a phospholipid mem- 
brane envelope derived from the host cell. Virally 
encoded membrane proteins (gp41 and gp120) 
are bound to  the envelope. CD4- and chemokine 
receptors on the host cell surface function as 
HIV-1 receptors. (Adapted from front cover. The 
new face of AIDS. Science 272:1841-2102, 1996. 
0 2000 Terese Winslow.) 

, Lipid bilayer 

) Reverse 
transcriptase 
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I( Integration of viral DNA into host cell genome; binding site for host transcription factors 
Nucleocapsid core and matrix proteins 

4 Reverse transcriptase, protease, integrase, and ribonuclease 

Viral coat proteins (gp120 and gp41) mediating CD4 and chemokine receptor binding and 
membrane fusion 

_1 

Enhances infectivity of viral particles 

1 vpr I Promotes nuclear import of viral DNA; G2 cell cycle arrest 

3 Required for elongation of viral transcripts 

1 Promotes nuclear export of incompletely spliced or unspliced viral RNAs 

CI Down-regulates host cell CD4 expression and enhances release of virus from cells 

Down-regulates host cell CD4 expression and enhances release of virus from cells; 
down-regulates host cell class I MHC expression 

Figure 20-4 HIV-1 genome. 
The genes along the linear genome are indicated as differently colored blocks. Some genes use 

some of the same sequences as other genes, as shown by overlapping blocks, but are read differently 
by host cell RNA polymerase. Similarly shaded blocks separated by lines indicate genes whose coding 
sequences are separated in the genome and require RNA splicing to produce functional messenger 
RNA. LTR, long terminal repeat. (Adapted from Greene W. AIDS and the immune system. Copyright 
1993 by Scientific American, Inc. All rights reserved.) 



m Section V - The Immune System in Disease 

HIV virion 

to CD4 and 
chemokine 

Plasma 
membrane% 

membrane with cell 
membrane; entry 
of viral genome 

New HIV , 
on ( 

Figure 20-5 HIV life cycle. 
The sequential steps in the life cycle of HIV are shown, from initial infection of a host cell to viral 

replication and release of a new virion. For the sake of clarity, the production and release of only one 
new virion are shown. An infected cell actually produces many virions, each capable of infecting cells, 
thereby amplifying the infectious cycle. 

0 CD4 was first suspected as a viral receptor because of 
the selective destruction of CD4'T cells in HIV-infected 
individuals and the subsequent demonstration that 
HIV infects CD4' cells only in vitro. Receptor-binding 
studies using purified recombinant molecules have 
established that gp120 specifically binds to CD4, and 
mutational and x-ray crystallographic studies have 
identified the regions of both molecules that interact 
physically. 

0 The requirement for a coreceptor in addition to CD4 
in HIV infection was first suspected because expression 
of recombinant human CD4 in many nonhuman cell 
lines did not render the cells susceptible to HIV infec- 
tion but subsequent fusion with human cells did. A 
second phenomenon indicating a role for cofactors in 
HIV infection is the existence of different isolates of 
HIV that have distinct tropisms for different cell popu- 
lations in a pattern that does not correlate with CD4 

expression. All HIV strains can infect and replicate in 
freshly isolated human CD4+ T cells that are activated 
in vitro. In contrast, some strains will infect primary cul- 
tures of human macrophages but not continuous T cell 
lines (macrophage-tropic, or M-tropic, virus), whereas 
other strains will infect T cell lines but not macro- 
phages (T-tropic virus). Some virus strains also infect 
both T cell lines and macrophages (dual-tropic virus). 
The tropism for macrophages or T cell lines was shown 
to be related to the ability of the Env proteins to 
mediate fusion of the virus with the membranes of the 
two different cell types, and cell-cell fusion experiments 
indicated that cofactors in addition to CD4 were 
involved in determining tropism. We now know that the 
tropism is related to the expression of different che- 
mokine receptors on the macrophage or T cell lines. 

0 The initial demonstration that a chemokine receptor 
can act as a cofactor for HIV entry into a cell was 
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Figure 20-6 Mechanism of HIV entry into a cell. 
In the model depicted, sequential conformational changes in gp120 and gp41 are induced by 

binding to CD4. These changes promote binding of the virus to the coreceptor (a chemokine recep- 
tor) and fusion of the HIV-1 and host cell membranes. The fusion peptide of activated gp41 contains 
hydrophobic amino acid residues that mediate insertion into the host cell plasma membrane. 

accomplished by screening human cDNA libraries 
for the ability to confer infectivity of a human CD4 
expressing mouse cell line by a T cell line-tropic 
HIV strain. A cDNA isolated by this strategy encoded 
the CXCR4 chemokine receptor, which binds the 
chemokines SDF-la and SDF-1P. Concurrent with 
these studies, investigators discovered that soluble 
factors released by CD8' T cells could suppress HIV 
infection of macrophages by macrophage-tropic virus. 
These factors were identified as the chemokines 
RANTES (regulated by activation, normal T cell ex- 
pressed and secreted), MIP-la (macrophage inflam- 
matory protein-la) and MIP-1P, all of which bind to 
the CCR5 receptor. Transfection of recombinant CCR5 
into cell lines that resisted infection by macrophage- 
tropic virus conferred susceptibly to infection. 

More than seven different chemokine receptors have 
been shown to serve as coreceptors for HIV entry into 
cells, and several other proteins belonging to the seven- 
membrane-spanning G protein-coupled receptor 
family, such as the leukotriene Bq receptor, can also 
mediate HIV infection of cells. The specificities of dif- 
ferent viral isolates for different coreceptors are based 
on differences in amino acid sequences of gp120, and 
mutations in gp120 can thus alter the cell tropism of 
the virus. Furthermore, in many HIV-infected indivi- 
duals, there is an evolution from the production of 
virus that uses CCR5 early in the disease to virus that 
binds to CXCR4 late in the disease. This switch corre- 

lates with a change from the isolation of predominantly 
macrophage-tropic virus early in disease to the isolation 
of T cell line-tropic virus late. Currently, HIV variants 
are described as X4 for CXCR4 binding, R5 for CCR5 
binding, or R5X4 for the ability to bind to both 
chemokine receptors. The importance of CCR5 in HIV 
infection in  uiuo is supported by the finding that indi- 
viduals who do not express this receptor because of 
genetic mutations are resistant to HIV infection. 

Once an HZV virion enters a cell, the enzymes 
within the nucleoprotein complex become active and 
begin the viral reproductive cycle (see Fig. 20-5). The 
nucleoprotein core of the virus becomes disrupted, 
the RNA genome of HIV is transcribed into a double- 
stranded DNA form by viral reverse transcriptase, and 
the viral DNA enters the nucleus. The viral integrase 
also enters the nucleus and catalyzes the integration of 
viral DNA into the host cell genome. Some evidence 
shows that the integration event is enhanced by con- 
comitant T cell activation by antigens or bacterial 
superantigens. The integrated HIV DNA is called the 
provirus. The provirus may remain transcriptionally 
inactive for months or years, with little or no produc- 
tion of new viral proteins or virions, and in this way HIV 
infection of an individual cell can be latent. 

Transcription of the genes of the integrated DNA 
provirus is regulated by the LTR upstream of the viral 
structural genes, and cytokines or other physiologic 
stimuli to T cells and macrophages enhance viral gene 
transcription. The LTRs contain polyadenylation signal 
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sequences, the TATA box promoter sequence, and 
binding sites for two host cell transcription factors, NF- 
KB and SP1. Initiation of HIV gene transcription in 
T cells is linked to physiologic activation of the T cell 
by antigen or cytokines. For example, polyclonal activa- 
tors of T cells, such as phytohemagglutinin, IL-2, 
tumor necrosis factor (TNF), and lymphotoxin, stimu- 
late HIV gene expression in infected T cells, and IL1, 
IL-3, IL-6, TNF, lymphotoxin, IFN-y, and granulocyte- 
macrophage colony-stimulating factor (GM-CSF) stim- 
ulate HIV gene expression and viral replication in 
infected monocytes and macrophages. TCR and 
cytokine stimulation of HIV gene transcription proba- 
bly involves the activation of NF-KB and its binding to 
sequences in the LTR. This phenomenon is significant 
to the pathogenesis of AIDS because the normal 
response of a latently infected T cell to a microbe may 
be the way in which latency is ended and virus produc- 
tion begins. The multiple infections that AIDS patients 
acquire thus stimulate HIV production and infection of 
additional cells. 

The Tat protein is required for HIV gene expression 
and acts by enhancing the production of complete viral 
mRNA transcripts. Even in the presence of optimal 
signals to initiate transcription, few if any HIV mRNA 
molecules are actually synthesized because transcrip- 
tion of HIV genes by'mammalian RNA polymerase i s  
inefficient and the polymerase complex usually stops 
before the mRNA is completed. Tat protein binds to the 
nascent mRNA (not to viral DNA) and increases the 
"processivity" of RNA polymerase by several hundred- 
fold, which allows transcription to be completed to 
produce a functional viral mRNA. 

Synthesis of mature, infectious viral particles 
begins after full-length viral RNA transcripts are pro- 
duced and the viral genes are expressed as proteins. 
The mRNAs encoding the various HIV proteins are 
derived from a single full-genome-length transcript by 
differential splicing events. HIV gene expression may 
be divided into an early stage, during which regulatory 
genes are expressed, and a late stage, during which 
structural genes are expressed and full-length viral 
genomes are packaged. The Rev, Tat, and Nef proteins 
are early gene products encoded by fully spliced 
mRNAs that are exported from the nucleus and trans- 
lated into proteins in the cytoplasm soon after infection 
of a cell. Late genes include env, gag and pol, which 
encode the structural components of the virus and are 
translated from singly spliced or unspliced RNA. The 
Rev protein initiates the switch from early to late gene 
expression by promoting the export of these incom- 
pletely spliced late gene RNAs out of the nucleus. The 
pol gene product is a precursor protein that is sequen- 
tially cleaved to form reverse transcriptase, protease, 
ribonuclease, and integrase enzymes. As mentioned 
before, reverse transcriptase and integrase proteins are 
required for producing a DNA copy of the viral RNA 
genome and integrating it as a provirus into the host 
genome. The gag gene encodes a 55-kD protein that is 
proteolytically cleaved into p24, p17, and p15 polypep- 
tides by the action of the viral protease encoded by the 
pol gene. These polypeptides are the core proteins that 

are required for assembly of infectious viral particles. 
The primary product of the env gene is a 160-kD gly- 
coprotein (gp160) that is cleaved by cellular proteases 
within the endoplasmic reticulum into the gp120 and 
gp41 proteins required for HIV binding to cells, as 
discussed earlier. Current antiviral drug therapy for 
HIV disease includes inhibitors of the enzymes reverse 
transcriptase, protease, and integrase. 

After transcription of various viral genes, viral pro- 
teins are synthesized in the cytoplasm. Assembly of 
infectious viral particles then begins by packaging full- 
length RNA transcripts of the proviral genome within a 
nucleoprotein complex that includes the gag core pro- 
teins and the pol-encoded enzymes required for the 
next cycle of integration. This nucleoprotein complex 
is then enclosed within a membrane envelope and 
released from the cell by a process of budding from the 
plasma membrane. The rate of virus production can 
reach sufficiently high levels to cause cell death, as dis- 
cussed later. 

The Course of HIV Disease 

The development of AIDS is related to the ability of 
HZV to destroy the host immune system and the 
inability of the host immune response to eradicate 
HZV infection. We next describe what is known or 
hypothesized to be the progression of events in HIV 
disease, including the basis for immunosuppression. We 
include in this discussion the role of the host's immune 
response in both aggravating and limiting the patho- 
logic effects of the virus. 

Steps in HIV Infection and Pathogenesis 

HZV disease begins with acute infection, which is only 
partly controlled by the adaptive immune response 
and advances to chronic progressive infection of 
peripheral lymphoid tissues (Fig. 20-7). The course of 
HIV disease can be followed by measuring the amount 
of virus in the patient's plasma and by the blood CD4' 
T cell count (Fig. 20-8). Primary infection occurs when 
HIV virions in the blood, semen, or other body fluids 
from one individual enter the cells of another indi- 
vidual by the gpl20/gp41-cell receptor-mediated 
fusion events described earlier. Depending on the site 
of initial exposure to virus, CD4+ T cells and monocytes 
in the blood or CD4' T cells and macrophages within 
mucosal tissues may be the first cells infected. It is likely 
that dendritic cells in epithelia at sites of virus entry 
capture the virus and then migrate into the lymph 
nodes. Dendritic cells express a protein with a man- 
nose-binding lectin domain that may be particularly 
important in binding the HIV envelope. Thus, den- 
dritic cells may play a key role in the initial dissemina- 
tion of H N  into lymphoid tissues. Once in lymphoid 
tissues, dendritic cells may pass HIV on to CD4' T cells 
through direct cell-cell contact. Within days after the 
first exposure to HIV, abundant viral replication can be 
detected in the lymph nodes. This replication leads to 
viremia, during which high numbers of HIV particles 
are present in the patient's blood, accompanied by an 
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Figure 20-7 Progression of HIV infection. 

The clinical stages of HIV disease correlate with a 
progressive spread of HIVfrom the initial site of infec- 
tion to lymphoid tissues throughout the body. The 
immune response of the host temporarily controls of cells in blood, 
acute infection but does not prevent the establish- mucosa 
ment of chronic infection of cells in lymphoid tissues. 
Cytokine stimuli induced by other microbes serve to 
enhance HIV production and progression to AIDS. 

in lymphoid tissues, 
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I Immune response 

Clinical latency 
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acute HIV syndrome that includes a variety of non- 
specific signs and symptoms typical of many viral dis- 
eases (Table 20-6). The viremia allows the virus to 
disseminate throughout the body and to infect helper 
T cells, macrophages, and dendritic cells in peripheral 
lymphoid tissues. As the HIV infection spreads, the 
adaptive immune system mounts both humoral and 
cell-mediated immune responses directed at viral 

antibodies CTLS' 

Partial control of 
viral replication 

Establishment of chronic infection; 
virus trapped in lymphoid tissues 

by follicular dendritic cells; 
low-level viral production 

Other 
microbial 
infections, 
cytokines 

Increased viral / replication I 

tissue; depletion of 
CD4+ T cells 

antigens, which we will describe later. These immune 
responses partially control the infection and viral pro- 
duction, and such control is reflected by a drop in 
viremia to low but detectable levels by -12 weeks after 
the primary exposure (see Fig. 20-8). 

After the initial acute infection, a second phase of 
the disease develops during which lymph nodes and 
the spleen are sites of continuous HZV replication and 
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Figure 20-8 Clinical course of HIV disease. 
A. Plasma viremia, blood CD4' T cell counts, and clinical stages 

of disease. About 12 weeks after infection, blood-borne virus 
(plasma viremia) is reduced to very low levels (detectable only by 
sensitive reverse transcriptase-polymerase chain reaction assays) 
and stays this way for many years. Nonetheless, CD4'T cell counts 
steadily decline during this clinical latency period because of active 
viral replication and T cell infection in lymph nodes. When CD4'T 
cell counts drop below a critical level (about 200/mm3), the risk 
of infection and other clinical components of AIDS is high. (From 
Pantaleo C, C Graziosi, and A Fauci. The immunopathogenesis of 
human immunodeficiency virus infection. New England Journal of 
Medicine 328:327-335, 1993. Copyright O 1993 Massachusetts 
Medical Society. All rights reserved.) 

B. Immune response to  HIV infection. A CTL response to HIV i s  
detectable by 2 to 3 weeks after the initial infection and peaks by 
9 to 12 weeks. Marked expansion of virus-specific CD8'T cell clones 
occurs during this time, and up to 10% of a patient's CTLs may be 
HIV specific at 12 weeks. The humoral immune response to HIV 
peaks at about 12 weeks. 

Table 20-6. Clinical Features of HIV Infection 

Fever, headaches, sore throat 
with pharyngitis, generalized 
lymphadenopathy, rashes 

Declieing blood CD4+,T cell 
ahbunt 

k L  , . j .  

Opportunistic infections 

Protozoa (Pneumocystis carinii, 
Cryptosporidium) 
Bacteria (Toxoplasma, Myco- 
bacterium avium, Nocardia, 
Salmonella) 
Fungi (Candida, Cryptococcus 
neoformans, Coccidioides 
immitis, Histoplasma 
capsula tum) 
Viruses (cytomegalovirus, 
herpes simplex, varicella-zoster) 

Tumors 
Lymphomas (including EBV- 
associated B cell lymphomas) 
Kaposi's sarcoma 
Cervical carcinoma 

Encephalopathy 
Wasting syndrome 

cell destruction (see Fig. 20-7). During this period of 
the disease, the immune system remains competent at 
handling most infections with opportunistic microbes, 
and few or no clinical manifestations of the HIV infec- 
tion are present. Therefore, this phase of HIV disease 
is called the clinical latency period. Only low levels of 
virus are produced during the latent phase, and the 
majority of peripheral blood T cells do not harbor the 
virus. However, destruction of CD4' T cells within lym- 
phoid tissues steadily progresses during the clinically 
latent period, and the number of circulating blood 
CD4' T cells steadily declines (see Fig. 20-8). More than 
90% of the body's -lo1' T cells are normally found in 
lymphoid tissues, and it is estimated that HIV destroys 
up to 1 to 2 x log C D ~ '  T cells every day. Early in the 
course of the disease, the body may continue to make 
new CD4' T cells, and therefore CD4' T cells can be 
replaced almost as quickly as they are destroyed. At this 
stage, up to 10% of CD4' T cells in lymphoid organs 
may be infected, but the number of circulating CD4+ T 
cells that are infected at any one time may represent 
less than 0.1% of the total CD4+ T cells in an individ- 
ual. Eventually, during a period of years, the continu- 
ous cycle of virus infection, T cell death, and new 
infection leads to a steady decline in the number of 
CD4'T cells in the lymphoid tissues and the circulation. 

During the chronic progressive phase of HIV disease, 
the patient becomes susceptible to other infections, and 
immune responses to these infections may stimulate 
HIV production and accelerate the destruction of lym- 
phoid tissues. As discussed earlier, HIV gene transcrip- 
tion can be enhanced by stimuli that activate T cells, 
such as antigens and a variety of cytokines. Cytokines, 
such as TNF, that are produced by the innate immune 
system in response to microbial infections are particu- 
larly effective in boosting HIV production. Thus, as the 
immune system attempts to eradicate other microbes, 
it brings about its own destruction by HIV. 

HIV disease progresses to the final and almost in- 
variably lethal phase, called AIDS, when destruction 
of the peripheral lymphoid tissue is essentially complete 
and the blood CD4' T cell count drops below 200 
cells/mm3. HIV viremia may climb dramatically as viral 
replication in other reservoirs accelerates unchecked. 
Patients with AIDS suffer from combinations of op- 
portunistic infections, neoplasms, cachexia (HIV wast- 
ing syndrome), kidney failure (HIV nephropathy) , and 
CNS degeneration (AIDS encephalopathy) (see Table 
20-6). Because CD4' helper T cells are essential for 
both cell-mediated and humoral immune responses to 
various microbes, the loss of these lymphocytes is the 
main reason that patients with AIDS become suscepti- 

ble to many different types of infections. Furthermore, 
many of the tumors that arise in patients with AIDS have 
a viral etiology, and their prevalence in the setting of 
AIDS reflects an inability of the HIV-infected patient 
to mount an effective immune response against onco- 
genic viruses. Most of the opportunistic infections and 
neoplasms associated with HIV infection do not occur 
until after the blood CD4+T cell count drops below 200 
cells/mm3. The mechanisms underlying cachexia and 
CNS degeneration in AIDS are not well understood. 
Cachexia is often seen in patients with chronic inflam- 
matory diseases and may reflect a combination of 
effects of inflammatory cytokines (such as TNF) on 
appetite and metabolism. The CNS disease in AIDS may 
be due to neuronal damage by the virus or by shed viral 
proteins such as gp120 and Tat as well as to the effects 
of cytokines elaborated by infected microglial cells. 

HIV Reservoirs and Viral Turnover 

The uirus detected in patients' blood is produced 
mostly by short-lived infected CD4' T cells and in 
smaller amounts by other infected cells. New drug 
therapies have been developed that block all detectable 
HIV production for several years, as we will discuss later. 
The reduction in plasma virus levels has been moni- 
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tored in patients receiving this therapy by sensitive 
reverse transcriptase-polymerase chain reaction assays 
for viral genomes (Fig. 20-9). Three phases of decay of 
plasma viremia have been observed or predicted by 
mathematical modeling, and these decay curves have 
been used to surmise the distribution of HIV in differ- 
ent cellular reservoirs. The therapy induces a rapid 
initial decline in plasma virus levels, with a half-life of 
less than 1 day. This rapid decline suggests that the virus 
is produced by short-lived cells, most likely activated 
CD4+ T cells, which are likely to be major reservoirs and 
sources of the virus in infected patients. A second decay 
phase of plasma HIV with a half-life of about 2 weeks 
brings the amount of plasma virus to below detectable 
levels in patients receiving drug therapy. This drop 
may reflect the slower loss of a reservoir of virus 
in macrophages. A third phase of very slow decay of 
plasma HIV is predicted on the basis of mathematical 
models, and it is hypothesized that this pool of virus is 
present in latently infected memory T cells. Because of 
the long life span of memory cells, it could take decades 
for this reservoir of virus to be eliminated even if all 
new rounds of infection were blocked. 

Mechanisms of Immunodeficiency 

HIV infection ultimately results in impaired function of 
both the adaptive and innate immune systems. The 
most prominent defects are in cell-mediated immunity, 
and they can be attributed to several mechanisms, 
including direct cytopathic effects of the virus and in- 
direct effects. 

An important cause of the loss of CD4' T cells i n  
HIVinfected people is the direct cytopathic effects of 
infection of these cells by HIE Death of CD4+ T cells 
is associated with production of virus in infected cells 
and is a major cause of the decline in the numbers 
of these cells. Several direct toxic effects of HIV on 
infected CD4' cells have been described: 

W The process of virus production, with expression of 
gp41 in the plasma membrane and budding of viral 
particles, may lead to increased plasma membrane 
permeability and the influx of lethal amounts of 
calcium, which induces apoptosis, or osmotic lysis of 
the cell caused by the influx of water. 

W Viral production can interfere with cellular protein 
synthesis and expression and thereby lead to cell 
death. 

Unintegrated viral DNA in the cytoplasm of infected 
cells, or large amounts of nonfunctional viral RNA, 
may be toxic to the infected cells. 

W The plasma membranes of HIV-infected T cells fuse 
with uninfected CD4' T cells by virtue of gp120-CD4 
interactions, and multinucleated giant cells or syn- 
cytia are formed. The process of HIV-induced syncy- 
tia formation can be lethal to HIV-infected T cells as 
well as to uninfected CD4' T cells that fuse to the 
infected cells. The phenomenon has largely been 
observed in nitro, and syncytia are rarely seen in the 
tissues of patients with AIDS. 
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Figure 20-9 Cellular reservoirs 
of HIV. 

Three cellular reservoirs of HIV-1 
that contribute to plasma viremia 
have been identified by mathematical 
modeling of the decay of plasma 
HIV-1 mRNA after initiation of highly 
active antiretroviral therapy. This 
therapy, which includes combinations 
of reverse transcriptase and protease 
inhibitors, can effectively block all 
new cycles of viral reproduction but 
will not eliminate provirus from 
latently infected cells. (Modified from 
Finzi D, and RF Siliciano. Viral dynam- 
ics in HIV-1 infection. Cell 93:665- 
671, 1998. Copyright 1998, with per- 
mission from Elsevier Science.) 

Mechanisms in addition to direct lysis of infected 
CD4' T cells by virus have been proposed for the deple- 
tion and loss of function of these cells in  HIVinfected 
individuals. Uninfected cells may be chronically acti- 
vated by the infections that are common in patients 
infected with HIV and also by cytokines produced in 
response to these infections. Activation of the T cells 
may be followed by apoptosis, often referred to as acti- 
vation-induced cell death (but not involving death 
receptors; see Box 10-2, Chapter 10). This pathway of 
apoptosis of activated lymphocytes may account for the 
observation that the loss of T cells greatly exceeds the 
numbers of HIV-infected cells. HIV-specific CTLs are 
present in many patients with AIDS, and these cells 
can kill infected CD4* T cells. In addition, antibodies 
against HIV envelope proteins may bind to HIV- 
infected CD4+ T cells and target the cells for antibody- 
dependent cell-mediated cytotoxicity (ADCC) . Binding 
of gp120 to newly synthesized intracellular CD4 may 
interfere with normal protein processing in the endo- 
plasmic reticulum and block cell surface expression 
of CD4, making the cells incapable of responding to 
antigenic stimulation. Other proposed mechanisms in- 
clude defective maturation of CD4' T cells in the 
thymus. The relative importance of these indirect 

mechanisms in CD4* T cell depletion in HIV-infected 
patients is uncertain and controversial. 

Defects in the immune system of HIVinfected indi- 
viduals are detectable even before significant deple- 
tion of CD4' T cells. These defects include a decrease 
in memory T cell responses to antigens, poor CTL 
responses to viral infection, and weak humoral immune 
responses to antigens even though total serum Ig levels 
may be elevated. The mechanisms of these defects are 
not well understood, and many theories based on often 
controversial data abound. The defects may be a result 
of the direct effects of HIV infection on CD4' T cells, 
including the effects of soluble gp120 released from 
infected cells binding to uninfected cells. For example, 
CD4 that has bound gp120 may not be available to inter- 
act with class I1 MHC molecules on APCs, and thus T 
cell responses to antigens would be inhibited. Alterna- 
tively, gp120 binding to CD4 may deliver signals that 
down-regulate helper T cell function. Some studies 
have demonstrated that the proportion of IL2- and 
IFN-y-secreting (TH1) T cells decreases in HIV-infected 
patients and the proportion of IL-4- and IL10-secret- 
ing (TH2-like) T cells increases. Postulated mechanisms 
for this preferential decline of TH1 cells are that HIV 
infection inhibits the transcription of THl cytokines and 

that TH1 cells are more susceptible than TH2 cells to the 
apoptotic effects of HIV gene products (e.g., gp120 or 
Tat). This altered balance of TH1 and TH2 responses 
may partially explain the susceptibility of HIV-infected 
individuals to infection by intracellular microbes 
because IFN-y activates and IL-4 and ILlO inhibit 
macrophage-mediated killing of such microbes. 

The Tat protein may play some role in the patho- 
genesis of immunodeficiency caused by HIV. Within T 
cells, Tat can interact with a variety of regulatory pro- 
teins, such as the p300 coactivator of transcription, and 
these interactions can interfere with normal T cell func- 
tions such as cytokine synthesis. Remarkably, Tat not 
only enters the nucleus of infected T cells but can also 
escape across the plasma membrane and enter neigh- 
boring cells, thus interfering with activation of unin- 
fected T cells in a paracrine fashion. 

Macrophages, dendritic cells, and follicular den- 
dritic cells also play important roles in HZV infection 
and the progression of immunodeficiency. 

Macrophages express much lower levels of CD4 than 
helper T lymphocytes do, but they do express CCR5 
coreceptors and are susceptible to HIV infection. As 
noted earlier, some strains of HIV may preferentially 
infect macrophages on the basis of a predilection for 
binding to the CCR5 coreceptor over the CXCR4 
coreceptor expressed on T cells. However, macro- 
phages are relatively resistant to the cytopathic 
effects of HIV, possibly because high CD4 expression 
is required for virus-induced cytotoxicity. Macro- 
phages may also be infected by a gpl20/gp41-inde- 
pendent route, such as phagocytosis of other 
infected cells or Fc receptor-mediated endocytosis 
of antibody-coated HIV virions. Because macro- 
phages can be infected but are not generally killed 
by the virus, they may become a reservoir for the 
virus. In fact, the quantity of macrophage-associated 
HIV exceeds T cell-associated virus in most 
tissues from patients with AIDS, including the brain 
and lung. HIV-infected macrophages may be 
impaired in antigen presentation functions and 
cytokine secretion. 

Dendritic cells can also be infected by HIV. Like 
macrophages, dendritic cells are not directly injured 
by HIV infection. However, these cells form intimate 
contact with naive T cells during the course of 
antigen presentation. It is proposed that dendritic 
cells infect naive T cells during these encounters and 
may thus be an important pathway for T cell injury. 
Infected macrophages may play a similar role. 

Follicular dendritic cells (FDCs) in the germinal 
centers of lymph nodes and the spleen trap 
large amounts of HIV on their extended surfaces, 
in part by Fc receptor-mediated binding of 
antibody-coated virus. Although FDCs are not 
efficiently infected, they contribute to the patho- 
genesis of HIV-associated immunodeficiency in at 
least two significant ways. First, the FDC surface is a 
reservoir for HIV that can infect macrophages and 
CD4' T cells in the lymph node. Second, the normal 
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functions of FDCs in immune responses are im- 
paired, and they may eventually be destroyed by the 
virus. Although the mechanisms of HN-induced 
death of FDCs are not understood, the net result of 
loss of the FDC network in the lymph nodes and 
spleen is a dramatic dissolution of the architecture 
of the peripheral lymphoid system. 

lmmune Responses to HIV 

Both humoral and cell-mediated immune responses 
specific for HZV gene products occur in HIVinfected 
patients. The early response to HIV infection is, in fact, 
similar in many ways to the immune response to other 
viruses and serves effectively to clear most of the virus 
present in the blood and in circulating T cells. 
Nonetheless, it is clear that these immune responses fail 
to eradicate all virus, and the infection eventually over- 
whelms the immune system in most individuals. Despite 
the poor effectiveness of immune responses to the 
virus, it is important to characterize them for three 
reasons. First, the immune responses may be detri- 
mental to the host, for example, by stimulating the 
uptake of opsonized virus into uninfected cells by Fc 
receptor-mediated endocytosis or by eradication of 
CD4+ T cells expressing viral antigens by CD8' CTLs. 
Second, antibodies against HIV are diagnostic markers 
of HIV infection that are widely used for screening pur- 
poses. Third, the design of effective vaccines for immu- 
nization against HIV requires knowledge of the viral 
epitopes that are most likely to stimulate protective 
immunity. 

The initial adaptive immune response to HIV infec- 
tion is characterized by a massive expansion of CD8' 
CTLs specijic for peptides derived from HIV proteins. 
As many as 10% or more of circulating CDB'T cells may 
be specific for HIV during the early stages of infection. 
The partial control of HIV infection, reflected by the 
reduction in viremia and transition to the clinically 
latent phase, may largely be due to this CTL response 
(see Fig. 20-8). 

Antibody responses to a variety of HZV antigens are 
detectable within 6 to 9 weeks after infection, but there 
is little evidence that the antibodies have any benefi- 
cial effect in  controlling the infection. The most 
immunogenic HIV molecules that elicit antibody re- 
sponses appear to be the envelope glycoproteins, and 
high titers of anti-gpl20 and anti-gp41 antibodies 
are present in most HIV-infected individuals. Other anti- 
HIV antibodies found frequently in patients' sera 
include antibodies to p24, reverse transcriptase, and gag 
and polproducts (see Fig. 20-8). The effect of these anti- 
bodies on the clinical course of HIV infection is proba- 
bly minimal. Interestingly, anti-envelope antibodies are 
generally poor inhibitors of viral infectivity or cytopathic 
effects, which supports the hypothesis that the most 
immunogenic epitopes of the envelope glycoproteins 
are least important for the hnctions of these molecules. 
Low titers of neutralizing antibodies that can inactivate 
HIV in vitro are present in HIV-infected patients, as are 
antibodies that can mediate ADCC. These antibodies 
are usually specific for gp120. No correlation has been 
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found between the titers of these antibodies and the 
clinical course. Standard screening protocols for HIV 
use immunofluorescence or enzyme-linked immunoas- 
says to detect anti-HIV antibodies in patients' sera. Pos- 
itive screening test results are often followed by Western 
blot or radioimmunoassay to detect serum antibodies 
specific for particular viral proteins. 

Mechanisms of lmmune Evasion by HIV 

The failure of cell-mediated and humoral immune 
responses to eradicate HIV infection is probably due to 
several factors. Importantly, because of the depletion 
and functional inhibition of the CD4' T cells, the 
immune responses may be too compromised to elimi- 
nate the virus. In addition, several features of HIV may 
help the virus to evade host immunity. 

HZV has an extremely high mutation rate because of 
error-prone reverse transcription, and in this way i t  
may evade detection by antibodies or T cells gener- 
ated in response to viral proteins. It has been esti- 
mated that in an infected person, every possible 
point mutation in the viral genome occurs every day. 
A region of the gp120 molecule, called the V3 loop, 
is one of the most antigenically variable components 
of the virus; it varies in HIV isolates taken from the 
same individual at different times. Furthermore, the 
regions of the V3 loop that are critical for viral entry 
and therefore are less frequently mutated are not 
readily exposed to the humoral immune system. It is 
possible that the host immune response may work as 
a selective pressure that promotes survival of the most 
genetically variable viruses. 

HZVinfected cells may evade CTLs through down- 
regulation of class Z MHC molecule expression. The 
HIV Nef protein inhibits expression of class I MHC 
molecules, particularly HLA-A and HLA-B proteins, 
mainly by promoting internalization of these 
molecules. 

HZV infection may preferentially inhibit cell-medi- 
ated immunity. We have mentioned previously that 
in infected individuals, TH2 cells specific for HIV and 
other microbes may expand relative to THl cells. 
Because TH2 cytokines inhibit cell-mediated im- 
munity, the net result of this imbalance is a form of 
dysregulation (sometimes called immune deviation) 
that increases host susceptibility to infection by intra- 
cellular microbes, including HIV itself. 

Transmission of HIV and Epidemiology 
of AIDS 

The modes of transmission of HIV from one individual 
to another are the major determinants of the epidemi- 
ologic features of AIDS. The virus is transmitted by 
three major routes: 

Intimate sexual contact is the most frequent 
mode of transmission, either between heterosexual 
couples (an increasingly frequent mode of transmis- 
sion in Africa and Asia) or between homosexual 

male partners. In sub-Saharan Africa, where the 
infection rate is the highest in the world (estimated 
to be about 10,000 new cases every day), more than 
half the infected individuals are women who 
acquired the virus by heterosexual transmission. 

Inoculation of a recipient with infected blood or 
blood products is the second most frequent mode of 
HIV transmission. Needles shared by intravenous 
drug abusers account for most cases of this form of 
transmission. With the advent of routine laboratory 
screening, transfusion of blood or blood products in 
a clinical setting accounts for a small portion of HIV 
infections. Patients infected in this way may then 
infect other individuals by sexual contact. 

Mother-to-child transmission of HIV accounts for the 
majority of pediatric cases of AIDS. This type of 
transmission occurs most frequently in utero or 
during childbirth, although transmission through 
breast milk is also possible. 

Major groups at risk for the development of AIDS in 
the United States include homosexual or bisexual 
males, intravenous drug abusers, heterosexual partners 
of members of other risk groups, and babies born of 
infected mothers. Health care workers have a small 
increased risk of infection. In Africa, the majority of 
HIV infections occur by sexual transmission from one 
heterosexual partner to another. 

Treatment and Prevention of AIDS and 
Vaccine Development 

Active research efforts have been aimed at development 
of reagents that interfere with the viral life cycle. Treat- 
ment of HIV infection and AIDS now includes the 
administration of three classes of antiviral drugs, used 
in combination, that target viral molecules for which 
no human homologues exist. The first type of drug 
to be widely used consists of nucleoside analogues 
that inhibit reverse transcriptase activity. These drugs 
include deoxythymidine nucleoside analogues such as 
3'-azido-3'-deoxythymidine (AZT) , deoxycytidine nucle- 
oside analogues, and deoxyadenosine analogues. When 
these drugs are used alone, they are often effective in 
significantly reducing plasma HIV RNA levels for 
several months to years. They usually do not halt pro- 
gression of HIV-induced disease, largely because of the 
evolution of virus with mutated forms of reverse tran- 
scriptase that are resistant to the drugs. More recently, 
viral protease inhibitors have been developed that 
block the processing of precursor proteins into mature 
viral capsid and core proteins. When these protease 
inhibitors are used alone, mutant viruses resistant to 
their effects rapidly emerge. However, protease in- 
hibitors are now being used in combination with two 
different reverse transcri~tase inhibitors. This new 
triple-drug therapy, commbnly referred to as HAART 
(highly active antiretroviral therapy), has proved to be 
remarkably effective in reducing plasma viral RNA to 
undetectable levels in most treated patients for up to 3 
years. However, no therapy has resulted in sterilization, 

and resistance to the drugs develops during longer 
periods of treatment. Furthermore, it could theoreti- 
cally take decades of effective antiviral drug therapy to 
eradicate reservoirs of latently infected cells. Other for- 
midable problems associated with these new drug ther- 
apies, which will impair their effective use in many parts 
of the world, include high expense, complicated ad- 
ministration schedules, and serious side effects. 

New classes of anti-HIV drugs now in clinical trials 
include inhibitors of viral entry (chemokine receptor 
antagonists and inhibitors of viral-cell membrane 
fusion) and integrase inhibitors that prevent integra- 
tion of proviral DNA into the host cell DNA. 

The individual infections experienced by patients 
with AIDS are treated with the appropriate prophylaxis, 
antibiotics, and support measures. More aggressive 
antibiotic therapy is often required than for similar 
infections in less compromised hosts. 

Efforts at preventing HIV infection are extremely 
important and potentially effective in controlling the 
HIV epidemic. In the United States, the routine screen- 
ing of blood products for evidence of donor HIV in- 
fection has already reduced the risk of this mode of 
transmission to negligible levels. Various public health 
measures to increase condom use and to reduce the use 
of contaminated needles by intravenous drug users are 
now widespread. Perhaps the most effective efforts at 
prevention are campai<ns to increase public awareness 
of HIV. 

The development of an efective vaccine against 
HZV has become a major priority for biomedical 
research institutions worldwide. The task has been 
complicated by the ability of the virus to mutate and 
vary many of its immunogenic antigens. Furthermore, 
although we know many of the viral proteins that 
induce humoral and CTL responses during the natural 
course of infection, these responses are ineffective in 
preventing disease. It is likely that an effective vaccine 
will have to stimulate both humoral and cell-mediated 
responses to viral antigens that are critical for the viral 
life cycle. To achieve this goal, several approaches are 
being tried for HIV vaccine development. Much of 
the preliminary work has involved SIV infection of 
macaques, and effective vaccines against SIV have ' already been developed. This success is encouraging 

I because SIV is molecularly closely related to HIV and 
, causes a disease similar to AIDS in macaques. Various 
: live virus vaccines have been tested in the hope that 

they will induce strong CTL responses. Such vaccines 
I include nonvirulent recombinant hybrid viruses com- 
, posed of part SIV and part HIV sequences or viruses 

that have been attenuated by deletions in one or more 
parts of the viral genome, such as the nefgene. One 
concern with live virus vaccines is their potential to 
cause disease if they are not completely attenuated and 
possibly after recombination in vivo with wild-type HIV 
to produce a pathogenic variant. Another approach 
that avoids this safety concern but retains efficacy in 
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1 genes can induce strong CTL responses to the HIV 
antigens. Many DNA vaccines have also been studied; 
these vaccines are composed of combinations of struc- 
tural and regulatory genes of SIV or HIV packaged in 
mammalian DNA expression vectors. Combinations of 
vaccines, such as initial immunization with a DNA 
vaccine followed by boosting with a canarypox vector 
expressing HIV genes, have given some of the most 
promising results to date. Recombinant protein or 
peptide subunit vaccines that elicit antibodies are of 
limited value by themselves because the antibodies 
often do not neutralize clinical isolates of HIV. It is pos- 
sible that such vaccines may be useful given with live 
virus vaccines. 

Summary 

Immunodeficiency diseases are caused by congenital 
or acquired defects in lymphocytes, phagocytes, and 
other mediators of adaptive and innate immunity. 
These diseases are associated with an increased sus- 
ceptibility to infection, the nature and severity of 
which depend largely on which component of the 
immune system is abnormal and the extent of the 
abnormality. 

Defects in lymphocyte development can affect both 
T and B cells (e.g., X-linked and autosomal forms of 
SCID) , only B cells (e.g., X-linked agammaglobu- 
linemia), or only T cells (e.g., DiGeorge syndrome). 

Defects in lymphocyte activation can affect lympho- 
cyte responses to antigen, antigen presentation (e.g., 
bare lymphocyte syndrome of TAP deficiency), or 
T cell-B cell collaboration (X-linked hyper-IgM 
syndrome). 

Defects in phagocytes include defects in microbial 
killing (e.g., CGD or Chediak-Higashi syndrome) 
and defects in leukocyte migration and adhesion 
(e.g., LAD). 

Treatment of congenital immunodeficiencies 
involves transfusions of antibodies, bone marrow or 
stem cell transplantation, or enzyme replacement. 
Gene therapy may offer improved treatments in the 
future. 

Acquired immunodeficiencies are caused by infec- 
tions, malnutrition, disseminated cancer, and 
immunosuppressive therapy for transplant rejection 
or autoimmune diseases. 

AIDS is a severe immunodeficiency caused by infec- 
tion with HIV. This RNA virus infects CD4+ T lym- 
phocytes, macrophages, and dendritic cells and 
causes massive dysfunction of the adaptive immune 
system. Most of the immunodeficiency in AIDS can 
be ascribed to the depletion of CD4" T cells. 

inducing  mediated immunity is the use of 'live HIV enters cells by binding to both the CD4 mole- 
recombinant non-HIV viral vectors carrying HIV genes. cule and a coreceptor of the chemokine receptor 
Preliminary trials in human volunteers have already family. Once inside the cell, the viral genome is 
shown that canarypox vaccines expressing several HIV- reverse-transcribed into DNA and incorporated into 
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the cellular genome. Viral gene transcription and 
viral reproduction are stimulated by signals that nor- 
mally activate the host cell. Production of virus is 
accompanied by cell death. 

CD4" T cell depletion in HIV-infected individuals is 
due to direct cytopathic effects of the virus, toxic 
effects of viral products such as shed gp120, and indi- 
rect effects such as activation-induced cell death or 
CTL killing of infected CD4' cells. 

Several reservoirs of HIV exist in infected individ- 
uals, including short-lived activated CD4' T cells, 
longer lived macrophages, and very long lived, 
latently infected resting T cells. 

HIV-induced depletion of CD4" T cells results in 
greatly increased susceptibility to infection by a 
number of opportunistic microorganisms. In addi- 
tion, HIV-infected patients have an increased inci- 
dence of tumors, particularly Kaposi's sarcoma and 
EBV-associated B cell lymphomas, and encephalopa- 
thy frequently develops, the mechanism of which is 
not fully understood. 

HIV has a high mutation rate, which allows the virus 
to evade host immune responses as well as drug ther- 
apies. Genetic variability also poses a problem for the 
design of an effective vaccine against HIV. HIV infec- 
tion can be treated by a combination of inhibitors of 
viral enzymes. 
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Glossary 

ap T cell receptor (ap TCR). The most common 
form of TCR, expressed on both CD4+ and CD8' T cells. 
The ap TCR recognizes peptide antigen bound to an 
MHC molecule. Both a and P chains contain highly 
variable (V) regions that together form the antigen- 
binding site as well as constant (C) regions. TCR V and 
C regions are structurally homologous to the V and C 
regions of Ig molecules. 

ABO blood group antigens. Glycosphingolipid anti- 
gens present on many cell types, including red blood 
cells. These antigens differ between different individ- 
uals, depending on inherited alleles encoding the 
enzymes required for synthesis of the antigens. The 
ABO antigens act as alloantigens responsible for blood 
transfusion reactions and hyperacute rejection of 
allografts. 

Accessory molecule. A lymphocyte cell surface mol- 
ecule distinct from the antigen receptor complex that 
mediates adhesive or signaling functions important for 
activation or migration of the lymphocyte. 

Acquired immunodeficiency. A deficiency in the 
immune system that is acquired after birth, usually 
because of infection (e.g., AIDS), and that is not related 
to a genetic defect. 

Acquired immunodeficiency syndrome (AIDS). A 
disease caused by human immunodeficiency virus 
(HIV) infection that is characterized by depletion of 
CD4' T cells leading to a profound defect in cell- 
mediated immunity. Clinically, AIDS includes oppor- 
tunistic infections, malignant tumors, wasting, and 
encephalopathy. 

Activation protein-1 (AP-1). A family of DNA- 
binding transcription factors composed of dimers of 
two proteins that bind to one another through a shared 
structural motif called a leucine zipper. The best char- 
acterized AP-1 factor is composed of the proteins Fos 
and Jun. AP-1 is involved in transcriptional regulation 
of many different genes important in the immune 
system, such as cytokine genes. 

Active immunity. The form of adaptive immunity 
that is induced by exposure to a foreign antigen and 
activation of lymphocytes and in which the immunized 
individual plays an active role in responding to the 
antigen. This type contrasts with passive immunity, in 
which an individual receives antibodies or lymphocytes 

from another individual who was previously actively 
immunized. 

Acute-phase reactants. Proteins, mostly synthesized 
in the liver, whose plasma concentrations increase 
shortly after infection as part of the systemic inflam- 
matory response syndrome. Examples include C- 
reactive protein, fibrinogen, and serum amyloid A 
protein. Hepatic synthesis of these molecules is up- 
regulated by inflammatory cytokines, especially IL6 
and TNF. The acute-phase reactants play various roles 
in the innate immune response to microbes. 

Acute-phase response. The increase in plasma con- 
centrations of several proteins, called acute-phase reac- 
tants, that occurs as part of the early innate immune 
response to infections. 

Acute rejection. A form of graft rejection involving 
vascular and parenchymal injury mediated by T cells, 
macrophages, and antibodies that usually begins 
after the first week of transplantation. Differentiation 
of effector T cells and production of antibodies that 
mediate acute rejection occur in response to the graft, 
thus the delay in onset. 

Adapter protein. Proteins involved in lymphocyte 
signal transduction pathways by serving as bridge mol- 
ecules or scaffolds for the recruitment of other signal- 
ing molecules. During lymphocyte activation, adapter 
molecules may be phosphorylated on tyrosine residues 
to enable them to bind other proteins containing 
Src homology 2 (SH2) domains. Adapter molecules 
involved in T cell activation include LAT, SLP-76, and 
Grb-2. 

Adaptive immunity. The form of immunity that is 
mediated by lymphocytes and stimulated by exposure 
to infectious agents. In contrast to innate immunity, 
adaptive immunity is characterized by exquisite speci- 
ficity for distinct macromolecules and memory, which 
is the ability to respond more vigorously to repeated 
exposure to the same microbe. Adaptive immunity is 
also called specific immunity. 

Addressin. Molecules expressed on endothelial 
cells in different anatomic sites that bind to counter- 
receptors on lymphocytes called homing receptors and 
that direct organ-specific lymphocyte homing. Mucosal 
addressin cell adhesion molecule-1 (MadCAM-I) is an 
example of an addressin expressed in Peyer's patch in 
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the intestinal wall that binds to the integrin a4P7 on 
gut-homing T cells. 

Adhesion molecule. A cell surface molecule whose 
function is to promote adhesive interactions with other 
cells or the extracellular matrix. Leukocytes express 
various types of adhesion molecules, such as selectins, 
integrins, and members of the Ig superfamily, and 
these molecules play crucial roles in cell migration and 
cellular activation in innate and adaptive immune 
responses. 

Adjuvant. A substance, distinct from antigen, that 
enhances T cell activation by promoting the accumula- 
tion and activation of other leukocytes, called accessory 
cells, at a site of antigen exposure. Adjuvants enhance 
accessory cell expression of T cell-activating costimu- 
lators and cytokines and may also prolong the expres- 
sion of peptide-MHC complexes on the surface of 
APCs. 

Adoptive transfer. The process of transferring 
lymphocytes from one, usually immunized, individual 
into another individual. Adoptive transfer is used in 
research to define the role of a particular cell popula- 
tion (e.g., CD4' T cells) in an immune response. Clini- 
cally, adoptive transfer of tumor-reactive T lymphocytes 
is used in experimental cancer therapy. 

Affinity. The strength of the binding between a 
single binding site of a molecule (e.g., an antibody) and 
a ligand (e.g., an antigen). The affinity of a molecule 
X for a ligand Y is represented by the dissociation 
constant (IQ, which is the concentration of Y that is 
required to occupy the combining sites of half the 
X molecules present in a solution. A smaller I& indi- 
cates a stronger or higher affinity interaction, and a 
lower concentration of ligand is needed to occupy the 
sites. 

Affinity chromatography. A technique used to purify 
an antigen from a solution by passing it through a 
column packed with antibody that binds the antigen 
and is attached to a solid support such as agarose beads. 

Affinity maturation. The process that leads to in- 
creased affinity of antibodies for a particular protein 
antigen as a humoral response progresses. Affinity 
maturation is the result of somatic mutation of Ig 
genes, followed by selective survival of the B cells 
producing the highest affinity antibodies. 

Allele. One of different forms of a gene present at 
a particular chromosomal locus. An individual who is 
heterozygous at a locus has two different alleles, each 
on a different member of a pair of chromosomes, one 
inherited from the mother and one from the father. If 
a particular gene in a population has many different 
alleles, the gene or locus is said to be polymorphic. The 
MHC locus is extremely polymorphic. 

Allelic exclusion. The exclusive expression of only 
one of two inherited alleles encoding Ig heavy and light 
chains and TCR P chains. Allelic exclusion occurs when 
the protein product of one productively recombined 
antigen receptor locus on one chromosome blocks 
rearrangement of the corresponding locus on the other 
chromosome. This property ensures that all the anti- 
gen receptors expressed by one clone of lymphocytes 
will have the identical antigen specificities. Because the 

TCR a chain locus does not show allelic exclusion, 
some T cells do express two different types of TCR. 

Allergen. An antigen that elicits an immediate 
hypersensitivity (allergic) reaction. Allergens are pro- 
teins or chemicals bound to proteins that induce IgE 
antibody responses in atopic individuals. 

Allergy. A form of atopy or immediate hypersensi- 
tivity disease, often referring to the type of antigen that 
elicits the disease, such as food allergy, bee sting allergy, 
and penicillin allergy. All these conditions are related 
to antigen-induced mast cell or basophil activation. 

Alloantibody. An antibody specific for an alloanti- 
gen (i.e., an antigen present in some individuals of a 
species but not in others). 

Alloantigen. A cell or tissue antigen that is present 
in some members of a species and not in others and 
that is recognized as foreign on an allograft. Alloanti- 
gens are usually products of polymorphic genes. 

Alloantiserum. The alloantibody-containing serum 
of an individual who has previously been exposed to 
one or more alloantigens. 

Allogeneic graft. An organ or tissue graft from a 
donor who is of the same species but genetically 
nonidentical to the recipient (also called an allograft). 

Alloreactive. Reactive to alloantigens; describes T 
cells or antibodies from one individual that will recog- 
nize antigens on cells or tissues of another genetically 
nonidentical individual. 

Allotype. The property of a group of antibody 
molecules defined by their sharing a particular allo- 
tope; that is, antibodies that share a particular allotope 
belong to the same allotype. Allotype is also often used 
synonymously with allotope, which refers to an anti- 
genic determinant found on the antibodies of some 
individuals but not others. 

Altered peptide ligands (APLs). Peptides with 
altered TCR contact residues that elicit responses dif- 
ferent from the responses to native peptide ligands. 
Altered peptide ligands may be important in the regu- 
lation of T cell activation in physiologic, pathologic, or 
therapeutic situations. 

Alternative pathway of complement activation. An 
antibody-independent pathway of activation of the com- 
plement system that occurs when the C3b protein binds 
to microbial cell surfaces. The alternative pathway is a 
component of the innate immune system and mediates 
inflammatory responses to infection as well as direct 
lysis of microbes. 

Anaphylactic shock. Cardiovascular collapse occur- 
ring in the setting of a systemic immediate hypersensi- 
tivity reaction. 

Anaphylatoxins. The C5a, C4a, and C3a comple- 
ment fragments that are generated during complement 
activation. The anaphylatoxins bind specific cell surface 
receptors and promote acute inflammation by stimu- 
lating neutrophil chemotaxis and activating mast cells. 
At high concentrations, anaphylatoxins activate enough 
mast cells to mimic anaphylaxis. 

Anaphylaxis. An extreme systemic form of im- 
mediate hypersensitivity in which mast cell or basophil 
mediators cause bronchial constriction, massive tissue 
edema, and cardiovascular collapse. 

Anchor residues. The amino acid residues of a pep- 
tide whose side chains fit into pockets in the peptide- 
binding cleft of an MHC molecule. The side chains 
bind to complementary amino acids in the MHC mol- 
ecule and therefore serve to anchor the peptide in the 
cleft of the MHC molecule. 

Anergy. A state of unresponsiveness to antigenic 
stimulation. Clinically, anergy describes the lack of T 
cell-dependent cutaneous delayed-type hypersensitivity 
reactions to common antigens. Lymphocyte anergy 
(also called clonal anergy) is the failure of clones of T 
or B cells to react to antigen and may be a mechanism 
of maintaining immunologic tolerance to self. 

Angiogenesis. New blood vessel formation regulated 
by a variety of protein factors elaborated by cells of the 
innate and adaptive immune systems and often accom- 
panying chronic inflammation. 

Antagonist peptide. Variant peptide ligands of a 
TCR in which one or two TCR contact residues have 
been changed and in which negative signals are deliv- 
ered to specific T cells that inhibit responses to native 
peptides. 

Antibody. A type of glycoprotein molecule, also 
called immunoglobulin (Ig), produced by B lympho- 
cytes that binds antigens, often with a high degree of 
specificity and affinity. The basic structural unit of an 
antibody is composed of two identical heavy chains and 
two identical light chains. N-terminal variable regions 
of the heavy and light chains form the antigen-binding 
sites, whereas the C-terminal constant regions of the 
heavy chains functionally interact with other molecules 
in the immune system. Every individual has millions 
of different antibodies, each with a unique antigen- 
binding site. Secreted antibodies perform various 
effector functions, including neutralizing antigens, 
activating complement, and promoting leukocyte- 
dependent destruction of microbes. 

Antibody-dependent cell-mediated cytotoxicity (AD- 
CC). A process by which NK cells are targeted to IgG 
coated cells, resulting in lysis of the antibody-coated 
cells. A specific receptor for the constant region of IgG, 
called FcyRIII (CD16), is expressed on the NK cell 
membrane and mediates binding to the IgG. 

Antibody feedback. The down-regulation of anti- 
body production by secreted IgG antibodies that occurs 
when antigen-antibody complexes simultaneously en- 
gage B cell membrane Ig and Fcy receptors (FcyRII). 
Under these conditions, the cytoplasmic tails of the Fcy 
receptors transduce inhibitory signals inside the B cell. 

Antibody repertoire. The collection of different 
antibody specificities expressed in an individual. 

Antibody-secreting cell. A B lymphocyte that has 
undergone differentiation and produces the secretory 
form of Ig. Antibody-secreting cells are produced in 
response to antigen and reside in the spleen and lymph 
nodes as well as in the bone marrow. 

Antigen. A molecule that binds to an antibody or 
a TCR. Antigens that bind to antibodies include all 
classes of molecules. TCRs bind only peptide fragments 
of proteins complexed with MHC molecules; both the 
peptide ligand and the native protein from which it is 
derived are called T cell antigens. 

Antigen presentation. The display of peptides 
bound by MHC molecules on the surface of an APC 
that permits specific recognition by TCRs and activa- 
tion of T cells. 

Antigen processing. The intracellular conversion 
of protein antigens derived from the extracellular 
space or the cytosol into peptides and loading of 
these peptides onto MHC molecules for display to T 
lymphocytes. 

Antigen-presenting cell (APC). A cell that displays 
peptide fragments of protein antigens, in association 
with MHC molecules, on its surface and activates 
antigen-specific T cells. In addition to displaying 
peptide-MHC complexes, APCs must also express 
costimulatory molecules to activate T lymphocytes 
optimally. 

Antiserum. Serum from an individual previously 
immunized against an antigen that contains antibody 
specific for that antigen. 

Apoptosis. A process of cell death characterized by 
DNA cleavage, nuclear condensation and fragmenta- 
tion, and plasma membrane blebbing that leads to 
phagocytosis of the cell without inducing an inflamma- 
tory response. This type of cell death is important in 
lymphocyte development, regulation of lymphocyte 
responses to foreign antigens, and maintenance of 
tolerance to self antigens. 

Arthus reaction. A localized form of experimental 
immune complex-mediated vasculitis induced by injec- 
tion of an antigen subcutaneously into a previously 
immunized animal or into an animal that has been 
given intravenous antibody specific for the antigen. 
Circulating antibodies bind to the injected antigen and 
form immune complexes that are deposited in the walls 
of small arteries at the injection site and give rise to a 
local cutaneous vasculitis with necrosis. 

Atopy. The propensity of an individual to produce 
IgE antibodies in response to various environmental 
antigens and to develop strong immediate hypersensi- 
tivity (allergic) responses. People who have allergies to 
environmental antigens, such as pollen or house dust, 
are said to be atopic. 

Autoantibody. An antibody produced in an individ- 
ual that is specific for a self antigen. Autoantibodies can 
cause damage to cells and tissues and are produced 
in excess in systemic autoimmune diseases, such as 
systemic lupus erythematosus. 

Autocrine factor. A molecule that acts on the same 
cell that produces the factor. For example, IL2 is an 
autocrine T cell growth factor that stimulates mitotic 
activity of the T cell that produces it. 

Autoimmune disease. A disease caused by a break- 
down of self-tolerance such that the adaptive immune 
system responds to self antigens and mediates cell 
and tissue damage. Autoimmune diseases can be organ 
specific (e.g., thyroiditis or diabetes) or systemic (e.g., 
systemic lupus erythematosus) . 

Autoimmunity. The state of adaptive immune system 
responsiveness to self antigens that occurs when mech- 
anisms of self-tolerance fail. 

Autologous graft. A tissue or organ graft in which 
the donor and recipient are the same individual. Autol- 



ogous bone marrow and skin grafts are commonly 
performed in clinical medicine. 

Avidity. The overall strength of interaction between 
two molecules, such as an antibody and antigen. Avidity 
depends on both the affinity and the valency of inter- 
actions. Therefore, the avidity of a pentameric IgM 
antibody, with 10 antigen-binding sites, for a multi- 
valent antigen may be much greater than the avidity of 
a dimeric IgG molecule for the same antigen. Avidity 
can be used to describe the strength of cell-cell inter- 
actions, which are mediated by many binding inter- 
actions between cell surface molecules. 

B cell tyrosine kinase (Btk). A tyrosine kinase of the 
Src family that plays an essential role in B cell matura- 
tion. Mutations in the gene encoding Btk cause X- 
linked agammaglobulinemia, a disease characterized by 
failure of B cells to mature beyond the pre-B cell stage. 

B lymphocyte. The only cell type capable of pro- 
ducing antibody molecules and therefore the central 
cellul& compokent of humoral immune responses. B 
lymphocytes, or B cells, develop in the bone marrow, 
and mature B cells are found mainly in lymphoid folli- 
cles in secondary lymphoid tissues, in bone marrow, 
and in low numbers in the circulation. 

B lymphocyte antigen receptor (BCR) complex. A 
multiprotein complex expressed on the surface of B 
lymphocytes that recognizes antigen and transduces 
activating signals into the cell. The BCR includes 
membrane Ig, which is responsible for binding antigen, 
and Iga and IgP proteins, which initiate signaling 
events. 

Bare lymphocyte syndrome. An immunodeficiency 
disease characterized by a lack of class I1 MHC mole- 
cule expression that leads to defects in antigen pre- 
sentation and cell-mediated immunity. The disease is 
caused by mutations in genes encoding factors that 
regulate class I1 MHC gene transcription. 

Basophil. A type of bone marrow-derived, circulat- 
ing granulocyte with structural and functional similari- 
ties to mast cells that has granules containing many of 
the same inflammatory mediators as mast cells and 
expresses a high-affinity Fc receptor for IgE. Basophils 
that are recruited into tissue sites where antigen is 
present may contribute to immediate hypersensitivity 
reactions. 

Biogenic amines. Low molecular weight, nonlipid 
compounds, such as histamine, that share the structural 
feature of an amine group, are stored in and released 
from the cytoplasmic granules of mast cells, and me- 
diate many of the biologic effects of immediate hyper- 
sensitivity (allergic) reactions. (Biogenic amines are 
sometimes called vasoactive amines.) 

Biologic response modifiers. Molecules, such as 
cytokines, used clinically as modulators of inflamma- 
tion, immunity, and hematopoiesis. 

Bone marrow. The central cavity of bone that is the 
site of generation of all circulating blood cells in adults, 
including immature lymphocytes, and the site of B cell 
maturation. 

Bone marrow transplantation. The transplantation 
of bone marrow, including stem cells that give rise to 
all mature blood cells and lymphocytes; it is performed 

clinically to treat hematopoietic or lymphopoietic 
disorders and malignant diseases and is also used in 
various immunologic experiments in animals. 

Bronchial asthma. An inflammatory disease usually 
caused by repeated immediate hypersensitivity reac- 
tions in the lung that leads to intermittent and 
reversible airway obstruction, chronic bronchial inflam- 
mation with eosinophils, and bronchial smooth muscle 
cell hypertrophy and hyperreactivity. 

Burkitt's lymphoma. A malignant B cell tumor that 
is defined by histologic features but almost always 
carries a reciprocal chromosomal translocation in- 
volving Ig gene loci and the cellular myc gene on 
chromosome 8. Many cases of Burkitt's lymphoma are 
associated with Epstein-Barr virus infection. 

C (constant region) gene segments. The DNA 
sequences in the Ig and TCR gene loci that encode the 
nonvariable portions of Ig heavy and light chains and 
TCR a ,  P, y, and 6 chains. 

C1. A serum complement system protein composed 
of several polypeptide chains that initiates the classical 
pathway of complement activation by attaching to the 
Fc portions of IgG or IgM antibody that has bound 
antigen. 

C1 inhibitor (C1 INH). A plasma protein inhibitor 
of the classical pathway of complement activation. C1 
INH is a serine protease inhibitor (serpin) that mimics 
the normal substrates of the Clr and Cls components 
of C1. A genetic deficiency in Cl INH causes the disease 
hereditary angioneurotic edema. 

C3. The central and most abundant complement 
system protein; it is involved in both the classical 
and alternative pathway cascades. C3 is proteolytically 
cleaved during complement activation to generate a 
C3b fragment, which covalently attaches to cell or 
microbial surfaces, and a C3a fragment, which has 
various proinflammatory activities. 

C3 convertase. A multiprotein enzyme complex 
generated by the early steps of either the classical or 
alternative pathway of complement activation. C3 con- 
vertase cleaves C3, which gives rise to two proteolytic 
products called C3a and C3b. 

C5 convertase. A multiprotein enzyme complex gen- 
erated by C3b binding to C3 convertase. C5 convertase 
cleaves C5 and initiates the late steps of complement 
activation leading to formation of the membrane attack 
complex and lysis of cells. 

Calcinewin. A cytoplasmic serine/threonine phos- 
phatase that dephosphorylates and thereby activates 
the transcription factor NFAT. Calcineurin is activated 
by calcium signals generated through TCR signaling in 
response to antigen recognition, and the immuno- 
suppressive drugs cyclosporine and FK-506 work by 
blocking calcineurin activity. 

Carcinoembryonic antigen (CEA, CD66). A highly 
glycosylated membrane protein; increased expression 
of CEA in many carcinomas of the colon, pancreas, 
stomach, and breast results in a rise in serum levels. The 
level of serum CEA is used to monitor the persistence 
or recurrence of metastatic carcinoma after treatment. 
Because CEA expression is normally high in many 
tissues during fetal life but is suppressed in adults 

except in tumor cells, it is called an oncofetal tumor 
antigen. 

Caspases. Intracellular proteases with cysteines in 
their active sites that cleave substrates at the C-terminal 
sides of aspartic acid residues and are components of 
enzymatic cascades that cause apoptotic death of cells. 
Lymphocyte caspases may be activated by two path- 
ways; one is associated with mitochondria1 permeability 
changes in growth factor-deprived cells, and the other 
is associated with signals from death receptors in the 
plasma membrane. 

Cathepsins. Thiol and aspartyl proteases with broad 
substrate specificities. The most abundant proteases 
of endosomes in APCs, cathepsins probably play an im- 
portant role in generating peptide fragments from 
exogenous protein antigens that bind to class I1 MHC 
molecules. 

CD molecules. Cell surface molecules expressed on 
various cell types in the immune system that are desig- 
nated by the "cluster of differentiation" or CD number. 
See Appendix I1 for a list of CD molecules. 

Cell-mediated immunity (CMI). The form of adap- 
tive immunity that is mediated by T lymphocytes and 
serves as the defense mechanism against microbes that 
survive within phagocytes or infect nonphagocytic cells. 
CMI responses include CD4" T cell-mediated activation 
of macrophages that have phagocytosed microbes and 
CD8" CTL killing of infected cells. 

Central tolerance. A form of self-tolerance induced 
in generative (central) lymphoid organs as a conse- 
quence of immature self-reactive lymphocytes recog- 
nizing self antigens and subsequently leading to their 
death or inactivation. Central tolerance prevents the 
emergence of lymphocytes with high-affinity receptors 
for the ubiquitous self antigens that are likely to be 
present in the bone marrow or thymus. 

ChCdiak-Higashi syndrome. A rare autosomal reces- 
sive immunodeficiency disease caused by a defect in the 
cytoplasmic granules of various cell types that affects 
the lysosomes of neutrophils and macrophages as 
well as the granules of CTLs and NK cells. Patients 
show reduced resistance to infection with pyogenic 
bacteria. 

Chemokine receptors. Cell surface receptors for 
chemokines that transduce signals stimulating the 
migration of leukocytes. These receptors are members 
of the seven-transmembrane a-helical, G protein- 
linked family of receptors. 

Chemokines. A large family of structurally homolo- 
gous, low molecular weight cytokines that stimulate 
leukocyte movement and regulate the migration of 
leukocytes from the blood to tissues. 

Chemotaxis. Movement of a cell directed by a 
chemical concentration gradient. The movement of 
lymphocytes, polymorphonuclear leukocytes, mono- 
cytes, and other leukocytes into various tissues is often 
directed by gradients of low molecular weight cytokines 
called chemokines. 

Chromosomal translocation. A chromosomal ab- 
normality in which a segment of one chromosome is 
transferred to another. Many malignant diseases of 
lymphocytes are associated with chromosomal trans- 

locations involving an Ig or TCR locus and a chromo- 
somal segment containing a cellular oncogene. 

Chronic granulomatous disease. A rare inherited 
immunodeficiency disease caused by a defect in the 
gene encoding a component of the phagocyte oxidase 
enzyme that is needed for microbial killing by polymor- 
phonuclear leukocytes and macrophages. The disease is 
characterized by recurrent intracellular bacterial and 
fungal infections, often accompanied by chronic cell- 
mediated immune responses and the formation of 

Chronic rejection. A form of allograft rejection char- 
acterized by fibrosis with loss of normal organ struc- 
tures occurring during a prolonged period. In many 
cases, the major pathologic event in chronic rejection 
is graft arterial occlusion, which is caused by prolifera- 
tion of intimal smooth muscle cells and is called graft 
arteriosclerosis. 

c-Kit ligand (stem cell factor). A protein required 
for hematopoiesis, early steps in T cell development in 
the thymus, and mast cell development. c-Kit ligand is 
produced in membrane-bound and soluble forms by 
stromal cells in the bone marrow and thymus and binds 
to the c-Kit tyrosine kinase membrane receptor on 
pluripotent stem cells. 

Class I major histocompatibility complex (MHC) 
molecule. One of two forms of polymorphic, het- 
erodimeric membrane proteins that bind and display 
peptide fragments of protein antigens on the surface of 
APCs for recognition by T lymphocytes. Class I MHC 
molecules usually display peptides derived from the 
cytoplasm of the cell. 

Class 11-associated invariant chain peptide (CLIP). 
A peptide remnant of the invariant chain that sits in 
the class I1 MHC peptide-binding cleft and is removed 
by action of the HLA-DM molecule before the cleft 
becomes accessible to peptides produced from extra- 
cellular protein antigens. 

Class I1 major histocompatibility complex (MHC) 
molecule. One of two forms of polymorphic, hetero- 
dimeric membrane proteins that bind and display 
peptide fragments of protein antigens on the surface of 
APCs for recognition by T lymphocytes. Class I1 MHC 
molecules usually display peptides derived from extra- 
cellular proteins that are internalized into phagocytic 
or endocytic vesicles. 

Class I1 vesicle (CIIV). A membrane-bound 
organelle identified in murine B cells that is important 
in the class I1 MHC pathway of antigen presentation. 
The CIIV is similar to the MHC class I1 compartment 
(MIIC) identified in other cells and contains all the 
dompdnents required for the formation of complexes 
of peptide antigens and class I1 MHC molecules, includ- 
ing the enzymes that degrade protein antigens, class I1 
molecules, invariant chain, and HLA-DM. 

Classical pathway of complement activation. The 
pathway of activation of the complement system that is 
initiated by binding of antigen-antibody complexes 
to the C1 molecule and induces a proteolytic cas- 
cade involving multiple other complement proteins. 
The classical pathway is an effector arm of the humoral 
immune system that generates inflammatory mediators, 



opsonins for phagocytosis of antigens, and lytic com- 
plexes that destroy cells. 

Clonal anergy. A state of antigen unresponsiveness 
of a clone of T lymphocytes experimentally induced by 
recognition of antigen in the absence of additional 
signals (costimulatory signals) required for functional 
activation. Clonal anergy is considered a model for one 
mechanism of tolerance to self antigens and may be 
applicable to B lymphocytes as well. 

Clonal deletion. A mechanism of lymphocyte toler- 
ance in which an immature T cell in the thymus or 
an immature B cell in the bone marrow undergoes 
apoptotic death as a consequence of recognizing an 
abundant antigen in the generative organ. 

Clonal expansion. The increase in number of 
lymphocytes specific for an antigen that results from 
antigen stimulation and proliferation of naive T cells. 
Clonal expansion occurs in lymphoid tissues and is 
required to generate enough antigen-specific effector 
lymphocytes from rare naive precursors to eradicate 
infections. 

Clonal ignorance. A form of lymphocyte unrespon- 
siveness in which self antigens are ignored by the 
immune system even though lymphocytes specific for 
those antigens remain viable and functional. 

Clonal selection hypothesis. A fundamental tenet of 
the immune system (no longer a hypothesis) stating 
that every individual possesses numerous clonally de- 
rived lymphocytes, each clone having arisen from a 
single precursor and being capable of recognizing and 
responding to a distinct antigenic determinant. When 
an antigen enters, it selects a specific preexisting clone 
and activates it. 

c-myc. A cellular proto-oncogene that encodes a 
nuclear factor involved in cell cycle regulation. Trans- 
locations of the c-rnyc gene into Ig gene loci are associ- 
ated with B cell malignant neoplasms. 

Collectins. A family of proteins, including mannose- 
binding lectin, that are characterized by a collagen- 
like domain and a lectin (i.e., carbohydrate-binding) 
domain. Collectins play a role in the innate immune 
system by acting as microbial pattern recognition recep- 
tors, and they may activate the complement system by 
binding to Clq. 

Colony-stimulating factors (CSFs). Cytokines that 
promote the expansion and differentiation of bone 
marrow progenitor cells. CSFs are essential for the mat- - - 

uration of red blood cells, granulocytes, monocytes, 
and lymphocytes. Examples of CSFs are granulocyte- 
monocyte colony-stimulating factor (GM-CSF) , c-Kit 
ligand, IL-3, and IL-7. 

Combinatorial diversity. Combinatorial diversity de- 
scribes the many different combinations of variable, 
diversity, and joining segments that are possible as a 
result of somatic recombination of DNA in the Ig and 
TCR loci during B cell or T cell development. Combi- 
natorial diversity is one mechanism for the generation 
of large numbers of different antigen receptor genes 
from a limited number of DNA gene segments. 

Complement. A system of serum and cell surface 
proteins that interact with one another and with other 
molecules of the immune system to generate important 

effectors of innate and adaptive immune responses. 
The classical and alternative pathways of the com- 
plement system are activated by antigen-antibody com- 
plexes or microbial surfaces, respectively, and consist of 
a cascade of proteolytic enzymes that generate inflam- 
matory mediators and opsonins. Both pathways lead to 
the formation of a common terminal cell lytic complex 
that is inserted in cell membranes. 

Complement receptor type 1 (CR1). A high-affinity 
receptor for the C3b and C4b fragments of comple- 
ment. Phagocytes use CR1 to mediate internalization of 
C3b- or C4b-coated particles. CR1 on erythrocytes 
serves in the clearance of immune complexes from 
the circulation. CR1 is also a regulator of complement 
activation. 

Complement receptor type 2 (CR2). A receptor 
expressed on B cells and follicular dendritic cells that 
binds proteolytic fragments of the C3 complement 
protein, including C3d, C3dg, and iC3b. CR2 functions 
to stimulate humoral immune responses by enhancing 
B cell activation by antigen and by promoting the 
trapping of antigen-antibody complexes in germinal 
centers. CR2 is also the receptor for Epstein-Barr virus. 

Complementarity-determining region (CDR). Short 
segments of Ig and TCR proteins that contain most of 
the sequence differences among different antibodies or 
TCRs and that make contact with antigen. Three CDRs 
are present in the variable domain of each antigen 
receptor polypeptide chain and six CDRs in an intact 
Ig or TCR molecule. These hypervariable segments 
assume loop structures that together form a surface 
that is complementary to the three-dimensional struc- 
ture of the bound antigen. 

Congenic mouse strains. Inbred mouse strains that 
are identical to one another at every genetic locus 
except the one for which they are selected to differ; 
such strains are created by repetitive back-crossbreed- 
ing and selection for a particular trait. Congenic strains 
that differ from one another only at a particular MHC 
allele have been useful in defining the function of MHC 
molecules. 

Constant (C) region. The portion of Ig or TCR 
polypeptide chains that does not vary in sequence 
among different clones and is not involved in antigen 
binding. 

Contact sensitivity. The propensity for a T cell- 
mediated, delayed-type hypersensitivity reaction to 
develop in the skin on contact with a particular chemi- 
cal agent. Chemicals that elicit contact hypersensitivity 
bind to and modify self proteins or molecules on the 
surfaces of APCs, which are then recognized by CD4' 
or CD8' T cells. 

Coreceptor. A lymphocyte surface receptor that 
binds to an antigen complex at the same time that 
membrane Ig or TCR binds the antigen and delivers 
signals required for optimal lymphocyte activation. CD4 
and CD8 are T cell coreceptors that bind nonpolymor- 
phic parts of an MHC molecule concurrently with the 
TCR binding to polymorphic residues and the bound 
peptide. CR2 is a coreceptor on B cells that binds to 
complement-opsonized antigens at the same time that 
membrane Ig binds another part of the antigen. 

Costimulator. A molecule on the surface of or 
secreted by an APC that provides a stimulus (or second 
signal) required for the activation of naive T cells, in 
addition to antigen. The best defined costimulators are 
the B7 molecules on professional APCs that bind to the 
CD28 molecule on T cells. 

CpG nucleotides. Unmethylated cytidine-guanine 
sequences found in bacterial DNA that have adjuvant 
properties in the mammalian immune system and may 
be important to the efficacy of DNA vaccines. 

C-reactive protein (CRP). A member of the pen- 
traxin family of plasma proteins involved in innate 
immune responses to bacterial infections. CRP is an 
acute-phase reactant, and it binds to the capsule of 
pneumococcal bacteria. CRP also binds to Clq and may 
thereby activate complement or act as an opsonin by 
interacting with phagocyte Clq receptors. 

Crossmatching. A screening test performed to mini- 
mize the chance of graft rejection in which a patient in 
need of an allograft is tested for the presence of pre- 
formed antibodies against donor cell surface antigens 
(usually MHC antigens). The test involves mixing the 
recipient serum with leukocytes from potential donors, 
adding complement, and observing whether cell lysis 
occurs. 

Cross-priming. A mechanism by which a profes- 
sional APC activates (or primes) a naive CD8' CTL spe- 
cific for the antigens of a third cell (e.g., avirus-infected 
or tumor cell). Cross-priming occurs, for example, 
when an infected (often apoptotic) cell is ingested by 
a professional APC and the microbial antigens are 
processed and presented in association with class I 
MHC molecules, just like any other phagocytosed 
antigen. The professional APC also provides costimula- 
tion for the T cells. Also called cross-presentation. 

Cutaneous immune system. The components of the 
innate and adaptive immune system found in the skin 
that function together in a specialized way to detect and 
respond to environmental antigens. Components of 
the cutaneous immune system include keratinocytes, 
Langerhans cells, intraepithelial lymphocytes, and der- 
mal lymphocytes. 

Cyclosporine. An immunosuppressive drug used to 
prevent allograft rejection that functions by blocking 
T cell cytokine gene transcription. Cyclosporine (also 
called cyclosporin A) binds to a cytosolic protein called 
cyclophilin, and cyclosporine-cyclophilin complexes 
bind to and inhibit calcineurin, thereby inhibiting acti- 
vation and nuclear translocation of the transcription 
factor NFAT. 

Cytokines. Proteins produced by many different 
cell types that mediate inflammatory and immune 
reactions. Cytokines are principal mediators of com- 
munication between cells of the immune system. 

Cytolytic (or cytotoxic) T lymphocyte (CTL). A type 
of T lymphocyte whose major effector function is to 
recognize and kill host cells infected with viruses or 
other intracellular microbes. CTLs usually express CD8 
and recognize microbial peptides displayed by class I 
MHC molecules. CTL killing of infected cells involves 
the release of cytoplasmic granules whose contents 
include membrane pore-forming proteins and enzymes. 

Cytopathic effect of viruses. Harmful effects of 
viruses on host cells that are caused by any of a variety 
of biochemical or molecular mechanisms and are inde- 
pendent of the host immune response to the virus. 
Some viruses have little cytopathic effect but still cause 
disease because the immune system recognizes and 
destrovs the infected cells. , 

Defensins. Cysteine-rich peptides present in the 
skin and in neutrophil granules that act as broad- 
spectrum antibiotics to kill a wide variety of bacteria 
and fungi. The svnthesis of defensins is .increased in " 
response to inflammatory cytokines such as IL1 and 
TNF. 

Delayed-type hypersensitivity (DTH). An immune 
reaction in which T cell-dependent macrophage acti- 
vation and inflammation cause tissue injury. A DTH 
reaction to the subcutaneous injection of antigen is 
often used as an assay for cell-mediated immunity (e.g., 
the purified protein derivative skin test for immunity to 
Mycobacterium tuberculosis). DTH is a frequent accompa- 
niment of protective cell-mediated immunity against 
microbes. 

Delayed xenograft rejection. A frequent form of 
rejection of xenografts that occurs within 2 to 3 days 
of transplantation and is characterized by intravas- 
cular thrombosis and fibrinoid necrosis of vessel walls. 
Delayed xenograft rejection is likely to be caused by 
antibody- and cytokine-mediated endothelial activation 
and damage. 

Dendritic cells. Bone marrow-derived immune 
accessory cells found in epithelial and lymphoid 
tissues that are morphologically characterized by thin 
membranous projections. Dendritic cells function as 
APCs for naive T lymphocytes and are important for ini- 
tiation of adaptive immune responses to protein 
antigen. 

Desensitization. A method of treating immediate 
hypersensitivity disease (allergies) that involves repeti- 
tive administration of low doses of an antigen to which 
individuals are allergic. This process often prevents 
severe allergic reactions on subsequent environmental 
exposure to the antigen, but the mechanisms are not 
well understood. 

Determinant. The specific portion of a macromolec- 
ular antigen to which an antibody binds. In the case of 
a protein antigen recognized by a T cell, the determi- 
nant is the peptide portion that binds to an MHC mol- 
ecule for recognition by the TCR. Synonymous with 
epitope. 

Determinant selection model. A model to explain 
MHC-linked immune responses that was proposed 
before the demonstration of peptide-MHC molecule 
binding. The model states that the products of MHC 
Penes i n  each individual select which determinants 
D 

of protein antigens will be immunogenic in that 
individual. 

Diacylglycerol (DAG). A membrane-bound signal- 
ing molecule generated by phospholipase C (PLCyl) 
-mediated hydrolysis of the plasma membrane 
phospholipid phosphatidylinositol 4,5-bisphosphate 
(PIP,) during antigen activation of lymphocytes. The 
main function of DAG is to activate an enzyme called 



protein kinase C that participates in the generation of 
active transcription factors. 

DiGeorge syndrome. A selective T cell deficiency 
caused by a congenital malformation that results 
in defective development of the thymus, parathyroid 
glands, and other structures that arise from the third 
and fourth pharyngeal pouches. 

Direct antigen presentation (or direct allorecogni- 
tion). Presentation of cell surface allogeneic MHC mol- 
ecules by graft cells to a graft recipient's T cells that 
leads to T cell activation, with no requirement for pro- 
cessing. Direct recognition of foreign MHC molecules 
is a cross-reaction in which a normal TCR that recog- 
nizes a self MHC molecule plus foreign peptide cross- 
reacts with an allogeneic MHC molecule plus peptide. 
Direct presentation is partly responsible for strong T 
cell responses to allografts. 

Diversity. The existence of a large number of lym- 
phocytes with different antigenic specificities in any 
individual (i.e., the lymphocyte repertoire is large and 
diverse). Diversity is a fundamental property of the 
adaptive immune system and is the result of variability 
in the structures df the antigen-binding sites of lym- 
phocyte receptors for antigens (antibodies and TCRs). 

Diversity (D) segments. Short coding sequences 
between the variable (V) and constant (C) gene seg- 
ments in the Ig heavy chain and TCR P and y loci that 
together with J segments are somatically recombined 
with V segments during lymphocyte development. The 
resulting recombined VDJ DNA codes for the carboxyl 
terminal ends of the antigen receptor V regions, includ- 
ing the third hypervariable (CDR) regions. Random 
use of D segments contributes to the diversity of the 
antigen receptor repertoire. 

DNA vaccine. A vaccine composed of a bacterial 
plasmid containing a complementary DNA encoding 
a protein antigen. DNA vaccines presumably work 
because professional APCs are transfected in uivo by the 
plasmid Bnd express immunogenic peptides that elicit 
specific responses. Furthermore, the plasmid DNA con- 
tains CpG nucleotides that act as potent adjuvants. DNA 
vaccines may elicit strung CTL responses. 

~ouble-negative thymocpe. A subset of developing 
T cells (thymocytes) in the thymus that express neither 
CD4 nor CD8. Most double-negative thymocytes are 
at an early developmental stage and do not express 
antigen r&eptors.-~hey will later express both 3 ~ 4  
and CD8 during the intermediate double-positive 
stage before further maturation to single-positive T cells 
expressing only CD4 or CD8. 

bouble-positive thymocyte. A subset of developing T 
cells (thymocytes) in the thymus at an intermediate 
developmental stage that express both CD4 and CD8. 
Double-positive thymocytes also express TCRs and are 
subject to selection processes, the survivors of which 
mature to single-positive T cells expressing only CD4 or 
CD8. 

Ectoparasite. Parasites that live on the surface of an 
animal.-such as ticks and mites. Both the innate and 
adaptive immune systems may play a role in protection 
against ectoparasites, often by destroying the larval 
stages of these organisms. 

Effector cells. The cells that perform effector func- 
tions during an immune response, such as secreting 
cytokines (e.g., helper T cells), killing microbes (e.g., 
macrophages) , killing microbe-infected host cells (e.g., 
CTLs), or secreting antibodies (e.g., differentiated B 
cells). 

Effector phase. The phase of an immune response, 
after the recognition and activation phases, in which a 
foreign antigen is actually destroyed or inactivated. For 
example, in a humoral immune response, the effector 
phase may be characterized by antibody-dependent 
complement activation and phagocytosis of antibody- 
and complement-opsonized bacteria. 

Endosome. An intracellular membrane-bound vesi- 
cle into which extracellular proteins are internalized 
during antigen processing. Endosomes have an acidic 
pH and contain proteolytic enzymes that degrade pro- 
teins into peptides that bind to class I1 MHC molecules. 
A subset of class I1 MHC-rich endosomes, called MIIC, 
play a special role in antigen processing and presenta- 
tion by the class I1 pathway. 

Endotoxin. A component of the cell wall of gram- 
negative bacteria, also called lipopolysaccharide (LPS) , 
that is released from dying bacteria and stimulates many 
innate immune responses, including the secretion 
of cytokines, induction of microbicidal activities of 
macrophages, and expression of leukocyte adhesion 
molecules on endothelium. Endotoxin contains both 
lipid components and carbohydrate (polysaccharide) 
moieties. 

Enhancer. A regulatory nucleotide sequence in a 
gene that is located either upstream or downstream of 
the promoter, binds transcription factors, and increases 
the activity of the promoter. In cells of the immune 
system, enhancers are responsible for integrating cell 
surface signals that lead to induced transcription of 
genes encoding many of the effector proteins of an 
immune response, such as cytokines. 

Envelope glycoprotein (Env). A membrane glyco- 
protein encoded by a retrovirus that is expressed on the 
plasma membrane of infected cells and on the host 
cell-derived membrane coat of viral particles. Env pro- 
teins are often required for viral infectivity. The Env 
proteins of HIV include gp41 and gp120, which bind to 
CD4 and chemokine receptors, respectively, on human 
T cells and mediate fusion of the viral and T cell 
membranes. 

Enzyme-linked immunosorbent assay (ELISA). A 
method of quantifying an antigen immobilized on a 
solid surface by use of a specific antibody with a cova- 
lently coupled enzyme. The amount of antibody that 
binds the antigen is proportional to the amount of 
antigen present and is determined by spectrophoto- 
metrically measuring the conversion of a clear substrate 
to a colored product by the coupled enzyme. 

Eosinophil. A bone marrow-derived granulocyte 
that is abundant in the inflammatory infiltrates of 
immediate hypersensitivity late-phase reactions and 
that contributes to many of the pathologic processes 
in allergic diseases. Eosinophils are important in 
defense against extracellular parasites, including 
helminths. 

Epitope. The specific portion of a macromolecular 
antigen to which an antibody binds. In the case of 
a protein antigen recognized by a T cell, an epitope is 
the peptide portion that binds to an MHC mole- 
cule for recognition by the TCR. Synonymous with 
determinant. 

Epstein-Barr virus (EBV). A double-stranded DNA 
virus of the herpesvirus family that is the etiologic agent 
of infectious mononucleosis and is associated with some 
B cell malignant tumors and nasopharyngeal carci- 
noma. EBV infects B lymphocytes and some epithelial 
cells by specifically binding to CR2 (CD21). 

Equilibrium dialysis. A method of determining the 
affinity of interaction between a macromolecule such as 
an antibody and a small ligand such as a hapten. A solu- 
tion of the macromolecule, at a defined concentration, 
is confined within a semipermeable membrane and 
immersed in a solution containing the small ligand. 
The membrane does not permit the macromolecule 
to pass through, but the small ligand can pass across 
the membrane freely. The concentration of the small 
ligand in solution at equilibrium is used to calculate the 
affinity of binding to the macromolecule. 

Experimental autoimmune encephalomyelitis. An 
animal model of autoimmune demyelinating disease of 
the central nervous system (e.g., multiple sclerosis) that 
is induced in rodents by immunization with compo- 
nents of the myelin sheath (e.g., myelin basic protein) 
of nerves, mixed with an adjuvant. The disease is 
mediated in large part by cytokine-secreting CD4+ T 
cells specific for the myelin sheath proteins. 

Extravasation. Escape of the fluid and cellular com- 
ponents of blood from a blood vessel into tissues. 

Fab (fragment, antigen-binding). A proteolytic frag- 
ment of an IgG antibody molecule that includes one 
complete light chain paired with one heavy chain frag- 
ment containing the variable domain and only the first 
constant domain. Fab fragment retains the ability to 
monovalently bind an antigen but cannot interact with 
IgG Fc receptors on cells or with complement. There- 
fore, Fab preparations are used in research and thera- 
peutic applications when antigen binding is desired 
without activation of effector functions. (Fab' fragment 
retains the hinge region of the heavy chain.) 

F(ab'), fragment. A proteolytic fragment of an IgG 
molecule that includes two complete light chains but 
only the variable domain, first constant domain, and 
hinge region of the two heavy chains. F(ab'):! fragments 
retain the entire bivalent antigen-binding region of an 
intact IgG molecule but cannot bind complement or 
IgG Fc receptors. They are used in research and thera- 
peutic applications when antigen binding is desired 
without antibody effector functions. 

Fas (CD95). A member of the TNF receptor family 
that is expressed on the surface of T cells and many 
other cell types and initiates a signaling cascade leading 
to apoptotic death of the cell. The death pathway is 
initiated when Fas binds to Fas ligand expressed on 
activated T cells. Fas-mediated killing of T cells, called 
activation-induced cell death, is important for the main- 
tenance of self-tolerance. Mutations in the Fas gene 
cause systemic autoimmune disease. 

Fas ligand (CD95 ligand). A membrane protein that 
is a member of the TNF family of proteins expressed 
on activated T cells. Fas ligand binds to Fas, thereby 
stimulating a signaling pathway leading to apoptotic 
cell death of the Fas-expressing cell. Mutations in the 
Fas ligand gene cause systemic autoimmune disease in 
mice. 

Fc (fragment, crystalline). A proteolytic fragment of 
IgG that contains only the disulfide-linked carboxyl ter- 
minal regions of the two heavy chains. Fc is also used 
to describe the corresponding region of an intact Ig 
molecule that mediates effector functions by binding to 
cell surface receptors or the Clq complement protein. 
(Fc fragments are so named because they tend to crys- 
tallize out of solution.) 

Fc receptor. A cell surface receptor specific for the 
carboxyl terminal constant region of an Ig molecule. 
Fc receptors are typically multichain protein com- 
plexes that include signaling components and Ig- 
binding components. Several types of Fc receptors 
exist, including those specific for different IgG isotypes, 
IgE, and IgA. Fc receptors mediate many of the cell- 
dependent effector functions of antibodies, including 
phagocytosis of antibody-bound antigens, antigen- 
induced activation of mast cells, and targeting and 
activation of NK cells. 

FcERI. A high-affinity receptor for the carboxyl 
terminal constant region of IgE molecules that is 
expressed on mast cells and basophils. FcERI molecules 
on mast cells are usually occupied by IgE, and antigen- 
induced cross-linking of these IgE-FcERI complexes 
activates the mast cell and initiates immediate hyper- 
sensitivity reactions. 

Fcy receptor (FcyR). A specific cell surface receptor 
for the carboxyl terminal constant region of IgG mole- 
cules. There are several different types of Fcy receptors, 
including a high-affinity FcyRI that mediates phagocy- 
tosis by macrophages and neutrophils, a low-affinity 
FcyRIIB that transduces inhibitory signals in B cells, 
and a low-affinity FcyRIIIA that mediates targeting and 
activation of NK cells. 

First-set rejection. Allograft rejection in an individ- 
ual who has not previously received a graft or otherwise 
been exposed to tissue alloantigens from the same 
donor. First-set rejection usually takes about 7 to 10 
days. 

FK-506. An immunosuppressive drug used to pre- 
vent allograft rejection that functions by blocking T cell 
cytokine gene transcription, similar to cyclosporine. 
FK-506 binds to a cytosolic protein called FK-506- 
binding protein, and the resulting complex binds to 
calcineurin, thereby inhibiting activation and nuclear 
translocation of the transcription factor NFAT. 

Flow cytometry. A method of analysis of the pheno- 
type of cell populations requiring a specialized instru- 
ment (flow cytometer) that can detect fluorescence on 
individual cells in a suspension and thereby determine 
the number of cells expressing the molecule to which 
a fluorescent probe binds. Suspensions of cells are incu- 
bated with fluorescently labeled antibodies or other 
probes, and the amount of probe bound by each cell in 
the population is measured by passing the cells one at 



a time through a fluorimeter with a laser-generated 
incident beam. 

Fluorescence-activated cell sorter (FACS). An adap- 
tation of the flow cytometer that is used for the purifi- 
cation of cells from a mixed population according to 
which and how much fluorescent probe the cells bind. 
Cells are first stained with fluorescently labeled probe, 
such as an antibody specific for a surface antigen of a 
cell population. The cells are then passed one at a time 
through a fluorimeter with a laser-generated incident 
beam and are differentially deflected by electro- 
magnetic fields whose strength and direction are varied 
according to the measured intensity of the fluorescence 
signal. 

Follicle. See Lymphoid follicle. 
Follicular dendritic cells. Cells found in lymphoid 

follicles that express complement receptors, Fc recep- 
tors, and CD40 ligand and have long cytoplasmic 
processes that form a meshwork integral to the archi- 
tecture of a lymphoid follicle. Follicular dendritic cells 
display antigens on their surface for B cell recognition 
and are involved in the activation and selection of B 
cells expressing high-affinity membrane Ig during the 
process of affinity maturation. 

N-Formylmethionine. An amino acid that initiates 
all bacterial ~roteins and no mammalian ~roteins 
(except those synthesized within mitochondria) and 
serves as a signal to the innate immune system of in- 
fection. Specific receptors for N-formylmethionine- 
containing peptides are expressed on neutrophils and 
mediate activation of the neutrophils. 

G protein-coupled receptor family. A diverse family 
of receptors for hormones, lipid inflammatory media- 
tors. and chemokines that use associated trimeric G 
proteins for intracellular signaling. 

G proteins. Proteins that bind guanyl nucleotides 
and act as exchange molecules by catalyzing the 
replacement of bound guanosine diphosphate (GDP) 
by guanosine triphosphate (GTP) . G proteins with 
bound GTP can activate a variety of cellular enzymes in 
different signaling cascades. Trimeric GTP-binding pro- 
teins are associated with the cytoplasmic portions of 
many cell surface receptors, such as chemokine recep- 
tors. Other small soluble G proteins, such as Ras and 
Rac, are recruited into signaling pathways by adapter 
proteins. 

$5 T cell receptor ($3 TCR). A form of TCR that 
is distinct from the more common ap TCR and is 
expressed on a subset of T cells found mostly in epithe- 
lial barrier tissues. Although structurally similar to the 
ap TCR, the forms of antigen recognized by y6 TCRs 
are poorly understood; they do not recognize peptide 
complexes bound to polymorphic MHC molecules. 

Generative lymphoid organ. Organs in which lym- 
phocytes develop from immature precursors. The bone 
marrow and thymus are the major generative lymphoid 
organs in which B cells and T cells develop, respectively. 

Germinal center. A lightly staining region within a 
lymphoid follicle in spleen, lymph node, or mucosal 
lymphoid tissue that forms during T cell-dependent 
humoral immune responses and is the site of B cell 
affinity maturation. 

Germline organization. The inherited arrangement 
of variable, diversity, joining, and constant region gene 
segments of the antigen receptor loci in nonlymphoid 
cells or in immature lymphocytes. In developing B or T 
lymphocytes, the germline organization is modified by 
somatic recombination to form functional Ig or TCR 
genes. 

Glomerulonephritis. Inflammation of the renal 
glomeruli, often initiated by immunopathologic 
mechanisms such as deposition of circulating antigen- 
antibody complexes in the glomerular basement mem- 
brane or binding of antibodies to antigens expressed in 
the glomerulus. The antibodies can activate comple- 
ment and phagocytes, and the resulting inflammatory 
response can lead to renal failure. 

Graft. A tissue or organ that is removed from one 
site and placed in another site, usually in a different 
individual. 

Graft arteriosclerosis. Occlusion of graft arteries 
caused by proliferation of intimal smooth muscle cells. 
This process is evident within 6 months to a year after 
transplantation and is responsible for chronic rejection 
of vascularized organ grafts. The mechanism is likely to 
be a result of a chronic immune response to vessel wall 
alloantigens. Graft arteriosclerosis is also called ac- 
celerated arteriosclerosis. 

Graft rejection. A specific immune response to 
an organ or tissue graft that leads to inflammation, 
damage, and possibly graft failure. 

Graft-versus-host disease. A disease occurring in 
bone marrow transplant recipients that is caused by the 
reaction of mature T cells in the marrow graft with 
alloantigens on host cells. The disease most often 
affects the, skin, liver, and intestines. 

Granulocyte colony-stimulating factor (G-CSF). A 
cytokine made by activated T cells, macrophages, and 
endothelial cells at sites of infection that acts on bone 
marrow to increase the production of and mobilize 
neutrophils to replace those consumed in inflamma- 
tory reactions. 

Granulocyte-monocyte colony-stimulating factor 
(GM-CSF). A cytokine made by activated T cells, 
macrophages, endothelial cells, and stromal fibroblasts 
that acts on bone marrow to increase the production 
of neutrophils and monocytes. GM-CSF is also a 
macrophage-activating factor and promotes the differ- 
entiation of Langerhans cells into mature dendritic 
cells. 

Granuloma. A nodule of inflammatory tissue com- 
posed of clusters of activated macrophages and T lym- 
phocytes, often with associated necrosis and fibrosis. 
Granulomatous inflammation is a form of chronic 
delayed-type hypersensitivity, often in response to per- 
sistent microbes, such as Mycobacterium tuberculosis and 
some fungi, or in response to particulate antigens that 
are not readily phagocytosed. 

Granzyme. A serine protease enzyme found in the 
granules of CTLs and NK cells that is released by exo- 
cytosis, enters target cells mainly through perforin- 
created membrane "holes," and proteolytically cleaves 
and activates caspases, which in turn cleave several sub- 
strates and induce target cell apoptosis. 

H-2 molecule. An MHC molecule in the mouse. The 
mouse MHC was originally called the H-2 locus. 

Haplotype. The set of MHC alleles inherited from 
one parent and therefore on one chromosome. 

Hapten. A small chemical that can bind to an 
antibody but must be attached to a macromolecule 
(carrier) to stimulate an adaptive immune response 
specific for that chemical. For example, immunization 
with dinitrophenol (DNP) alone will not stimulate 
an anti-DNP antibody response, but immunization 
with a protein with covalently bonded DNP hapten 
will. 

Heavy chain class (isotype) switching. The process 
by which a B lymphocyte changes the class, or isotype, 
of the antibodies that it produces, from IgM to IgG, IgE, 
or IgA, without changing the antigen specificity of the 
antibody. Heavy chain class switching is regulated by 
helper T cell cytokines and CD40 ligand and involves 
recombination of B cell VDJ segments with downstream 
heavy chain gene segments. 

Helminth. A parasitic worm. Helminthic infections 
often elicit TH2-regulated immune responses charac- 
terized by eosinophil-rich inflammatory infiltrates and 
IgE production. 

Helper T cells. The functional subset of T lympho- 
cytes whose main effector functions are to activate 
macrophages in cell-mediated immune responses and 
to promote B cell antibody production in humoral 
immune responses. These effector functions are medi- 
ated by secreted cytokines and by T cell CD40 ligand 
binding to macrophage or B cell CD40. Most helper T 
cells express the CD4 molecule. 

Hematopoiesis. The development of mature blood 
cells, including erythrocytes, leukocytes, and platelets, 
from pluripotent stem cells in the bone marrow and 
fetal liver. Hematopoiesis is regulated by several differ- 
ent cytokine growth factors produced by bone marrow 
stromal cells, T cells, and other cell types. 

Hematopoietic stem cell. An undifferentiated bone 
marrow cell that divides continuously and gives rise to 
additional stem cells and cells of multiple different 
lineages. A hematopoietic stem cell in the bone marrow 
will give rise to cells of the lymphoid, myeloid, and 
erythrocytic lineage. 

High endothelial venule (HEV). Specialized venules 
that are the sites of lymphocyte extravasation from the 
blood into the stroma of a peripheral lymph node or 
mucosal lymphoid tissue. HEVs are lined by plump 
endothelial cells that protrude into the vessel lumen 
and express unique adhesion molecules involved in 
binding naive T cells. 

Highly active antiretroviral therapy (HAART). Com- 
bination chemotherapy for HIV infection consisting of 
reverse transcriptase inhibitors and a viral protease 
inhibitor. HAART can reduce plasma virus titers to 
below detectable levels for more than 1 year and slow 
the progression of HIV disease. 

Hinge region. A region of Ig heavy chains between 
the first two constant domains that can assume multi- 
ple conformations, thereby imparting flexibility in the 
orientation of the two antigen-binding sites. Because of 
the hinge region, an antibody molecule can simultane- 
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ously bind two epitopes that are anywhere within a 
range of distances from one another. 

Histamine. A biogenic amine stored in the granules 
of mast cells that is one of the important mediators of 
immediate hypersensitivity. Histamine binds to specific 
receptors in various tissues and causes increased vascu- 
lar permeability and contraction of bronchial and intes- 
tinal smooth muscle. 

HLA. See Human leukocyte antigens. 
HLA-DM. A peptide exchange molecule that plays a 

critical role in the class I1 MHC pathway of antigen 
presentation. HLA-DM is found in the specialized MIIC 
endosomal compartment and facilitates removal of the 
invariant chain-derived CLIP peptide and the binding 
of other peptides to class I1 MHC molecules. HLA-DM 
is encoded by a gene in the MHC and is structur- 
ally similar to class I1 MHC molecules, but it is not 
polymorphic. 

Homeostasis. In the adaptive immune system, the 
maintenance of a constant number and diverse 
repertoire of lymphocytes, despite the emergence of 
new lymphocytes and tremendous expansion of indi- 
vidual clones that may occur during responses to 
immunogenic antigens. Homeostasis is achieved by 
several regulated pathways of lymphocyte death and 
inactivation. 

Homing receptor. Adhesion molecules expressed 
on the surface of lymphocytes that are responsible for 
the different pathways of lymphocyte recirculation 
and tissue homing. Homing receptors bind to ligands 
(addressins) expressed on endothelial cells in particu- 
lar vascular beds. 

Human immunodeficiency virus (HIV). The etio- 
logic agent of AIDS. HIV is a retrovirus that infects a 
variety of cell types, including CD4expressing helper 
T cells, macrophages, and dendritic cells, and causes 
chronic progressive destruction of the immune system. 

Human leukocyte antigens (HLA). MHC molecules 
expressed on the surface of human cells. Human MHC 
molecules were first identified as alloantigens on the 
surface of white blood cells (leukocytes) that bound 
serum antibodies from individuals previously exposed 
to other individuals' cells (e.g., mothers or transfusion 
recipients). 

Humanized antibody. A monoclonal antibody 
encoded by a recombinant hybrid gene and composed 
of the antigen-binding sites from a murine monoclonal 
antibody and the constant region of a human antibody. 
Humanized antibodies are less likely than mouse mono- 
clonal antibodies to induce an anti-antibody response 
in humans; they are used clinically in the treatment of 
tumors and transplant rejection. 

Humoral immunity. The type of adaptive immune 
response mediated by antibodies produced by B lym- 
phocytes. Humoral immunity is the principal defense 
mechanism against extracellular microbes and their 
toxins. 

Hybridoma. A cell line derived by cell fusion, or 
somatic cell hybridization, between a normal lympho- 
cyte and an immortalized lymphocyte tumor line. B 
cell hybridomas created by fusion of normal B cells of 
defined antigen specificity with a myeloma cell line are 



used to produce monoclonal antibodies. T cell hybrido- 
mas created by fusion of a normal T cell of defined 
specificity with a T cell tumor line are commonly used 
in research. 

Hyperacute rejection. A form of allograft or 
xenograft rejection that begins within minutes to hours 
after transplantation and that is characterized by throm- 
botic occlusion of the graft vessels. Hyperacute rejec- 
tion is mediated by preexisting antibodies in the host 
circulation that bind to donor endothelial antigens, 
such as blood group antigens or MHC molecules, and 
activate the complement system. 

Hypersensitivity diseases. Disorders caused by im- 
mune responses. Hypersensitivity diseases include auto- 
immune diseases, in which immune responses are 
directed against self antigens, and diseases that result 
from uncontrolled or excessive responses against 
foreign antigens, such as microbes and allergens. The 
tissue damage that occurs in hypersensitivity diseases 
is due to the same effector mechanisms used by the 
immune system to protect against microbes. 

Hypervariable loop (hypervariable region). Short 
segments of about 10 amino acid residues within the 
variable regions of antibody or TCR proteins that form 
loop structures that contact antigen. Three hypervari- 
able loops, also called CDRs, are present in each anti- 
body heavy chain and light chain and in each TCR 
chain. Most of the variability between different anti- 
bodies or TCRs is located within these loops. 

Idiotype. The property of a group of antibodies or 
TCRs defined by their sharing a particular idiotope; 
that is, antibodies that share a particular idiotope 
belong to the same idiotype. Idiotype is also used to 
describe the collection of idiotopes expressed by an 
Ig molecule, and it is often used synonymously with 
idiotope. 

Idiotypic network. A network of complementary 
interactions involving idiotypes and anti-idiotypic anti- 
bodies (or T cells) that, according to the network 
hypothesis, reach a steady state at which the immune 
system is at homeostasis. Theoretically, when one or a 
few clones of lymphocytes respond to a foreign anti- 
gen, their idiotypes are expanded and anti-idiotype 
responses are triggered that function to shut off the 
antigen-specific response. 

Iga and IgP. Proteins that are required for surface 
expression and signaling functions of membrane Ig on 
B cells. Iga and IgP pairs are disulfide linked to one 
another, noncovalently associated with the cytoplasmic 
tail of membrane Ig, and form the BCR complex. The 
cytoplasmic domains of Iga and IgP contain ITAMs that 
are involved in early signaling events during antigen- 
induced B cell activation. 

IGl  receptor antagonist (ILlra). A natural 
inhibitor of IL-1 produced by mononuclear phagocytes 
that is structurally homologous to IL-1 and binds to the 
same receptors but is biologically inactive. Attempts to 
use IL-1 inhibitors to reduce inflammation in diseases 
such as rheumatoid arthritis are ongoing. 

Immature B lymphocyte. A membrane IgM+, IgD- 
B cell, recently derived from marrow precursors, that 
does not proliferate or differentiate in response to 

antigens but rather may undergo apoptotic death or 
become functionally unresponsive. This property is 
important for the negative selection of B cells that are 
specific for self antigens present in the bone marrow. 

Immediate hypersensitivity. The type of immune 
reaction responsible for allergic diseases and depend- 
ent on IgE plus antigen-mediated stimulation of tissue 
mast cells and basophils. The mast cells and basophils 
release mediators that cause increased vascular per- 
meability, vasodilation, bronchial and visceral smooth 
muscle contraction, and local inflammation. 

Immune complex. A multimolecular complex of 
antibody molecules with bound antigen. Because each 
antibody molecule has a minimum of two antigen- 
binding sites and many antigens are mutivalent, 
immune complexes can vary greatly in size. Immune 
complexes activate effector mechanisms of humoral 
immunity, such as the classical complement pathway 
and Fc receptor-mediated phagocyte activation. Depo- 
sition of circulating immune complexes in blood vessel 
walls or renal glomeruli can lead to inflammation and 
disease. 

Immune complex disease. An inflammatory disease 
caused by the deposition of antigen-antibody com- 
plexes in blood vessel walls resulting in local comple- 
ment activation and phagocyte recruitment. Immune 
complexes may form because of overproduction of anti- 
bodies to microbial antigens or as a result of autoanti- 
body production in the setting of an autoimmune 
disease such as systemic lupus erythematosus. Im- 
mune complex deposition in the specialized capillary 
basement membranes of renal glomeruli can cause 
glomerulonephritis and impair renal function. Sys- 
temic deposition of immune complexes in arterial walls 
can cause thrombosis and ischemic damage to various 
organs. 

Immune deviation. The conversion of a T cell 
response associated with one set of cytokines, such as 
TH1 cytokines that stimulate cell-mediated immunity, to 
a response associated with other cytokines, such as TH2 
cytokines that stimulate the production of selected anti- 
body isotypes. 

Immune inflammation. Inflammation that is a result 
of an adaptive immune response to antigen. The cellu- 
lar infiltrate at the inflammatory site may include cells 
of the innate immune system such as neutrophils and 
macrophages, which are recruited as a result of the 
actions of T cell cytokines. 

Immune response. A collective and coordinated 
response to the introduction of foreign substances in 
an individual mediated by the cells and molecules of 
the immune system. 

Immune response (Ir) genes. Originally defined as 
genes in inbred strains of rodents that were inherited 
in a dominant mendelian manner and that controlled 
the ability of the animals to make antibodies against 
simple synthetic polypeptides. We now know that Ir 
genes are polymorphic MHC genes that encode 
peptide-binding molecules required for the activation 
of T lymphocytes and are therefore also required for 
helper T cell-dependent B cell (antibody) responses to 
protein antigens. 

Immune surveillance. The concept that a physio- 
logic function of the immune system is to recognize and 
destroy clones of transformed cells before they grow 
into tumors and to kill tumors after they are formed. 
The term immune surveillance is sometimes used in a 
general sense to describe the function of T lyrnpho- 
cytes to detect and destroy any cell, not necessarily a 
tumor cell, that is expressing foreign (e.g., microbial) 
antigens. 

Immune system. The molecules, cells, tissues, and 
organs that collectively function to provide immunity, 
or protection, against foreign organisms. 

Immunity. Protection against disease, usually infec- 
tious disease, mediated by a collection of molecules, 
cells, and tissues collectively called the immune system. 
In a broader sense, immunity refers to the ability to 
respond to foreign substances, including microbes or 
molecules. 

Immunoblot. An analytical technique in which anti- 
bodies are used to detect the presence of an antigen 
bound to (i.e., blotted on) a solid matrix such as filter 
paper (also known as a Western blot). - - 

Immunodominant epitope. A linear amino acid 
sequence of a multideterminant protein antigen for 
which most of the responding T cells in any individual 
are specific. Immunodominant epitopes correspond to 
the peptides proteolytically generated within APCs that 
bind most avidly to MHC molecules and are most likely 
to stimulate T cells. 

Immunofluorescence. A techniaue in which a mole- 
cule is detected bv use of an antibodv labeled with a 
fluorescent probe. For example, in immunofluores- 
cence microscopy, cells that express a particular surface 
antigen can be stained with a fluorescein-conjugated 
antibody specific for the antigen and then visualized 
with a fluorescent microscope. 

Immunogen. An antigen that induces an immune 
response. Not all antigens are immunogens. For 
example, small molecular weight compounds may not 
stimulate an immune response unless they are linked to 
macromolecules. 

Immunoglobulin domain. A three-dimensional glob- 
ular structural motif found in many proteins in the 
immune system, including Igs, TCRs, and MHC mole- 
cules. Ig domains are about 110 amino acid residues in 
length, include an internal disulfide bond, and contain 
two-layers of P-pleated sheet, each layer composed of 
three to five strands of antiparallel polypeptide chain. 
Ig domains are classified as V-like or Glike on the basis 
of closest homology to either the Ig V or C domains. 

Immunoglobulin superfamily. A large family of 
proteins that contain a globular structural motif called 
an Ig domain, or Ig fold, originally described in anti- 
bodies. Many proteins of importance in the immune 
system, including antibodies, TCRs, MHC molecules, 
CD4, and CD8, are members of this superfamily. 

Immunoglobulin (Ig). Synonymous with antibody 
(see Antibody). 

~mmuno~lobulin heavy chain. One of two types of 
polypeptide chains in an antibody molecule. The basic 
structural unit of an antibody includes two identical, 
disulfide-linked heavy chains and two identical light 
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chains. Each heavy chain is composed of a variable (V) 
Ig domain and three or four constant (C) Ig domains. 
The different antibody isotypes, including IgM, IgD, 
IgG, IgA, and IgE, are distinguished by structural 
differences in their heavy chain constant regions. The 
heavy chain constant regions also mediate effector 
functions, such as complement activation or engage- 
ment of phagocytes. 

Immunoglobulm light chain. One of two types of 
polypeptide chains in an antibody molecule. The basic 
structural unit of an antibody includes two identical 
light chains, each disulfide linked to one of two identi- 
cal heavy chains. Each light chain is composed of one 
variable (V) Ig domain and one constant (C) Ig domain. 
There are two light chain isotypes, called K and h, both 
functionally identical. About 60% of human antibodies 
have K light chains and 40% have h light chains. 

Immunohistochemistry. A technique to detect the 
presence of an antigen in histologic tissue sections by 
use of an enzyme-coupled antibody that is specific for 
the antigen. The enzyme converts a colorless substrate 
to a colored insoluble substance that precipitates at the 
site where the antibody and thus the antigen are local- 
ized. The position of the colored precipitate, and there- 
fore the antigen, in the tissue section is observed by 
conventional light microscopy. Immunohistochemistry 
is a routine technique in diagnostic pathology and 
various fields of research. 

Immunologic tolerance. See Tolerance. 
Immunologically privileged site. A site in the body 

that is inaccessible to or constitutively suppresses 
immune responses. The anterior chamber of the eye, 
the testes, and the brain are examples of immunologi- 
cally privileged sites. 

Immunoperoxidase technique. A common immuno- 
histochemical technique in which a horseradish per- 
oxidase-coupled antibody is used to identify the 
presence of an antigen in a tissue section. The peroxi- 
dase enzyme converts a colorless substrate to an in- 
soluble brown product that is observable by light 
microscopy. 

Immunoprecipitation. A technique for the isolation 
of a molecule from a solution by binding it to an anti- 
body and then rendering the antigen-antibody complex 
insoluble, either by precipitation with a second anti- 
antibody or by coupling the first antibody to an insolu- 
ble particle or bead. 

~ k u n o r e c e ~ t o r  tyrosine-based activation motif 
(ITAM). A conserved motif composed of two copies 
of the sequence tyrosine-X-X-leucine (where X is an 
unspecified amino acid) found in the cytoplasmic tails 
of various membrane proteins in the immune system 
that are involved in signal transduction. ITAMS are 
present in the 5 and CD3 proteins of the TCR complex, 
in Iga and IgP proteins in the BCR complex, and in 
several Ig Fc receptors. When these receptors bind their 
ligands, the tyrosine residues of the ITAMs become 
phosphorylated and form docking sites for other 
molecules involved in propagating cell-activating signal 
transduction pathways. 

Immunoreceptor tyrosine-based inhibition motif 
(ITIM). A six-amino acid (iso1eucine-X-tyrosine-X-X- 
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leucine) motif found in the cytoplasmic tails of various 
inhibitory receptors in the immune system, including 
FcyRIIB on B cells and killer cell Ig-like receptors (KIR) 
on NK cells. When these receptors bind their ligands, 
the ITIMs become phosphorylated on their tyrosine 
residue and form a docking site for protein tyrosine 
phosphatases, which in turn function to inhibit other 
signal transduction pathways. 

Immunosuppression. Inhibition of one or more 
components of the adaptive or innate immune system 
as a result of an underlying disease or intentionally 
induced by drugs for the purpose of preventing or treat- 
ing graft rejection or autoimmune disease. A commonly 
used immunosuppressive drug is cyclosporine, which 
blocks T cell cytokine production. 

Immunotherapy. The treatment of a disease with 
therapeutic agents that promote or inhibit immune 
responses. Cancer immunotherapy, for example, in- 
volves promoting active immune responses to tumor 
antigens or administering anti-tumor antibodies or T 
cells to establish passive immunity. 

Immunotoxins. Reagents that may be used in the 
treatment of cancer and consist of covalent conjugates 
of a potent cellular toxin, such as ricin or diphtheria 
toxin, with antibodies specific for antigens expressed on 
the surface of tumor cells. It is hoped that such reagents 
can specifically target and kill tumor cells without 
damaging normal cells, but safe and effective immuno- 
toxins have yet to be developed. 

Inbred mouse strain. A strain of mice created by 
repetitive mating of siblings that is characterized by 
homozygosity at every genetic locus. Every mouse of 
an inbred strain is genetically identical (syngeneic) to 
every other mouse of the same strain. 

Indirect antigen presentation (or indirect allorecog- 
nition). In transplantation immunology, a pathway of 
presentation of donor (allogeneic) MHC molecules by 
recipient APCs that involves the same mechanisms used 
to present microbial proteins. The allogeneic MHC 
proteins are processed by recipient professional APCs, 
and peptides derived from the allogeneic MHC 
molecules are presented, in association with recipient 
(self) MHC molecules, to host T cells. In contrast 
to indirect antigen presentation, direct antigen 
presentation involves recipient T cell recognition of 
unprocessed allogeneic MHC molecules on the surface 
of graft cells. 

Inflammation. A complex reaction of the innate 
immune system in vascularized tissues that involves the 
accumulation and activation of leukocytes and plasma 
proteins at a site of infection, toxin exposure, or cell 
injury. Inflammation is initiated by changes in blood 
vessels that promote leukocyte recruitment. Local adap- 
tive immune responses can promote inflammation. 
Although inflammation serves a protective function in 
controlling infections and promoting tissue repair, it 
can also cause tissue damage and disease. 

Inflammatory bowel disease (IBD). A group of dis- 
orders, including ulcerative colitis and Crohn's disease, 
characterized by chronic inflammation in the gastro- 
intestinal tract. The etiology of IBD is not known, but 
some evidence indicates that immune mechanisms may 

be involved. IBD develops in gene knockout mice 
lacking IL-2, ILlO, or the TCR a chain. 

Innate immunity. Protection against infection that 
relies on mechanisms that exist before infection, are 
capable of a rapid response to microbes, and react 
in essentially the same way to repeated infections. The 
innate immune system includes epithelial barriers, 
phagocytic cells (neutrophils, macrophages), NK cells, 
the complement system, and cytokines, largely made by 
mononuclear phagocytes, that regulate and coordinate 
many of the activities of the cells of innate immunity. 

Inositol 1,4,5-triphosphate (IP3). A cytoplasmic 
signaling molecule generated by phospholipase C 
(PLCy1)-mediated hydrolysis of the plasma membrane 
phospholipid PIP2 during antigen activation of lym- 
phocytes. The main function of IP, is to stimulate the 
release of intracellular stores of calcium from mem- 
brane-bound compartments such as the endoplasmic 
reticulum. 

Insulin-dependent diabetes mellitus. A disease char- 
acterized by a lack of insulin that leads to various meta- 
bolic and vascular abnormalities. The insulin deficiency 
results from autoimmune destruction of the insulin- 
producing P cells of the islets of Langerhans in the pan- 
creas, usually during childhood. CD4' and CD8+ T cells, 
antibodies, and cytokines have been implicated in the 
islet cell damage. Also called type 1 diabetes mellitus. 

Integrins. Heterodimeric cell surface proteins whose 
major functions are to mediate the adhesion of leuko- 
cytes to other leukocytes, endothelial cells, and extra- 
cellular matrix proteins. Integrins are important for T 
cell interactions with APCs and for migration of leuko- 
cytes from blood into tissues. The ligand-binding affin- 
ity of the integrins can be regulated by various stimuli, 
and the cytoplasmic domains of integrins bind to the 
cytoskeleton. There are two main subfamilies of inte- 
grins; the members of each family express a conserved 
p chain (PI, or CD29, and p2, or CDl8) associated with 
different a chains. VLA-4 (very late activation protein-4) 
is a pl integrin expressed on T cells, and LFA-1 (leuko- 
cyte function-associated antigen-1) is a p2 integrin 
expressed on T cells and phagocytes. 

Interferon-y (IFN-y). A cytokine produced by T lym- 
phocytes and NK cells whose principal function is to 
activate macrophages in both innate immune responses 
and adaptive cell-mediated immune responses. (IFN-y 
is also called immune or type I1 interferon.) 

Interleukin (IL). Another name for a cytokine origi- 
nally used to describe a cytokine made by leukocytes 
that acts on leukocytes. The term is now generally used 
with a numerical suffix to designate a structurally 
defined cytokine regardless of its source or target. 

Interleukin-1 (IG1). A cytokine produced mainly 
by activated mononuclear phagocytes whose principal 
function is to mediate host inflammatory responses in 
innate immunity. The two forms of IGl (a and P) bind 
to the same receptors and have identical biologic 
effects, including induction of endothelial cell adhe- 
sion molecules, stimulation of chemokine production 
by endothelial cells and macrophages, stimulation of 
the synthesis of acute-phase reactants by the liver, and 
fever. 

Interleukm-2 (IG2). A cytokine produced by 
antigen-activated T cells that acts in an autocrine 
manner to stimulate T cell proliferation and also poten- 
tiates the apoptotic cell death of antigen-activated T 
cells. Thus, IL-2 is required for both the induction and 
self-regulation of T cell-mediated immune responses. 
IL-2 also stimulates the proliferation and effector func- 
tions of NK cells and B cells. 

Interleukin-3 (IG3). A cytokine produced by CD4+ T 
cells that promotes the expansion of immature marrow 
progenitors of all known mature blood cell types. IL-3 
is also known as multilineage colony-stimulating factor. 

Interleukin-4 (IL-4). A cytokine produced mainly by 
the TH2 subset of CD4' helper T cells whose functions 
include induction of differentiation of TH2 cells from 
naive CD4' precursors, stimulation of IgE production 
by B cells, and suppression of IFN-y-dependent macro- 
phage functions. 

Interleukin-5 (IG5). A cytokine produced by CD4+ 
TH2 cells and activated mast cells that stimulates the 
growth and differentiation of eosinophils and activates 
mature eosinophils. 

Interleukin-6 (IG6). A cytokine produced by many 
cell types, including activated mononuclear phagocytes, 
endothelial cells, and fibroblasts, that functions in 
both innate and adaptive immunity. IL6 stimulates 
the synthesis of acute-phase proteins by hepatocytes 
as well as the growth of antibody-producing B 
lymphocytes. 

Interleukin-7 (IG7). A cytokine secreted by bone 
marrow stromal cells that stimulates survival and 
expansion of immature, but lineage-committed, pre- 
cursors of B and T lymphocytes. 

Interleukin-10 (IG1O). A cytokine produced by 
activated macrophages and some helper T cells whose 
major function is to inhibit activated macrophages and 
therefore to maintain homeostatic control of innate 
and cell-mediated immune reactions. 

Interleuki-12 (IL12). A cytokine produced by 
mononuclear phagocytes and dendritic cells that serves 
as a mediator of the innate immune response to intra- 
cellular microbes and is a key inducer of cell-mediated 
immune responses to these microbes. IL-12 activates 
NK cells, promotes IFN-y production by NK cells and T 
cells, enhances the cytolytic activity of NK cells and 
CTLs, and promotes the development of TH1 cells. 

Interleukin-15 (IG15). A cytokine produced by 
mononuclear phagocytes and other cells in response to 
viral infections whose principal function is to stimulate 
the proliferation of NK cells. It is structurally similar to 
IL-2. 

Interleukin-18 (IG18). A cytokine produced by 
macrophages in response to LPS and other micro- 
bial products that functions together with IL12 as an 
inducer of cell-mediated immunity. IL-18 synergizes 
with IL-12 in stimulating the production of IFN-y by NK 
cells and T cells. IL18 is structurally homologous to but 
functionally different from IL1. 

Intracellular bacterium. A bacterium that survives 
or replicates within cells, usually in endosomes. The 
principal defense against intracellular bacteria, such as 
Mycobacterium tuberculosis, is cell-mediated immunity. 

Intraepidermal lymphocytes. T lymphocytes found 
within the epidermal layer of the skin. In the mouse, 
most of the intraepidermal T cells express the y6 form 
of TCR (see Intraepithelial T lymphocytes). 

Intraepithelial T lymphocytes. T lymphocytes pre- 
sent in the epidermis of the skin and in mucosal 
epithelia that typically express a limited diversity of 
antigen receptors. Some of these lymphocytes may 
recognize microbial products, such as glycolipids, 
associated with nonpolymorphic class I MHC-like 
molecules. Intraepithelial T lymphocytes may be con- 
sidered effector cells of innate immunity and function 
in host defense by secreting cytokines and activating 
phagocytes and by killing infected cells. 

Invariant chain (Ii). A nonpolymorphic protein that 
binds to newly synthesized class I1 MHC molecules in 
the endoplasmic reticulum. The invariant chain pre- 
vents loading of the class I1 MHC peptide-binding cleft 
with peptides present in the endoplasmic reticulum, 
and such peptides are left to associate with class I mol- 
ecules. The invariant chain also promotes folding and 
assembly of class I1 molecules and directs newly formed 
class I1 molecules to the specialized endosomal MIIC 
compartment, where peptide loading takes place. 

Isotype. One of five types of antibodies, determined 
by which of five different forms of heavy chain are 
present. Antibody isotypes include IgM, IgD, IgG, IgA, 
and IgE, and each isotype performs a different set of 
effector functions. Additional structural variations char- 
acterize distinct subtypes of IgG and IgA. 

J chain. A small polypeptide that is disulfide bonded 
to the tail pieces of multimeric IgM and IgA antibodies. 

JAK/STAT signaling pathway. A signaling pathway 
initiated by cytokine binding to type I and type I1 
cytokine receptors. This pathway sequentially involves 
activation of receptor-associated Janus kinase UAK) 
tyrosine kinases, JAlGmediated tyrosine phosphoryla- 
tion of the cytoplasmic tails of cytokine receptors, 
docking of signal transducers and activators of 
transcription (STATs) to the phosphorylated receptor 
chains, JAK-mediated tyrosine phosphorylation of the 
associated STATs, dimerization and nuclear transloca- 
tion of the STATs, and STAT binding to regulatory 
regions of target genes causing transcriptional activa- 
tion of those genes. 

Janus kinases (JAK kinases). A family of tyrosine 
kinases that associate with the cytoplasmic tails of 
several different cytokine receptors, including the 
receptors for IL-2, IL4, IFN-y, IL-12, and others. In 
response to cytokine binding and receptor dimeriza- 
tion, JAKs phosphorylate the cytokine receptors to 
permit the binding of STATs, and then the JAKs phos- 
phorylate and thereby activate the STATs. Different JAK 
kinases associate with different cytokine receptors. 

Joining (J) segments. Short coding sequences, 
between the variable (V) and constant (C) gene seg- 
ments in all the Ig and TCR loci, that together with D 
segments are somatically recombined with V segments 
during lymphocyte development. The resulting recom- 
bined VDJ DNA codes for the carboxyl terminal ends 
of the antigen receptor V regions, including the third 
hypervariable (CDR) regions. Random use of different 



J segments contributes to the diversity of the antigen 
receptor repertoire. 

Junctional diversity. The diversity in antibody and 
TCR repertoires that is attributed to the random addi- 
tion or removal of nucleotide sequences at junctions 
between V, D, and J gene segments. 

Kaposi's sarcoma. A malignant tumor of vascular 
cells that frequently arises in patients with AIDS. 
Kaposi's sarcoma is associated with infection by the 
Kaposi's sarcoma-associated herpesvirus (human 
herpesvirus 8). 

Killer Ig-like receptors (KIRs). Ig superfamily recep- 
tors expressed by NK cells that recognize different 
alleles of HLA-A, HLA-B, and HLA-C molecules. Some 
KIRs have signaling components with ITIMS in their 
cytoplasmic tails, and these deliver inhibitory signals 
to inactivate the NK cells. Some members of the KIR 
family have short cytoplasmic tails without ITIMs, and 
these function as activating receptors. 

Knockout mouse. A mouse with a targeted dis- 
ruption of one or more genes that is created by ho- 
mologous recombination techniques. Knockout mice 
lacking functional genes encoding cytokines, cell 
surface receptors, signaling molecules, and transcrip- 
tion factors have provided extensive information about 
the roles of these molecules in the immune system. 

Langerhans cells. Immature dendritic cells found as 
a continuous meshwork in the epidermal layer of the 
skin whose major function is to trap and transport 
protein antigens to draining lymph nodes. During their 
migration to the lymph nodes, Langerhans cells mature 
into lymph node dendritic cells, which can efficiently 
present antigen to naive T cells. 

Large granular lymphocyte. Another name for an 
NK cell based on the morphologic appearance of this 
cell type in the blood. 

Late-phase reaction. A component of the immediate 
hypersensitivity reaction that ensues 2 to 4 hours after 
mast cell and basophil degranulation and that is 
characterized by an inflammatory infiltrate of eosino- 
phils, basophils, neutrophils, and lymphocytes. Re- 
peated bouts of this late-phase inflammatory reaction 
can cause tissue damage. 

Lck. An Src family nonreceptor tyrosine kinase that 
noncovalently associates with the cytoplasmic tails of 
CD4 and CD8 molecules in T cells and is involved in 
the early signaling events of antigen-induced T cell acti- 
vation. Lck mediates tyrosine phosphorylation of the 
cytoplasmic tails of CD3 and 5 proteins of the TCR 
complex. 

Lectin pathway of complement activation. A path- 
way of complement activation triggered, in the absence 
of antibody, by the binding of microbial polysaccharides 
to circulating lectins such as MBL. MBL is structurally 
similar to Clq and activates the Clr-Cls enzyme 
complex (like Clq) or activates another serine esterase, 
called mannose-binding protein-associated serine 
esterase. The remaining steps of the lectin pathway, 
beginning with cleavage of C4, are the same as the clas- 
sical pathway. 

Leishmania. An obligate intracellular protozoan 
parasite that infects macrophages and can cause a 

chronic inflammatory disease involving many tissues. 
Leishmania infection in mice has served as a model 
system for study of the effector functions of several 
cytokines and the helper T cell subsets that produce 
them. TH1 responses to Leishmania major and associated 
IFN-y production control infection, whereas TH2 
responses with IL-4 production lead to disseminated 
lethal disease. 

Lethal hit. A term used to describe the events that 
result in irreversible damage to a target cell when a 
CTL binds to it. The lethal hit includes CTL granule 
exocytosis, perforin polymerization in the target cell 
membrane, and entry of calcium ions and apoptosis- 
inducing enzymes (granzymes) into the target cell 
cytoplasm. 

Leukemia. A malignant disease of bone marrow 
precursors of blood cells in which large numbers of 
leukemic cells usually occupy the bone marrow and 
often circulate in the blood stream. Lymphocytic 
leukemias are derived from B or T cell precursors, 
myelogenous leukemias are derived from granulocyte 
or monocyte precursors, and erythroid leukemias are 
derived from red blood cell precursors. 

Leukocyte adhesion deficiency (LAD). One of a rare 
group of immunodeficiency diseases with infectious 
complications that is caused by defective expression of 
the leukocyte adhesion molecules required for tissue 
recruitment of phagocytes and lymphocytes. LAD-1 
is due to mutations in the gene encoding the CD18 
protein, which is part of p2 integrins. LAD9 is caused 
by mutations in a gene that encodes a fucose trans- 
porter involved in the synthesis of leukocyte ligands for 
endothelial selectins. 

Leukotrienes. A class of arachidonic acid-derived 
lipid inflammatory mediators produced by the lipoxy- 
genase pathway in many cell types. Mast cells make 
abundant leukotriene C4 (LTC4) and its degradation 
products LTD4 and LTE4, which bind to specific 
receptors on smooth muscle cells and cause prolonged 
bronchoconstriction. Leukotrienes contribute to the 
pathologic processes of bronchial asthma. Collectively, 
LTC4, LTD*, and LTE4 constitute what was once called 
slow-reacting substance of anaphylaxis. 

Lipopolysaccharide. Synonymous with endotoxin. 
Live viral vaccine. A vaccine composed of a live but 

nonpathogenic (attenuated) form of a virus. Attenu- 
ated viruses carry mutations that interfere with the viral 
life cycle or pathogenesis. Because live virus vaccines 
actually infect the recipient cells, they can effectively 
stimulate immune responses, such as the CTL response, 
that are optimal for protecting against wild-type viral 
infection. A commonly used live virus vaccine is the 
Sabin poliovirus vaccine, and there is much interest in 
development of an attenuated live virus vaccine to 
protect against HIV infection. 

LMP-2 and LMP-7. Two catalytic subunits of the pro- 
teasome, the organelle that degrades cytosolic proteins 
into peptides in the class I MHC pathway of antigen 
presentation. LMP-2 and LMP-7 are encoded by genes 
in the MHC, are up-regulated by IFN-y, and are partic- 
ularly important for generating class I MHC-binding 
peptides. 

Lymph node. Small nodular, encapsulated aggre- 
gates of lymphocyte-rich tissue situated along lymphatic 
channels throughout the body where adaptive immune 
responses to lymph-borne antigens are initiated. 

Lymphatic system. A system of vessels throughout 
the body that collects tissue fluid called lymph, origi- 
nally derived from the blood, and returns it, through 
the thoracic duct, to the circulation. Lymph nodes are 
interspersed along these vessels and trap and retain 
antigens present in the lymph. 

Lymphocyte homing. The directed migration of 
subsets of circulating lymphocytes into particular tissue 
sites. Lymphocyte homing is regulated by the selec- 
tive expression of adhesion molecules, called homing 
receptors, on the lymphocytes and the tissue-specific 
expression of endothelial ligands for these homing 
receptors, called addressins, in different vascular beds. 
For example, some T lymphocytes preferentially home 
to intestinal lymphoid tissue (e.g., Peyer's patches), and 
this directed migration is regulated by binding of the 
VLA-4 integrin on the T cells to the MadCAM addressin 
on Peyer's patch endothelium. 

Lymphocyte maturation. The process by which 
pluripotent bone marrow precursor cells develop into 
mature, antigen receptor-expressing naive B or T 
lymphocytes that populate peripheral lymphoid tissues. 
This process takes place in the specialized environ- 
ments of the bone marrow (for B cells) and the thymus 
(for T cells). 

Lymphocyte migration. The movement of lympho- 
cytes from the blood stream into peripheral tissues. 

Lymphocyte recirculation. The continuous move- 
ment of lymphocytes through the blood stream and 
lymphatics, between the lymph nodes or spleen, and, if 
activated, to peripheral inflammatory sites. 

Lymphocyte repertoire. The complete collection of 
antigen receptors and therefore antigen specificities 
expressed by the B and T lymphocytes of an individual. 

Lymphoid follicle. A B cell-rich region of a lymph 
node or the spleen that is the site of antigen-induced 
B cell proliferation and differentiation. In T cell- 
dependent B cell responses to protein antigens, a 
germinal center forms within the follicles. 

Lymphokine. An old name for a cytokine (soluble 
protein mediator of immune responses) produced by 
lymphocytes. 

Lymphokine-activated killer (LAK) cell. NK cells 
with enhanced cytolytic activity for tumor cells as a 
result of exposure to high doses of IL2. LAK cells 
generated in  vitro have been adoptively transferred 
back into patients with cancer to treat their tumors. 

Lymphoma. A malignant tumor of B or T lym- 
phocytes usually arising in and spreading between 
lymphoid tissues but that may spread to other tissues. 
Lymphomas often express phenotypic characteristics of 
the normal lymphocytes from which they were derived. 

Lymphotoxin (LT, TNF-P). A cytokine produced by 
T cells that is homologous to and binds to the same 
receptors as TNF. Like TNF, LT has proinflammatory 
effects, including endothelial and neutrophil activa- 
tion. LT is also critical for the normal development of 
lymphoid organs. 

Lysosome. A membrane-bound, acidic organelle 
abundant in phagocytic cells that contains proteolytic 
enzymes that degrade proteins derived both from the 
extracellular environment and from within the cell. 
Lysosomes are involved in the class I1 MHC pathway of 
antigen processing. 

M cells. Specialized epithelial cells overlying Peyer's 
patches in the gut that play a role in delivering antigens 
to Peyer's patches. 

~ a c r o ~ h a ~ e .  A tissue-based phagocytic cell derived 
from blood monocytes that plays important roles in 
innate and adaptive immune responses. Macrophages 
are activated by microbial products such as endo- 
toxin and by T cell cytokines such as IFN-y. Activated 
macrophages phagocytose and kill microorganisms, 
secrete proinflammatory cytokines, and present anti- 
gens to helper T cells. Macrophages may assume dif- 
ferent morphologic forms in different tissues, including 
the microglia of the central nervous system, Kupffer 
cells in the liver, alveolar macrophages in the lung, and 

A - - 
osteoclasts in bone. 

Major histocompatibility complex (MHC). A large 
genetic locus (on human chromosome 6 and mouse 
chromosome 17) that includes the highly polymorphic - . -  . 
genes encoding the peptide-binding molecules -rec- 
ognized by T lymphocytes. The MHC locus also in- 
cludes genes encoding cytokines, molecules involved in 
antigen processing, and complement proteins. 

Major histocompatibility complex (MHC) molecule. 
A heterodimeric membrane protein encoded in the 
MHC locus that serves as a peptide display molecule for 
recognition by T lymphocytes. Two structurally distinct 
twes of MHC molecules exist. Class I MHC molecules , L 
are present on most nucleated cells, bind peptides 
derived from cytosolic proteins, and are recognized by 
CD8' T cells. Class I1 MHC molecules are restricted 
largely to professional APCs, bind peptides derived 
from endocytosed proteins, and are recognized by CD4+ 
T cells. 

Mannose receptor. A carbohydrate-binding receptor 
(lectin) expressed by macrophages that binds-mannose 
and fucose residues on microbial cell walls and medi- 
ates phagocytosis of the organisms. 

Mannose-binding lectin (MBL). A plasma protein 
that binds to mannose residues on baiterial cell walls 
and acts as an opsonin by promoting phagocytosis of 
the bacterium by macrophages. Macrophages express a 
surface receptor for Clq that can also bind MBL and 
mediate uptake of the opsonized organisms. 

Marginal zone. A peripheral region of splenic lym- 
phoid follicles containing macrophages that are partic- 
ularly efficient at trapping polysaccharide antigens. 
Such antigens may persist for prolonged periods on the 
surfaces of marginal zone macrophages, where they 
are recognized by specific B cells, or they may be 
transported into follicles. 

Mast cell. The major effector cell of immediate 
hypersensitivity (allergic) reactions. Mast cells are 
derived from the marrow, reside in most tissues adja- 
cent to blood vessels, express a high-affinity Fc recep- 
tor for IgE, and contain numerous mediator-filled 
granules. Antigen-induced cross-linking of IgE bound 
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to the mast cell Fc receptors causes release of their 
granule contents as well as new synthesis and secretion 
of other mediators, leading to an immediate hypersen- 
sitivity reaction. 

Mature B cell. IgM- and IgD-expressing, functionally 
competent naive B cells that represent the final stage of 
B cell maturation in the bone marrow and that popu- 
late peripheral lymphoid organs. 

Membrane attack complex (MAC). A lytic complex 
of the terminal components of the complement 
cascade, including multiple copies of C9, that forms in 
the membranes of target cells. The MAC causes lethal 
ionic and osmotic changes in cells. 

Memory. The property of the adaptive immune 
system to respond more rapidly, with greater magni- 
tude, and more effectively to a repeated exposure to 
an antigen, compared with the response to the first 
exposure. 

Memory lymphocytes. B or T lymphocytes that 
mediate rapid and enhanced (i.e., memory or recall) 
responses to second and subsequent exposures to anti- 
gens. Memory B and T cells are produced by antigen 
stimulation of naive lymphocytes and survive in a func- 
tionally quiescent state for many years after the antigen 
is eliminated. 

MHC class I1 (MIIC) compartment. A subset of 
endosomes (membrane-bound vesicles involved in 
cell trafficking pathways) found in macrophages and 
human B cells that are important in the class I1 MHC 
pathway of antigen presentation. The MIIC contains all 
the components required for formation of peptide- 
class I1 MHC molecule complexes, including the 
enzymes that degrade protein antigens, class I1 mole- 
cules, invariant chain, and HLA-DM. 

MHC restriction. The characteristic of T lympho- 
cytes that they recognize a foreign peptide antigen only 
when it is bound to a particular allelic form of an MHC 
molecule. 

MHC-tetramer. A reagent used to identify and enu- 
merate T cells that specifically recognize a particular 
MHC-peptide complex. The reagent consists of four 
recombinant, biotinylated MHC molecules (usually 
class I) bound to a fluorochrome-labeled avidin mole- 
cule and loaded with a peptide. T cells that bind the 
MHC-tetramer can be detected by flow cytometry. 

pP-Microglobulin. The light chain of a class I MHC 
molecule. P2-Microglobulin is an extracellular protein 
encoded by a nonpolymorphic gene outside the MHC, 
is structurally homologous to an Ig domain, and is 
invariant among all class I molecules. 

Mitogen-activated protein (MAP) kinase cascade. A 
signal transduction cascade initiated by the active form 
of the Ras protein and involving the sequential activa- 
tion of three serine/threonine kinases, the last one 
being MAP kinase. MAP kinase in turn phosphorylates 
and activates other enzymes or transcription factors. 
The MAP kinase pathway is one of several signal path- 
ways activated by antigen binding to the TCR. 

Mixed leukocyte reaction (MLR). An in vitro reac- 
tion of alloreactive T cells from one individual against 
MHC antigens on blood cells from another individual. 
The MLR involves proliferation of and cytokine secre- 

tion by both CD4' and CD8+ T cells and is used as a 
screening test to assess the compatibility of a potential 
graft recipient with a potential donor. 

Molecular mimicry. A postulated mechanism of 
autoimmunity triggered by infection with a microbe 
containing antigens that cross-react with self antigens. 
Immune responses to the microbe result in reactions 
against self tissues. 

Monoclonal antibody. An antibody that is specific 
for one antigen and is produced by a B cell hybridoma 
(a cell line derived by the fusion of a single normal B 
cell and an immortal B cell tumor line). Monoclonal 
antibodies are widely used in research and clinical 
diagnosis and therapy. 

Monocyte. A type of bone marrow-derived cir- 
culating blood cell that is the precursor of tissue 
macrophages. Monocytes are actively recruited into 
inflammatory sites, where they differentiate into 
macrophages. 

Monocyte colony-stimulating factor (M-CSF). A 
cytokine made by activated T cells, macrophages, 
endothelial cells, and stromal fibroblasts that stimulates 
the production of monocytes from bone marrow 
precursor cells. 

Monokine. An old name for a cytokine produced by 
mononuclear phagocytes. 

Mononuclear phagocytes. Cells with a common 
bone marrow lineage whose primary function is phago- 
cytosis. These cells function as accessory cells in the 
recognition and activation phases of adaptive immune 
responses and as effector cells in innate and adaptive 
immunity. Mononuclear phagocytes circulate in the 
blood in an incompletely differentiated form called 
monocytes, and once they settle in tissues, they mature 
into macrophages. 

Mucosa-associated lymphoid tissue. Lymphocytes 
and accessory cells within the mucosa of the gastroin- 
testinal and respiratory tracts that are sites of adaptive 
immune responses to environmental antigens. Mucosa- 
associated lymphoid tissues include intraepithelial 
lymphocytes, mainly T cells, and organized collections 
of lymphocytes, often rich in B cells, below mucosal 
epithelia, such as Peyer's patches in the gut or pharyn- 
geal tonsils. 

Mucosal immune system. A part of the immune 
system that responds to and protects against microbes 
that enter the body through mucosal surfaces, such as 
the gastrointestinal and respiratory tracts. The mucosal 
immune system is composed of mucosa-associated lym- 
phoid tissues, which are collections of lymphocytes and 
accessory cells in the epithelia and lamina propria of 
mucosal surfaces. 

Multiple myeloma. A malignant tumor of antibody- 
producing B cells that often secretes Igs or parts of Ig 
molecules. The monoclonal antibodies produced by 
multiple myelomas were critical for early biochemical 
analyses of antibody structure. 

Mycobacterium. A genus of aerobic bacteria, many 
species of which can survive within phagocytes and 
cause disease. The principal host defense against 
mycobacteria such as M. tuberculosis is cell-mediated 
immunity. 

N nucleotides. The name given to nucleotides ran- 
domly added to the junctions between V, D, and J gene 
segments in Ig or TCR genes during lymphocyte devel- 
opment. The addition of up to 20 of these nucleotides, 
which is mediated by the enzyme terminal deoxyri- 
bonucleotidyl transferase, contributes to the diversity of 
the antibody and TCR repertoires. 

Naive lymphocyte. A mature B or T lymphocyte that 
has not previously encountered antigen, nor is it the 
progeny of an antigen-stimulated mature lymphocyte. 
When naive lymphocytes are stimulated by antigen, 
they differentiate into effector lymphocytes, such as 
antibody-secreting B cells or helper T cells and CTLs. 
Naive lymphocytes have surface markers and recircula- 
tion patterns that are distinct from those of previously 
activated lymphocytes. ("Naive" also refers to an un- 
immunized individual.) 

Natural antibodies. IgM antibodies, largely pro- 
duced by B-1 cells, specific for bacteria that are 
common in the environment and gastrointestinal tract. 
Normal individuals contain natural antibodies without 
any evidence of infection, and these antibodies serve 
as a preformed defense mechanism against microbes 
that succeed in penetrating epithelial barriers. Some 
of these antibodies cross-react with ABO blood 
group antigens and are responsible for transfusion 
reactions. 

Natural killer (NK) cells. A subset of bone marrow- 
derived lymphocytes, distinct from B or T cells, that 
function in innate immune responses to kill microbe- 
infected cells by direct lytic mechanisms and by secret- 
ing IFN-y. NK cells do not express clonally distributed 
antigen receptors like Ig receptors or TCRs, and their 
activation is regulated by a combination of cell surface 
stimulatory and inhibitory receptors, the latter recog- 
nizing self MHC molecules. 

Negative selection. The process by which devel- 
oping lymphocytes that express self-reactive antigen 
receptors are eliminated, thereby contributing to the 
maintenance of self-tolerance. Negative selection of 
developing T lymphocytes (thymocytes) is best under- 
stood and involves high-avidity binding of a thymocyte 
to self MHC molecules with bound peptides on thymic 
APCs leading to apoptotic death of the thymocyte. 

Neonatal Fc receptor (FcRn). An IgGspecific Fc 
receptor that mediates the transport of maternal IgG 
across the placenta and the neonatal intestinal epithe- 
lium. FcRn resembles a class I MHC molecule. An adult 
form of this receptor functions to protect plasma IgG 
antibodies from catabolism. 

Neonatal immunity. Passive humoral immunity to 
infections in mammals in the first months of life, before 
full development of the immune system. Neonatal 
immunity is mediated by maternally produced anti- 
bodies transported across the placenta into the fetal cir- 
culation before birth or derived from ingested milk and 
transported across the gut epithelium. 

Neutrophil (also polymorphonuclear leukocyte, 
PMN). A phagocytic cell characterized by a segmented 
lobular nucleus and cytoplasmic granules filled with 
degradative enzymes. PMNs are the most abundant type 
of circulating white blood cells and are the major cell 
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type mediating acute inflammatory responses to bacte- 
rial infections. 

Nitric oxide. A biologic effector molecule with a 
broad range of activities that in macrophages func- 
tions as a potent microbicidal agent to kill ingested 
organisms. 

Nitric oxide synthase. A member of a family of 
enzymes that svnt6esize the vasoactive and microbicidal 
compound nitric oxide from L-arginine. Macrophages 
express an inducible form of this enzyme on activation 
by various microbial or cytokine stimuli. 

Nuclear factor KB (NF-KB). A family of transcrip tion 
factors composed of homodimers or heterodimers of 
proteins homologous to the c-Re1 protein. NF-KB pro- 
teins are important in the transcription of many genes 
in both innate and adaptive immune responses. 

Nuclear factor of activated T cells (NFAT). A tran- 
scription factor required for the expression of IL2, I L  
4, TNF, and other cytokine genes. The four different 
NFATs are each encoded by separate genes; NFATp and 
NFATc are found in T cells. Cytoplasmic NFAT is acti- 
vated by calcium/calmodulin-dependent, calcineurin- 
mediated dephosphorylation that permits NFAT to 
translocate into the nucleus and bind to consensus 
binding sequences in the regulatory regions of IL2, 
IL4, and other cytokine genes, usually in association 
with other transcri~tion factors such as.AP-1. 

Nude mouse. A strain of mice that lacks develop- 
ment of the thymus, and therefore T lymphocytes, as 
well as hair follicles. Nude mice have been used ex- 
perimentally to define the role of T lymphocytes in 
immunity and disease. 

Oncofetal antigen. Proteins that are expressed at 
high levels on some types of cancer cells and in normal 
developing (fetal) but not adult tissues. Antibodies spe- 
cific for these proteins are often used in histopathologic 
identification of tumors or to monitor the progression 
of tumor growth in patients. CEA (CD66) and alpha- 
fetoprotein are two oncofetal antigens commonly 
expressed by certain carcinomas. 

Opsonin. A macromolecule that becomes attached 
to the surface of a microbe and can be recognized by 
surface receptors of neutrophils and macrophages and 
that increases the efficiency of phagocytosis of the 
microbe. Opsonins include IgG antibodies, which are 
recognized by the Fcy receptor on phagocytes, and frag- 
ments of complement proteins, which are recognized 
by CR1 (CD35) and by the leukocyte integrin Mac-1. 

Opsonization. The process of attaching opsonins, 
such as IgG or complement fragments, to microbial sur- 
faces to target the microbes for phagocytosis. 

Oral tolerance. The suppression of systemic 
humoral and cell-mediated immune responses to an 
antigen after the oral administration of that antigen as 
a result of anergy of antigen-specific T cells or the pro- 
duction of immunosuppressive cytokines such as trans- 
forming growth factor$. Oral tolerance is a possible 
mechanism for preventing immune responses to food 
antigens and to bacteria that normally reside as com- 
mensals in the intestinal lumen. 

P nucleotides. Short inverted repeat nucleotide 
sequences in the VDJ junctions of rearranged Ig and 



TCR genes that are generated by RAG1- and RAGP- 
mediated asymmetric cleavage of hairpin DNA inter- 
mediates during somatic recombination events. P 
nucleotides contribute to the junctional diversity of 
antigen receptors. 

Paracrine factor. A molecule that acts on cells in 
proximity to the cell that produces the factor. Most 
cytokines act in a paracrine fashion. 

Partial agonist. A variant peptide ligand of a TCR 
that induces only a subset of the functional responses 
by the T cell or responses entirely different from 
responses to the unaltered (native) peptide. For 
instance, a partial agonist may stimulate production of 
only some of the many cytokines that are induced by 
the native peptide or quantitatively smaller responses. 
Partial agonist peptides are usually synthetic peptides in 
which one or two TCR contact residues have been 
changed; they are also called APLs. 

Passive immunity. The form of immunity to an 
antigen that is established in one individual by transfer 
of antibodies or lymphocytes from another individual 
who is immune to that antigen. The recipient of such 
a transfer can become immune to the antigen without 
ever having been exposed to or having responded to 
the antigen. An example of passive immunity is the 
transfer of human sera containing antibodies specific 
for certain microbial toxins or snake venom to a previ- 
ously unimmunized individual. 

Pathogenicity. The ability of a microorganism to 
cause disease. Multiple mechanisms may contribute to 
pathogenicity, including production of toxins, stimula- 
tion of host inflammatory responses, and perturbation 
of host cell metabolism. 

Pattern recognition receptors. Receptors of the 
innate immune system that recognize frequently 
encountered structures called molecular patterns pro- 
duced by microorganisms and that facilitate innate 
immune responses against the microorganisms. Exam- 
ples of pattern recognition receptors include CD14 
receptors on macrophages, which bind bacterial 
endotoxin leading to macrophage activation, and the 
mannose receptor on phagocytes, which binds micro- 
bial glycoproteins or glycolipids. 

Pentraxins. A family of plasma proteins that contain 
five identical globular subunits; includes the acute- 
phase reactant C-reactive protein. 

Peptide-binding cleft. The portion of an MHC mol- 
ecule that binds peptides for display to T cells. The cleft 
is composed of paired a-helices resting on a floor made 
up of an eight-stranded P-pleated sheet. The polymor- 
phic residues, which are the amino acids that vary 
among different MHC alleles, are located in and 
around this cleft. 

Perforin. A pore-forming protein, homologous to 
the C9 complement protein, that is present as a 
monomer in the granules of CTLs and NK cells. When 
perforin monomers are released from the granules of 
activated CTLs or NK cells, they undergo polymeriza- 
tion in the lipid bilayer of the target cell plasma mem- 
brane and form a large aqueous channel. This channel 
can cause osmotic lysis of the target cell and serve as a 

channel for the influx of enzymes derived from the 
CTL granules. 

Periarteriolar lymphoid sheath (PALS). A cuff of 
lymphocytes surrounding small arterioles in the spleen, 
adjacent to lymphoid follicles. A PALS contains mainly 
T lymphocytes, about two thirds of which are CD4+ and 
one third CD8+. In humoral immune responses to 
protein antigens, B lymphocytes are activated at the 
interface between the PALS and follicles and then 
migrate into the follicles to form germinal centers. 

Peripheral lymphoid organs and tissues. Organized 
collections of lymphocytes and accessory cells, includ- 
ing the spleen, lymph nodes, and mucosa-associated 
lymphoid tissues, in which adaptive immune responses 
are initiated. 

Peripheral tolerance. Physiologic unresponsiveness 
to self antigens that are present in peripheral tissues 
and not usually in the generative lymphoid organs. 
Peripheral tolerance is induced by the recognition of 
antigens without adequate levels of the costimulators 
required for lymphocyte activation or by persistent and 
repeated stimulation by these self antigens. 

Peyer's patches. Organized lymphoid tissue in the 
lamina propria of the small intestine in which immune 
responses to ingested antigens may be initiated. Peyer's 
patches are composed mostly of B cells, with smaller 
numbers of T cells and accessory cells, all arranged in 
follicles similar to those found in lymph nodes, often 
with germinal centers. 

Phagocytosis. The process by which certain cells of 
the innate immune system, including macrophages and 
neutrophils, engulf large particles (>0.5 ym in diame- 
ter) such as intact microbes. The cell surrounds the 
particle with extensions of its plasma membrane by 
an energy- and cytoskeleton-dependent process; this 
process results in the formation of an intracellular 
vesicle called a phagosome, which contains the ingested 
particle. 

Phagosome. A membrane-bound intracellular vesi- 
cle that contains microbes or particulate material from 
the extracellular environment. Phagosomes are formed 
during the process of phagocytosis, and fusion with 
other vesicular structures such as lysosomes leads to 
enzymatic degradation of the ingested material. 

Phosphatase (protein phosphatase). An enzyme that 
removes phosphate groups from the side chains of 
certain amino acid residues of proteins. Protein phos- 
phatases in lymphocytes, such as CD45 or calcineurin, 
regulate the activity of various signal transduction mol- 
ecules and transcription factors. Some protein phos- 
phatases may be specific for phosphotyrosine residues 
and others for phosphoserine and phosphothreonine 
residues. 

Phospholipase Cy (PLCy). An enzyme that catalyzes 
hydrolysis of the plasma membrane phospholipid PIP2 
to generate two signaling molecules, IP3 and DAG. 
PLCy becomes activated in lymphocytes by antigen 
binding to the antigen receptor. 

Phytohemagglutinin (PHA). A carbohydrate-binding 
protein, or lectin, produced by plants that cross-links 
human T cell surface molecules, including the T cell 

receptor, thereby inducing polyclonal activation and 
agglutination of T cells. PHA is frequently used in 
experimental immunology to study T cell activation. In 
clinical medicine, PHA is used to assess whether a 
patient's T cells are functional or to induce T cell 
mitosis for the purpose of generating karyotypic data. 

Plasma cell. A terminally differentiated antibody- 
secreting B lymphocyte with a characteristic histologic 
appearance, including an oval shape, eccentric nucleus, 
and perinuclear halo. 

Platelet-activating factor (PAF). A lipid mediator 
derived from membrane phospholipids in several cell 
types, including mast cells and endothelial cells. PAF 
can cause bronchoconstriction and vascular dilatation 
and leak and may be an important mediator in asthma. 

Polyclonal activators. Agents that are capable of acti- 
vating many clones of lymphocytes, regardless of their 
antigen specificities. Examples of polyclonal activators 
include anti-IgM antibodies for B cells and anti- 
CD3 antibodies, bacterial superantigens, and PHA for 
T cells. 

Poly-Ig receptor. An Fc receptor expressed by 
mucosal epithelial cells that mediates the transport 
of IgA and IgM through the epithelial cells into the 
intestinal lumen. 

Polymerase chain reaction (PCR). A rapid method 
of copying and amplifying specific DNA sequences up 
to about 1 kb in length that is widely used as a pre- 
parative and analytical technique in all branches of 
molecular biology. The method relies on the use of 
short oligonucleotide primers complementary to the 
sequences at the ends of the DNA to be amplified and 
involves repetitive cycles of melting, annealing, and 
synthesis of DNA. 

Polymorphism. The existence of two or more alter- 
native forms, or variants, of a gene that are present at 
stable frequencies in a population. Each common 
variant of a polymorphic gene is called an allele, and 
one individual may carry two different alleles of a gene, 
each inherited from a different parent. The MHC genes 
are the most polymorphic genes in the mammalian 
genome. 

Polyvalency. The presence of multiple identical 
copies of an epitope on a single antigen molecule, cell 
surface, or particle. Polyvalent antigens, such as bacte- 
rial capsular polysaccharides, are often capable of acti- 
vating B lymphocytes independent of helper T cells. 

Positive selection. The process by which developing 
T cells in the thymus (thymocytes) whose TCRs bind to 
self MHC molecules are rescued from programmed cell 
death, whereas thymocytes whose receptors do not 
recognize self MHC molecules die by default. Positive 
selection ensures that mature T cells are self MHC 
restricted and that CD8+ T cells are specific for com- 
plexes of peptides with class I MHC molecules and 
CD4+ T cells for complexes of peptides with class I1 
MHC molecules. 

Pre-B cell. A developing B cell present only in 
hematopoietic tissues that is at a maturational stage 
characterized by expression of cytoplasmic Ig y heavy 
chains and surrogate light chains but not Ig light 

chains. Pre-B cell receptors composed of p chains and 
surrogate light chains deliver signals that stimulate 
further maturation of the pre-B cell into an immature 
B cell. 

Pre-B cell receptor. A receptor expressed on matur- 
ing B lymphocytes at the pre-B cell stage that is com- 
posed of an Ig p heavy chain and an invariant surrogate 
light chain. The surrogate light chain is composed of 
two proteins, including the h5 protein, which is homol- 
ogous to the h light chain C domain, and the V pre-B 
protein, which is homologous to a V domain. The pre- 
B cell receptor associates with the Iga and IgP signal 
transduction proteins to form the pre-B cell receptor 
complex. Pre-B cell receptors are required for stimu- 
lating the proliferation and continued maturation of 
the developing B cell. It is not known whether the 
pre-B cell receptor binds a specific ligand. 

Pre-cytolytic T lymphocyte (pre-CTL). A mature, 
naive CD8' T lymphocyte that cannot perform effector 
functions but, on activation by antigen and costimula- 
tors, will differentiate into a CTL capable of lysing 
target cells and secreting cytokines. 

Pre-T cell. A developing T lymphocyte in the thymus 
at a maturational stage characterized by expression of 
the TCR P chain, but not the a chain or CD4 or CD8. 
In pre-T cells, the TCR P chain is found on the cell 
surface as part of the pre-T cell receptor. 

Pre-T cell receptor. A receptor expressed on the 
surface of pre-T cells that is composed of the TCR P 
chain and an invariant pre-Ta protein. This receptor 
associates with CD3 and 5 molecules to form the pre-T 
cell receptor complex. The function of this complex is 
similar to that of the pre-B cell receptor in B cell devel- 
opment, namely, the delivery of signals that stimulate 
further proliferation, antigen receptor gene rearrange- 
ments, and other maturational events. It is not known 
whether the pre-T cell receptor binds a specific ligand. 

Pre-Ta. An invariant transmembrane protein with 
a single extracellular Ig-like domain that associates 
with TCR P chain in pre-T cells to form the pre-T cell 
receptor. 

Primary immune response. An adaptive immune 
response that occurs after the first exposure of an indi- 
vidual to a foreign antigen. Primary responses are 
characterized by relatively slow kinetics and small 
magnitude compared with the responses after a second 
or subsequent exposure. 

Primary immunodeficiency. A genetic defect in 
which an inherited deficiency in some aspect of the 
innate or adaptive immune system leads to an increased 
susceptibility to infections. Primary immunodeficiency 
is frequently manifested early in infancy and childhood 
but is sometimes clinically detected later in life. 

Pro-B cell. A developing B cell in the bone marrow 
that is the earliest cell committed to the B lymphocyte 
lineage. Pro-B cells do not produce Ig, but they can be 
distinguished from other immature cells by the expres- 
sion of B lineage-restricted surface molecules such as 
CD19 and CD10. 

Professional antigen-presenting cells (professional 
APCs). APCs for naive helper T lymphocytes, used to 



refer to dendritic cells, mononuclear phagocytes, and 
B lymphocytes, all of which are capable of expressing 
class I1 MHC molecules and costimulators. The most 
important professional APCs for initiating primary T 
cell responses are dendritic cells. 

Programmed cell death. A pathway of cell death by 
apoptosis that occurs in lymphocytes deprived of 
necessary survival stimuli, such as growth factors or co- 
stimulators. Programmed cell death, also called death 
by neglect or passive cell death, is characterized by 
the release of mitochondria1 cytochrome c into the 
cytoplasm, activation of caspase-9, and initiation of the 
apoptotic pathway. 

Promoter. A DNA sequence immediately 5' to the 
transcription start site of a gene where the proteins that 
initiate transcription bind. The term promoter is often 
used to mean the entire 5' regulatory region of a gene, 
including enhancers, which are additional sequences 
that bind transcription factors and interact with the 
basal transcription complex to increase the rate of tran- 
scriptional initiation. Other enhancers may be located 
at a significant distance from the promoter, either 5' of 
the gene, in introns, or 3' of the gene. 

Prostaglandins. A class of lipid inflammatory medi- 
ators derived from arachidonic acid in many cell types 
through the cyclooxygenase pathway. Activated mast 
cells make prostaglandin D2 (PGD2), which binds to 
receptors on smooth muscle cells and acts as a vasodila- 
tor and a bronchoconstrictor. PGD2 also promotes neu- 
trophil chemotaxis and accumulation at inflammatory 
sites. 

Pro-T cell. A developing T cell in the thymic cortex 
that is a recent arrival from the bone marrow and does 
not express TCRs, CD3, < chains, or CD4 or CD8 
molecules. Pro-T cells are also called double-negative 
thymocytes. 

Protease. An enzyme that cleaves peptide bonds and 
thereby breaks proteins down into peptides. Different 
kinds of proteases have different specificities for bonds 
between  articular amino acid residues. Proteases 
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inside phagocytes are important for killing ingested 
microbes during innate immune responses, and pro- 
teases released from phagocytes at inflammatory sites 
can cause tissue damage. Proteases in APCs are critical 
for generating peptide fragments of protein antigens 
that bind to MHC molecules during T cell-mediated 
immune responses. 

Proteasome. A large multiprotein enzyme complex 
with a broad range of proteolytic activity that is 
found in the cytoplasm of most cells and generates 
from cytosolic proteins the peptides that bind to class 
I MHC molecules. Proteins are targeted for pro- 
teasomal degradation by covalent linkage of ubiquitin 
molecules. 

Protein kinase C (PKC). Any of several isoforms of 
an enzyme that mediates the phosphorylation of serine 
and threonine residues in many different protein sub- 
strates and thereby serves to propagate various signal 
transduction pathways leading to transcription factor 
activation. In T and B lymphocytes, PKC is activated by 
DAG, which is generated in response to antigen recep- 
tor ligation. 

Protein tyrosine kinases (PTKs). Enzymes that 
mediate the phosphorylation of tyrosine residues in 
proteins and thereby promote phosphotyrosine- 
dependent protein-protein interactions. PTKs are 
involved in numerous signal transduction pathways in 
cells of the immune system. 

Protozoa. Single-celled eukaryotic organisms, many 
of which are human parasites and cause diseases. Exam- 
ples of pathogenic protozoa include Entamoeba histolyt- 
ica, which causes amebic dysentery; Plasmodium, which 
causes malaria; and Leishmania, which causes leishma- 
niasis. Protozoa stimulate both innate and adaptive 
immune responses. It has proved difficult to develop 
effective vaccines against many of these organisms. 

Provirus. A DNA copy of the genome of a retrovirus 
that is integrated into the host cell genome and from 
which viral genes are transcribed and the viral genome 
is reproduced. HIV proviruses can remain inactive for 
long periods and thereby represent a latent form of 
HIV infection that is not accessible to immune defense. 

Purified antigen (subunit) vaccine. A vaccine com- 
posed of purified antigens or subunits of microbes. 
Examples of this type of vaccine include diphtheria 
and tetanus toxoids, pneumococcus and Haemophilus 
influenzae polysaccharide vaccines, and purified poly- 
peptide vaccines against hepatitis B and influenza virus. 
Purified antigen vaccines may stimulate antibody and 
helper T cell responses, but they do not generate CTL 
responses. 

Pyogenic bacteria. Bacteria, such as the gram- 
positive staphylococci and streptococci, that induce in- 
flammatory responses rich in polymorphonuclear 
leukocytes (giving rise to pus). Antibody responses to 
these bacteria greatly enhance the efficacy of innate 
immune effector mechanisms to clear infections. 

Rac. A small guanine nucleotide-binding protein 
that is activated by the GDP-GTP exchange factor Vav 
during the early events of T cell activation. GTPoRac 
triggers a three-step protein kinase cascade that culmi- 
nates in activation of the stress-activated protein (SAP) 
kinase, c-Jun N-terminal kinase UNK) , and p38 kinase, 
which are similar to the MAP kinases. 

Radioimmunoassay. A highly sensitive and specific 
immunologic method of quantifymg the concentration 
of an antigen in a solution that relies on a radioactively 
labeled antibody specific for the antigen. Usually, two 
antibodies specific for the antigen are used. The first 
antibody is unlabeled but attached to a solid support, 
where it binds and immobilizes the antigen whose con- 
centration is being determined. The amount of the 
second, labeled antibody that binds to the immobilized 
antigen, as determined by radioactive decay detectors, 
is proportional to the concentration of antigen in the 
test solution. 

Ras. A member of a family of 21-kD guanine 
nucleotide-binding proteins with intrinsic GTPase 
activity that are involved in many different signal trans- 
duction pathways in diverse cell types. Mutated ras 
genes are associated with neoplastic transformation. In 
T cell activation, Ras is recruited to the plasma mem- 
brane by tyrosine-phosphorylated adapter proteins, 
where it is activated by GDP-GTP exchange factors. 

GTP*Ras then initiates the MAP kinase cascade, which 
leads to expression of the fos gene and assembly of the 
AP-1 transcription factor. 

Reactive oxygen intermediates (ROIs). Highly reac- 
tive metabolites of oxygen, including superoxide anion, 
hydroxyl radical, and hydrogen peroxide, that are pro- 
duced by activated phagocytes. ROIs are used by the 
phagocytes to form oxyhalides that damage ingested 
bacteria. ROIs may also be released from cells and 
promote inflammatory responses or cause tissue 
damage. 

Reagin. IgE antibody that mediates an immediate 
hypersensitivity reaction. 

Receptor editing. A process by which some imma- 
ture B cells that recognize self antigens in the bone 
marrow may be induced to change their Ig specificities. 
Receptor editing involves reactivation of the RAG 
genes, additional light chain VJ recombinations, and 
new Ig light chain production, which allows the cell to 
express a different Ig receptor that is not self-reactive. 

Recombination-activating gene 1 and 2 (RAG1 and 
RAG2). The genes encoding RAG1 and RAG2 pro- 
teins, which are the lymphocyte-specific components of 
V(D)J recombinase and are expressed in developing B 
and T cells. RAG proteins bind to recombination recog- 
nition sequences and are critical for DNA recombina- 
tion events that form functional Ig and TCR genes. 
Therefore, RAG proteins are required for expression of 
antigen receptors and for the maturation of B and T 
lymphocytes. 

Recombination signal sequences. Specific DNA 
sequences found adjacent to the V, D, and J segments 
in the antigen receptor loci and recognized by the RAG 
1/RAG2 component of V(D)J recombinase. The recog- 
nition sequences consist of a highly conserved stretch 
of '7 nucleotides, called the heptamer, located adjacent 
to the V, D, or J coding sequence, followed by a spacer 
of exactly 12 or 23 nonconserved nucleotides and a 
highly conserved stretch of 9 nucleotides, called the 
nonamer. 

Red pulp. An anatomic and functional compart- 
ment of the spleen composed of vascular sinusoids, scat- 
tered among which are large numbers of erythrocytes, 
macrophages, dendritic cells, sparse lymphocytes, and 
plasma cells. Red pulp macrophages clear the blood of 
microbes, other foreign particles, and damaged red 
blood cells. 

Regulatory T cells. A population of T cells that reg- 
ulates the activation of other T cells and may be neces- 
sary to maintain peripheral tolerance to self antigens. 
Regulatory T cells are CD4' and express activation 
markers. 

Respiratory burst. The process by which reactive 
oxygen intermediates such as superoxide anion, 
hydroxyl radical, and hydrogen peroxide are produced 
in macrophages and polymorphonuclear leukocytes. 
The respiratory burst is mediated by the enzyme phago- 
cyte oxidase and is usually triggered by inflammatory 
mediators, such as LTB4, PAF, and TNF, or by bacterial 
products, such as N-formylmethionyl peptides. 

Reverse transcriptase. An enzyme encoded by retro- 
viruses, such as HIV, that synthesizes a DNA copy of the 
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viral genome from the RNA genomic template. Purified 
reverse transcriptase is used widely in molecular biology 
research for purposes of cloning complementary DNAs 
encoding a gene of interest from messenger RNA. 
Reverse transcriptase inhibitors are used as drugs to - 
treat HIV-1 infection. 

Reverse transcriptase-polymerase chain- reaction 
(RT-PCR). An adaptation of the polymerase chain 
reaction (PCR) used to amplify a complementary DNA 
(cDNA) of a gene of interest. In this method, RNA is 
isolated from a cell expressing the gene, and cDNAs are 
synthesized by use of the reverse transcriptase enzyme. 
The cDNA of interest is then amplified by conventional 
PCR techniques with gene-specific primers. 

Rh blood group antigens. A complex system of 
protein alloantigens expressed on red blood cell mem- 
branes that are the cause of transfusion reactions and 
hemolytic disease of the newborn. The most clinically 
important Rh antigen is designated D. 

Rheumatoid arthritis. An autoimmune disease char- 
acterized primarily by inflammatory damage to joints 
and sometimes inflammation of blood vessels, lungs, 
and other tissues. CD4' T cells, activated B lymphocytes, 
and plasma cells are found in the inflamed joint lining 
(synovium) , and numerous proinflammatory cytokines, 
including IL1 and TNF, are present in the synovial 
(joint) fluid. 

RNase protection assay. A sensitive method of 
detecting and quantifymg messenger RNA (mRNA) 
copies of particular genes based on hybridization of the 
mRNA to radiolabeled RNA probes and digestion of 
unhybridized RNAwith the enzyme RNase. The double- 
stranded RNA duplexes created during the hybridiza- 
tion reaction resist degradation by RNase and are of a 
particular size determined by the length of the probe. 
They can be separated by gel electrophoresis and are 
detected and quantitated by radioautography. 

Scavenger receptors. A family of cell surface recep- 
tors expressed on macrophages, originally defined as 
receptors that mediate endocytosis of oxidized or acety- 
lated low-density lipoprotein particles but that also bind 
and mediate the phagocytosis of a variety of microbes. 

SCID mouse. A mouse strain in which B and T cells 
are absent because of an early block in maturation from 
bone marrow precursors. SCID mice carry a mutation 
in a component of the enzyme ~ ~ ~ - d e ~ e n ' d e n t  protein 
kinase, which is required for double-stranded DNA 
break repair. Deficiency of this enzyme results in 
abnormal joining of Ig and TCR gene segments during 
recombination and therefore failure to express antigen 
receptors. 

Secondary immune response. An adaptive immune 
response that occurs on second exposure to an antigen. 
A secondary response is characterized by more rapid 
kinetics and greater magnitude relative to the primary 
immune response, which occurs on first exposure. 

Second-set rejection. Allograft rejection in an indi- 
vidual who has previously been sensitized to the donor's 
tissue alloantigens by having received another graft or 
transfusion from that donor. In contrast to first-set 
rejection, which occurs in an individual who has not 
p&viously been sensitized to the donor alloantigens, 
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second-set rejection is rapid and occurs in 2 to 3 days 
as a result of immunologic memory. 

Secretory component. The proteolytically cleaved 
portion of the extracellular domain of the poly-Ig 
receptor that remains bound to an IgA molecule in 
mucosal secretions. 

Selectin. Any one of three separate but closely 
related carbohydrate-binding that mediate 
adhesion of leukocytes to endothelial cells. Each of the 
selectin molecules is a single-chain transmembrane gly- 
coprotein with a similar modular structure, including 
a n  extracellular calcium-dependent lectin domain. 
The selectins include Lselectin (CD62L), expressed on 
leukocytes; P-selectin (CD62P), expressed on platelets 
and activated endothelium; and E-selectin (CD62E), 
expressed on activated endothelium. 

Selective immunoglobulin deficiency. Immunodefi- 
ciencies characterized by a lack of only one or a few Ig 
classes or subclasses. Selective IgA deficiency is the most 
common selective Ig deficiency, followed by IgG3 and 
IgG2 deficiencies. Patients with these disorders may be 
at increased risk for bacterial infections, but many are 
normal. 

Self MHC restriction. The limitation (or restriction) 
of antigens that can be recognized by an individual's 
T cells to complexes of peptides bound to major 
histocompatibility complex (MHC) molecules that 
were present in the thymus during T cell maturation 
(i.e., self MHC molecules). The T cell repertoire is self 
MHC restricted as a result of the process of positive 
selection. 

Self-tolerance. Unresponsiveness of the adaptive 
immune system to self antigens, largely as a result of 
inactivation or death of self-reactive lymphocytes 
induced by exposure to those self antigens. Self- 
tolerance is a cardinal feature of the normal immune 
system, and failure of self-tolerance leads to auto- 
immune diseases. 

Septic shock. An often lethal complication of severe 
gram-negative bacterial infection with spread to the 
blood stream (sepsis) that is characterized by vascular 
collapse, disseminated intravascular coagulation, and 
metabolic disturbances. This syndrome is due to the 
effects of bacterial LPS and cytokines, including TNF, 
IL-12, and IL-1. Septic shock is also called endotoxin 
shock. 

Seroconversion. The production of detectable anti- 
bodies in the serum specific for a microorganism 
during the course of an infection or in response to 
immunization. 

Serology. The study of blood (serum) antibodies 
and their reactions with antigens. The term serology is 
often used to refer to the diagnosis of infectious dis- 
eases by detection of microbe-specific antibodies in the 
serum. 

Serotype. An antigenically distinct subset of a 
species of an infectious organism that is distinguished 
from other subsets by serologic (i.e., serum antibody) 
tests. Humoral immune responses to one serotype of 
microbes (e.g., influenza virus) may not be protective 
against another serotype. 

Serum. The cell-free fluid that remains when blood 
or plasma forms a clot. Blood antibodies are found in 
the serum fraction. 

Serum amyloid A (SAA). An acute-phase protein 
whose serum concentration rises significantly in the 
setting of infection and inflammation, mainly because 
of IL-1- and TNF-induced synthesis by the liver. 
SAA activates leukocyte chemotaxis, phagocytosis, and 
adhesion to endothelial cells. 

Serum sickness. A disease caused by the injection of 
large doses of a protein antigen into the blood and 
characterized by the deposition of antigen-antibody 
(immune) complexes in blood vessel walls, especially in 
the kidneys and joints. Immune complex deposition 
leads to complement fixation and leukocyte recruitment 
and subsequently to glomerulonephritis and arthritis. 
Serum sickness was originally described as a disorder 
that occurred in patients receiving injections of serum 
containing antitoxin antibodies to prevent diphtheria. 

Severe combined immunodeficiency (SCID). Imm- 
unodeficiency diseases in which both B and T lympho- 
cytes do not develop or do not function properly, and 
therefore both humoral and cell-mediated immunity 
are impaired. Children with SCID usually have infec- 
tions during the first year of life and succumb to these 
infections unless the immunodeficiency is treated. 
SCID has several different genetic causes. 

Shwartzman reaction. An experimental model of 
the pathologic effects of bacterial LPS and TNF in 
which two intravenous injections of LPS are adminis- 
tered to a rabbit 24 hours apart. After the second injec- 
tion, the rabbit suffers disseminated intravascular 
coagulation and neutrophil and platelet plugging of 
small blood vessels. 

Signal transducer and activator of transcription 
(STAT). A member of a family of proteins that function 
as signaling molecules and transcription factors in 
response to binding of cytokines to type I and type I1 
cytokine receptors. STATs are present as inactive 
monomers in the cytoplasm of cells and are recruited 
to the cytoplasmic tails of cross-linked cytokine recep- 
tors, where they are tyrosine phosphorylated by JAKs. 
The phosphorylated STAT proteins dimerize and move 
to the nucleus, where they bind to specific sequences 
in the promoter regions of various genes and stimulate 
their transcription. Different STATs are activated by 
different cytokines. 

Simian immunodeficiency virus. A lentivirus closely 
related to HIV-1 that causes disease similar to AIDS in 
monkeys. 

Single-positive thymocyte. A maturing T cell pre- 
cursor in the thymus that expresses CD4 or CD8 mole- 
cules but not both. Single-positive thymocytes are found 
mainly in the medulla and have matured from the 
double-positive stage, during which thymocytes express 
both CD4 and CD8 molecules. 

Smallpox. A disease caused by variola virus. Small- 
pox was the first infectious disease shown to be pre- 
ventable by vaccination and the first disease to be 
completely eradicated by a worldwide vaccination 
program. 

Somatic hypermutation. High-frequency point mu- 
tations in Ig heavy and light chains that occur in ger- 
minal center B cells. Mutations that result in increased 
affinity of antibodies for antigen impart a selective sur- 
vival advantage to the B cells producing those anti- 
bodies and lead to affinity maturation of a humoral 
immune response. 

Somatic recombination. The process of DNA 
recombination by which the functional genes encoding 
the variable regions of antigen receptors are formed 
during lvmphocvte development. A relatively limited set 
of inherited, or germline, DNA sequences that are ini- 
tially separated from one another are brought together 
by enzymatic deletion of intervening sequences and 
religation. This process occurs only in de~eloping B or 
T lymphocytes. This process is sometimes referred to as 
somatic rearrangement. 

Southern blot. X technique used to determine the 
organization of genomic DNA around a particular 
gene. The DNA is cut into fragments by restriction 
endonucleases, different-sized fragments are electro- 
phoretically separated in a gel, and the DNA is then 
immobilized (blotted) onto a sheet of nitrocellulose or 
nylon. The position and therefore the size of a partic- 
ular DNA fragment can then be detected by use of a 
radioactively labeled DNA probe with a homolo- 
gous sequence. (See Appendix I11 for a detailed 
description.) 

Specificity. A cardinal feature of the adaptive 
immune system, namely, that immune responses are 
directed toward and able to distinguish between distinct 
antigens or small parts of macromolecular antigens. 
This fine specificity is attributed to lymphocyte antigen 
receptors that may bind to one molecule but not to 
another with only minor structural differences from the 
first. 

Spleen. A secondary lymphoid organ in the left 
upper quadrant of the abdomen. The spleen is the 
major site of adaptive immune responses to blood- 
borne antigens. The red pulp of the spleen is composed 
of blood-filled vascular sinusoids lined by active phago- 
cytes that ingest opsonized antigens and damaged red 
blood cells. The white pulp of the spleen contains 
lymphocytes and lymphoid follicles where B cells are 
activated. 

Src homology 2 (SH2) domain. A three-dimensional 
domain structure of about 100 amino acid residues 
present in many signaling proteins that permits specific 
noncovalent interactions with other proteins bv binding 
to phosphotyrosines. Each SH2 domain has a unique 
binding specificity that is determined by the amino 
acid residues adjacent to the phosphotyrosine on the 
target protein. Several proteins involved in early sig- 
naling events in T and B lymphocytes interact with one 
another through SH2 domains. 

Src homology 3 (SH3) domain. A three-dimensional 
domain structure of about 60 amino acid residues 
present in many signaling proteins that mediates 
protein-protein binding. SH3 domains bind to proline 
residues and function cooperatively with the SH2 
domains of the same protein. For instance, Sos, the 

guanine nucleotide exchange factor for Ras, contains 
both SH2 and SH3 domains, and both are involved in 
Sos binding to the adapter protein Grb-2. 

Stem cell. An undifferentiated cell that divides con- 
tinuously and gives rise to additional stem cells and to 
cells of multiple different lineages. For example, all 
blood cells arise from a common hematopoietic stem 
cell. 

Superantigens. Proteins that bind to and activate all 
the T cells in an individual that express a particular set 
or family of Vp TCR genes. Superantigens are presented 
to T cells by binding to nonpolymorphic regions of class 
I1 MHC molecules on APCs, and they interact with 
conserved regions of TCR Vp domains. Several staphy- 
lococcal enterotoxins are superantigens. Their impor- 
tance lies in their ability to activate manv T cells, which 
results in large amounts of cytokine production and a 
clinical syndrome that is similar to septic shock. 

Suppressor T cell. T cells that block the activation 
and function of other effector T lymphocytes. Sup- 
pressor function may be attributed to a still poorly 
defined population of T cells currently called regula- 
tory T cells. 

Surrogate light chain. A complex of two nonvariable 
proteins that associate with Ig p heavy chains in pre-B 
cells to form the pre-B cell receptor. The two surrogate 
light chain proteins include V pre-B protein, which is 
homologous to a light chain V domain, and h.5, which 
is covalently attached to the p heavy chain by a disul- 
fide bond. 

Switch recombination. The molecular mechanism 
underlying Ig isotype switching in which a rearranged 
\r9J gene segment in an antibody-producing B cell 
recombines with a downstream C gene and the inter- 
vening C gene is deleted. DNA recombination events in 
switch recombination are triggered by CD40 and 
cytokines and involve nucleotide sequences called 
switch regions located in the introns at the 5' end of 
each CH locus. 

Syngeneic. Genetically identical. All animals of an 
inbred strain and monozygotic twins are syngeneic. 

Syngeneic graft. A graft from a donor who is genet- 
ically identical to the recipient. Svngeneic grafts are not 
rejected. 

Synthetic vaccine. tTaccines composed of recombi- 
nant DNA-derived antigens. Synthetic vaccines for 
hepatitis B virus and herpes simplex virus are now in 
use. 

Systemic inflammatory response syndrome (SIRS). 
The systemic changes observed in patients who have 
disseminated bacterial infections. In its mild form, SIRS 
consists of neutrophilia, fever, and a rise in acute-phase 
reactants in the plasma. These changes are stimulated 
by bacterial products such as LPS and are mediated by 
cytokines of the innate immune system. In severe cases, 
SIRS may include disseminated intravascular coagula- 
tion, adult respiratory distress syndrome, and septic 
shock. 

Systemic lupus erythematosus (SLE). A chronic 
systemic autoimmune disease that affects predomin- 
antly women and is characterized by rashes, arthritis, 
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glomerulonephritis, hemolytic anemia, thrombocy- 
topenia, and central nervous system involvement. Many 
different autoantibodies are found in patients with SLE, 
particularly anti-DNA antibodies. Many of the manifes- 
tations of SLE are due to the formation of immune 
complexes composed of autoantibodies and their spe- 
cific antigens, with deposition of these complexes in 
small blood vessels in various tissues. The underlying 
mechanism for the breakdown of self-tolerance in SLE 
is not understood. 

T cell receptor (TCR). The clonally distributed 
antigen receptor on CD4+ and CD8+ T lymphocytes that 
recognizes complexes of foreign peptides bound to self 
MHC molecules on the surface of APCs. The most 
common form of TCR is composed of a heterodimer 
of two disulfide-linked transmembrane polypeptide 
chains, designated a and P, each containing one N- 
terminal Ig-like variable (V) domain, one Ig-like con- 
stant (C) domain, a hydrophobic transmembrane 
region, and a short cytoplasm~c region. (Another less 
common type of TCR, composed of y and 6 chains, is 
found on a small subset of T cells and recognizes dif- 
ferent forms of antigen.) 

T cell receptor complex. A multiprotein plasma 
membrane complex on T lymphocytes that is com- 
posed of the highly variable, antigen-binding TCR het- 
erodimer and the invariant signaling proteins CD3 6, E, 

and y and the chain. 
T lymphocyte. The cell type that mediates cell- 

mediated immune responses in the adaptive immune 
system. T lymphocytes mature in the thymus, circulate 
in the blood, populate secondary lymphoid tissues, and 
are recruited to peripheral sites of antigen exposure. 
They express antigen receptors (TCRs) that recognize 
peptide fragments of foreign proteins bound to self 
MHC molecules. Functional subsets of T lymphocytes 
include CD4' helper T cells and CD8' CTLs. 

T-dependent antigen. An antigen that requires both 
B cells and helper T cells to stimulate an antibody 
response. ~ - d e ~ & d e n t  antigens are protein antigens 
that contain some epitopes recognized by T cells and 
other epitopes recognized by B cells. Helper T cells 
produce cytokines and cell surface molecules that stim- 
ulate B cell growth and differentiation into antibody- 
secreting cells. Humoral immune responses to 
T-dependent antigens are characterized by isotype 
switching, affinity maturation, and memory. 

TH1 cells. A functional subset of helper T cells that 
secrete a particular set of cytokines, including IFN-y, 
and whose principal function is to stimulate phagocyte- 
mediated defense against infections, especially with 
intracellular microbes. 

TH2 cells. A functional subset of helper T cells that 
secrete a particular set of cytokines, including IL-4 and 
IL-5, and whose principal functions are to stimulate IgE 
and eosino~hil/mast cell-mediated immune reactions 
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and to down-regulate TH1 responses. 
Thymic epithelial cells. Epithelial cells abundant in 

the cortical and medullary stroma of the thymus that 
play a critical role in T cell development. Thymic 
epithelial cells secrete factors, such as IL7, that are 
required for the early stages of T cell development. In 

the process of positive selection, maturing T cells must 
recognize self peptides bound to MHC molecules on 
the surface of thymic epithelial cells to be rescued from 
programmed cell death. 

Thymocyte. A precursor of a mature T lymphocyte 
present in the thymus. 

Thymus. A bilobed organ situated in the anterior 
mediastinum that is the site of maturation of T lym- 
phocytes from bone marrow-derived precursors. 
Thymic tissue is divided into an outer cortex and an 
inner medulla and contains stromal thymic epithelial 
cells, macrophages, dendritic cells, and numerous 
T cell precursors (thymocytes) at various stages of 
maturation. 

T-independent antigen. Nonprotein antigens, such 
as polysaccharides and lipids, that can stimulate anti- 
body responses without a requirement for antigen- 
specific helper T lymphocytes. T-independent antigens 
usually contain multiple identical epitopes that can 
cross-link membrane Ig on B cells and thereby activate 
the cells. Humoral immune responses to T-independ- 
ent antigens show relatively little heavy chain isotype 
switching or affinity maturation, two processes that 
require signals from helper T cells. 

Tissue typing. The determination of the particular 
MHC alleles expressed by an individual for the purpose 
of matching allograft donors and recipients. Tissue 
typing, also called HLA typing, is usually done by testing 
whether sera known to be reactive with certain MHC 
gene products mediate complement-dependent lysis of 
an individual's lymphocytes. PCR techniques are now 
also used to determine whether an individual carries a 
particular MHC allele. 

TNF receptor-associated factors (TRAFs). A 
family of adapter molecules that interact with the cyto- 
plasmic domains of various receptors in the TNF recep- 
tor family, including TNF-RII, lymphotoxin (LT)-P 
receptor, and CD40. Each of these receptors contains a 
cytoplasmic motif that binds different TRAFs, which in 
turn engage other signaling molecules leading to acti- 
vation of the transcription factors AP-1 and NF-KB. A 
transforming gene product of Epstein-Barr virus 
encodes a protein with a domain that binds TRAFs, 
and therefore infection by the virus mimics TNF- or 
CD40-induced signals. 

Tolerance. Unresponsiveness of the adaptive im- 
mune system to antigens, as a result of inactivation or 
death of antigen-specific lymphocytes, induced by 
exposure to the antigens. Tolerance to self antigens is 
a normal feature of the adaptive immune system, 
but tolerance to foreign antigens may be induced under 
certain conditions of antigen exposure. 

Tolerogen. An antigen that induces immunologic 
tolerance, in contrast to an immunogen, which induces 
an immune response. Many antigens can be either 
tolerogens or immunogens, depending on how they are 
administered. Tolerogenic forms of antigens include 
large doses of the proteins administered without 
adjuvants, APLs, and orally administered antigens. 

Toll-like receptors. Cell surface molecules on 
phagocytes and other cell types that are invoked in 
recognition of microbial structures, such as endotoxin, 

and the generation of signals that lead to the activation 
of innate immune responses. Toll-like receptors share 
structural homology and signal transduction pathways 
with the type I I L l  receptor. 

Toxic shock syndrome. An acute illness character- 
ized by shock, skin exfoliation, conjunctivitis, and diar- 
rhea that is associated with tampon use and caused by 
a Staphylococcus aureus superantigen. 

Transforming growth factor-P (TGF-P). A cytokine 
produced by activated T cells, mononuclear phago- 
cytes, and other cells whose principal actions are to 
inhibit the proliferation and differentiation of T cells, 
to inhibit the activation of macrophages, and to coun- 
teract the effects of proinflammatory cytokines. 

Transfusion. Transplantation of circulating blood 
cells, platelets, or plasma from one individual to 
another. Transfusions are performed to treat blood loss 
from hemorrhage or to treat a deficiency in one or 
more blood cell types resulting from inadequate pro- 
duction or excess destruction. 

Transfusion reactions. An immunologic reaction 
against transfused blood products, usually mediated by 
preformed antibodies in the recipient that bind to 
donor blood cell antigens, such as ABO blood group 
antigens or histocompatibility antigens. Transfusion 
reactions can lead to intravascular lysis of red blood 
cells and, in severe cases, kidney damage, fever, shock, 
and disseminated intravascular coagulation. 

Transgenic mouse. A mouse that expresses an 
exogenous gene that has been introduced into the 
genome by injection of a specific DNA sequence into 
the pronuclei of fertilized mouse eggs. Transgenes 
insert randomly at chromosomal break points and are 
subsequently inherited as simple mendelian traits. By 
the design of transgenes with tissue-specific regulatory 
sequences, mice can be produced that express a par- 
ticular gene only in certain tissues. Transgenic mice are 
used extensively in immunology research to study the 
functions of various cytokines, cell surface molecules, 
and intracellular signaling molecules. 

Transplantation. The process of transferring cells, 
tissues, or organs (i.e., grafts) from one individual to 
another or from one site to another in the same indi- 
vidual. Transplantation is used to treat a variety of dis- 
eases in which there is a functional disorder of a tissue 
or organ. The major barrier to successful transplanta- 
tion between individuals is immunologic reaction 
(rejection) to the transplanted graft. 

Transporter associated with antigen processing 
(TAP). An adenosine triphosphate (ATP)-dependent 
peptide transporter that mediates the active transport 
of peptides from the cytosol to the site of assembly of 
class I MHC molecules inside the endoplasmic reticu- 
lum. TAP is a heterodimeric molecule composed of 
TAP-1 and TAP-2 polypeptides, both encoded by genes 
in the MHC. Because peptides are required for stable 
assembly of class I MHC molecules, TAP-deficient 
animals express few cell surface class I MHC molecules, 
which results in diminished development and activation 
of CD8' T cells. 

Tumor immunity. Protection against the develop- 
ment of tumors by the immune system. Although 

immune responses to naturally occurring tumors can 
frequently be demonstrated, true immunity may occur 
only in the case of a subset of these tumors that express 
immunogenic antigens (e.g., tumors that are caused by 
oncogenic viruses and therefore express viral antigens). 
Research efforts are under way to enhance weak 
immune responses to other tumors by a variety of 
approaches. Tumor-infiltrating lymphocytes (TILs). Lympho- 

cytes isolated from the inflammatory infiltrates present 
in and around surgical resection samples of solid 
tumors that are enriched with tumor-specific CTLs and 
NK cells. In an experimental mode of cancer treatment, 
TILs are grown in  vitro in the presence of high doses of 
IL-2 and are then adoptively transferred back into 
patients with the tumor. 

Tumor necrosis factor (TNF). A cytokine produced 
mainly by activated mononuclear phagocytes that 
functions to stimulate the recruitment of neutrophils 
and monocytes to sites of infection and to activate these 
cells to eradicate microbes. TNF stimulates vascular 
endothelial cells to express new adhesion molecules, 
induces macrophages and endothelial cells to secrete 
chemokines, and promotes apoptosis of target cells. In 
severe infections, TNF is produced in large amounts 
and has systemic effects, including induction of fever, 
synthesis of acute-phase proteins by the liver, and 
cachexia. The production of large amounts of TNF can 
cause intravascular thrombosis and shock. (TNF-P, or 
lymphotoxin, is a closely related cytokine with biologic 
effects identical to those of TNF-a but is produced by 
T cells.) 

Tumor necrosis factor (TNF) receptors. Cell surface 
receDtors for TNF-a and TNF-P (LT) , present on most 
cell b e s .  There are two distinct ~ ~ F ~ r e c e p t o r s ,  TNF 
RI and TNF-RII, but most biologic effects of TNF are 
mediated by TNF-RI. TNF receptors are members of a 
family of homologous receptors with cysteine-rich extra- 
cellular motifs that include Fas and CD40. 

Tumor-specific antigen. An antigen whose expres- 
sion is restricted to a particular tumor and is not 
expressed by normal cells. Tumor-specific antigens 
may serve as target antigens for antitumor immune 
responses. 

Tumor-specific transplantation antigen (TSTA). An 
antigen expressed on experimental animal tumor cells 
that can be detected by induction of immunologic 
rejection of tumor transplants. TSTAs were originally 
defined on chemically induced rodent sarcomas and 
shown to stimulate CTLmediated rejection of trans- 
planted tumors. 

Two-signal hypothesis. A now proven hypothesis 
that states that the activation of lymphocytes requires 
two distinct signals, the first being antigen and the 
second either microbial products or components of 
innate immune responses to microbes. The require- 
ment for antigen (so-called signal I )  ensures that the 
ensuing immune response is specific. The requirement 
for additional stimuli triggered by microbes or innate 
immune reactions (signal 2) ensures that immune 
responses are induced when they are needed, that is, 
against microbes and other noxious substances and not 



against harmless substances, including self antigens. 
Signal 2 is referred to as costimulation and is often 
mediated by membrane molecules on professional 
APCs, such as B7 proteins. 

Type I cytokine receptors. A family of cytokine 
receptors, also called hemopoietin receptors, that 
contain conserved structural motifs in their extracellu- 
lar domains and bind cytokines that fold into four a-  
helical strands, including growth hormone, IL-2, IL3, 
IL-4, IL-5, IL-6, IL-7, IL-9, IL-11, IL-13, IL-15, GM-CSF, 
and GCSF. Some of these receptors consist of a ligand- 
binding chain and one or more signal-transducing 
chains, and all of these chains have the same structural 
motifs. Type I cytokine receptors are dimerized on 
binding their cytokine ligands, and they signal through 
JAK/STAT pathways. 

Type I interferons (IFN-a, IFN-P). A family of 
cytokines, including several structurally related IFN-a 
proteins and a single IFN-P protein, all of which have 
potent antiviral actions. The major source of IFN-a is 
mononuclear phagocytes; IFN-P is produced by many 
cells, including fibroblasts. Both IFN-a and IFN-P bind 
to the same cell surface receptor and induce similar 
biologic responses. Type I IFNs inhibit viral replication, 
increase the lytic potential of NK cells, increase expres- 
sion of class I MHC molecules on virus-infected cells, 
and stimulate the development of TH1 cells, especially 
in humans. 

Ubiquitination. Covalent linkage of several copies of 
a small polypeptide called ubiquitin to a protein. Ubi- 
quitination serves to target the protein for proteolytic 
degradation by proteasomes, a critical step in the class 
I MHC pathway of antigen processing and presentation. 

Urticaria. Localized transient swelling and redness 
of the skin caused by leakage of fluid and plasma pro- 
teins from small vessels into the dermis during an 
immediate hypersensitivity reaction. 

V gene segments. A DNA sequence that encodes the 
variable domain of an Ig heavy chain or light chain or 
a TCR a ,  P, y, or 6 chain. Each antigen receptor locus 
contains many different V gene segments, any one of 
which may recombine with downstream D or J seg- 
ments during lymphocyte maturation to form func- 
tional antigen receptor genes. 

V(D)J recombinase. A collection of enzymes that 
together mediate the somatic recombination events 
that form functional antigen receptor genes in devel- 
oping B and T lymphocytes. Some of the enzymes, such 
as RAG1 and RAG2, are found only in developing 
lymphocytes, and others are ubiquitous DNA repair 
enzymes. 

Vaccine. A preparation of microbial antigen, often 
combined with adjuvants, that is administered to indi- 
viduals to induce protective immunity against microbial 
infections. The antigen may be in the form of live but 
avirulent microorganisms, killed microorganisms, puri- 
fied macromolecular components of a microorganism, 
or a plasmid that contains a complementary DNA 
encoding a microbial antigen. 

Variable region. The extracellular, N-terminal 
region of an Ig heavy or light chain or a TCR a, P, y, 
or 6 chain that contains variable amino acid sequences 

that differ between every clone of lymphocytes and 
that are responsible for the specificity for antigen. The 
antigen-binding variable sequences are localized to 
extended loop structures or hypervariable segments. 

Virus. A primitive obligate intracellular parasitic 
organism or infectious particle that consists of a simple 
nucleic acid genome packaged in a protein capsid, 
sometimes surrounded by a membrane envelope. Many 
pathogenic animal viruses cause a wide range of dis- 
eases. Humoral immune responses to viruses can be 
effective in blocking infection of cells, and NK cells and 
CTLs are necessary to kill cells already infected. 

Western blot. An immunologic technique to deter- 
mine the presence of a protein in a biologic sample. 
The method involves separation of proteins in the 
sample by electrophoresis, transfer of the protein array 
from the electrophoresis gel to a support membrane by 
capillary action (blotting), and finally detection of the 
protein by binding of an enzymatically or radioactively 
labeled antibody specific for that protein. 

Wheal and flare reaction. Local swelling and redness 
in the skin at a site of an immediate hypersensitivity 
reaction. The wheal reflects increased vascular perme- 
ability and the flare results from increased local blood 
flow, both changes resulting from mediators such as 
histamine released from activated dermal mast cells. 

White pulp. The part of the spleen that is composed 
predominantly of lymphocytes, arranged in periarteri- 
olar lymphoid sheaths, and follicles and other leuko- 
cytes. The remainder of the spleen contains sinusoids 
lined with phagocytic cells and filled with blood, called 
the red pulp. 

Wiskott-Aldrich syndrome. An X-linked disease 
characterized by eczema, thrombocytopenia (reduced 
blood platelets), and immunodeficiency manifested as 
susceptibility to bacterial infections. The defective gene 
encodes a cytosolic protein involved in signaling cas- 
cades and regulation of the actin cytoskeleton. 

Xenoantigen. An antigen on a graft from another 
species. 

Xenogeneic graft (xenograft). An organ or tissue 
graft derived from a species different from the recipi- 
ent. Transplantation of xenogeneic grafts (e.g., from a 
pig) to humans is not yet practical because of special 
problems related to immunologic rejection. 

Xenoreactive. Describing a T cell or antibody that 
recognizes and responds to an antigen on a graft 
from another species (a xenoantigen). The T cell may 
recognize an intact xenogeneic MHC molecule or a 
peptide derived from a xenogeneic protein bound to a 
self MHC molecule. 

X-linked agammaglobulinemia. An immunodefi- 
ciency disease, also called Bruton's agammaglobuline- 
mia, characterized by a block in early B cell maturation 
and absence of serum Ig. Patients suffer from pyogenic 
bacterial infections. The disease is caused by mutations 
or deletions in the gene encoding Btk, an enzyme 
involved in signal transduction in developing B cells. 

X-linked hyper-IgM syndrome. A rare immunodefi- 
ciency disease caused by mutations in the CD40 ligand 
gene and characterized by failure of B cell heavy chain 
isotype switching and cell-mediated immunity. Patients 
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M a n y  laboratory techniques that are routine in 
research and clinical settings are based on the use of 
antibodies. In addition, many of the techniques of 
modern molecular biology have provided invaluable 
information about the immune system. We have men- 
tioned these techniques often throughout the book. In 
this appendix, we describe the principles underlying 
some of the most commonly used laboratory methods 
in immunology. Details of how to carry out various 
assays may be found in laboratory manuals. 

Laboratory Methods Using 
Antibodies 

The exquisite specificity of antibodies for particular 
antigens makes antibodies valuable reagents for detect- 
ing, purifjmg, and quantitating antigens. Because 
antibodies can be produced against virtually any type 
of macromolecule and small chemical, antibody-based 
techniques may be used to study virtually any type of 
molecule in solution or in cells. The method for pro- 
ducing monoclonal antibodies (see Chapter 3, Box 
3-1) has greatly increased our ability to generate anti- 
bodies of almost any desired specificity. Historically, 
many of the uses of antibody depended on the ability 
of antibody and specific antigen to form large immune 
complexes, either in solution or in gels, that could be 
detected by various optical methods. These methods 
were of great importance in early studies but have 
now almost entirely been replaced by simpler methods 
based on immobilized antibodies or antigens. 

Quantitation of Antigen by lmmunoassays 

Immunologic methods of quantifying antigen concen- 
tration provide exquisite sensitivity and specificity and 
have become standard techniques for both research 
and clinical applications. All modern immunochemical 
methods of quantitation are based on having a pure 
antigen or antibody whose quantity can be measured by 
an indicator molecule. When the indicator molecule is 

labeled with a radioisotope, as first introduced by 
Rosalyn Yalow and colleagues, it may be quantified by 
instruments that detect radioactive decay events; the 
assay is called a radioimmunoassay (RIA). When the 
indicator molecule is covalently coupled to an enzyme, 
it may be quantified by determining with a spectro- 
photometer the rate at which the enzyme converts a 
clear substrate to a colored product; the assay is called 
an enzyme-linked immunosorbent assay (ELISA). 
Several variations of RIA and ELISA exist, but the most 
commonly used version is the sandwich assay (Fig. A-1) . 
The sandwich assay uses two different antibodies reac- 
tive with different epitopes on the antigen whose con- 
centration needs to be determined. A fixed quantity of 
one antibody is attached to a series of replicate solid 
supports, such as plastic microtiter wells. Test solutions 
containing antigen at an unknown concentration or a 
series of standard solutions with known concentrations 

Figure A-1 Sandwich enzyme- 
linked immunosorbent assay or 
radioimmunoassay. 

A fixed amount of one immobilized 
antibody is used to capture an antigen. 
The binding of a second, labeled anti- 
body that recognizes a nonoverlapping 
determinant on the antigen will increase 
as the concentration of antigen increases 
and thus allow quantification of the 
antigen. 

of antigen are added to the wells and allowed to bind. 
Unbound antigen is removed by washing, and the 
second antibody, which is enzyme linked or radiola- 
beled, is allowed to bind. The antigen serves as a bridge, 
so the more antigen in the test or standard solutions, 
the more enzyme-linked or radiolabeled second anti- 
body will bind. The results from the standard solutions 
are used to construct a binding curve for second anti- 
body as a function of antigen concentration, from 
which the quantities of antigen in the test solutions may 
be inferred. When this test is performed with two mon- 
oclonal antibodies, it is essential that these antibodies 
see nonoverlapping determinants on the antigen; 
otherwise, the second antibody cannot bind. 

In an important clinical variant of immunobinding 
assays, samples from patients may be tested for the 
presence of antibodies that are specific for a microbial 
antigen (e.g., antibodies reactive with proteins from 
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human immunodeficiency virus [HIV] or hepatitis B 
virus) as indicators of infection. In this case, a saturat- 
ing quantity of antigen is added to replicate wells con- 
taining plate-bound antibody, or the antigen is attached 
directly to the plate, and serial dilutions of the patient's 
serum are then allowed to bind. The amount of the 
patient's antibody bound to the immobilized antigen is 
determined by use of an enzyme-linked or radiolabeled 
second antihuman immunoglobulin (Ig) antibody. 

Purification and Identification of Proteins 

Antibodies can be used to purify proteins from solu- 
tions and to identify and characterize proteins. Two 
commonly used methods to purify proteins are 
irnmunoprecipitation and affinity chromatography. 
Western blotting is a widely used technique to deter- 
mine the presence and size of a protein in a biologic 
sample. 

lmmunoprecipitation and Affinity Chromatography 

Immunoprecipitation is a technique in which an anti- 
body specific for one protein antigen in a mixture of 
proteins is used to isolate the specific antigen from the 
mixture (Fig. A-2A). In most modern procedures, the 
antibody is attached to a solid-phase particle (e.g., an 
agarose bead) either by direct chemical coupling or 
indirectly. Indirect coupling may be achieved by means 
of an attached anti-antibody, such as rabbit antimouse 
Ig antibody, or by means of some other protein with spe- 
cific affinity for the Fc portion of Ig molecules, such as 
protein A or protein G from staphylococcal bacteria. 
After the antibody-coated beads are incubated with the 
solution of antigen, unbound molecules are separated 
from the bead-antibody-antigen complex by washing. 
Specific antigen is then released (eluted) from the anti- 
body by changing the pH or by other solvent conditions 
that reduce the affinity of binding. The purified antigen 
can then be analyzed by conventional chemical tech- 
niques. Alternatively, a small amount of radiolabeled 
protein can be purified and the characteristics of the 
macromolecule inferred from the behavior of the 
radioactive label in analytical separation techniques, 
such as sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) or isoelectric focusing. 

Affinity chromatography, like irnmunoprecipitation, 
uses antibodies attached to an insoluble support to 
remove and thereby purify antigens from a solution 
(Fig. A-2B). Antibodies specific for the desired antigen 
are attached to a solid support, such as agarose beads 
packed into a column, either by direct coupling or 
indirectly, as described for irnmunoprecipitation. A 
complex mixture of antigens is passed through the 
beads to allow the antigen that is recognized by the anti- 
body to bind. Unbound molecules are washed away, and 
the bound antigen is eluted by changing the pH or 
by exposure to a chemical that breaks the antigen- 
antibody bonds. The same method may be used to 
purify antibodies from culture supernatants or natural 
fluids, such as serum, by first attaching the antigen to 
beads and passing the supernatants or serum through. 

Western Blotting 

Western blotting (Fig. A-3) is used to determine the 
relative quantity and the molecular weight of a protein 
within a mixture of proteins or other molecules. The 
mixture is first subjected to analytical separation, typi- 
cally by SDS-PAGE, so that the final positions of differ- 
ent proteins in the gel are a function of their molecular 
size. The array of separated proteins is then transferred 
from the separating polyacrylamide gel to a support 
membrane by capillary action (blotting) or by elec- 
trophoresis such that the membrane acquires a replica 
of the array of separated macromolecules present in the 
gel. SDS is displaced from the protein during the trans- 
fer process, and native antigenic determinants are often 
regained as the protein refolds. The position of the 
protein antigen on the membrane can then be detected 
by binding of labeled antibody specific for that protein, 
thus providing information about antigen size and 
quantity. If radiolabeled antibody probes are used, the 
proteins on the blot are visualized by autoradiographic 
exposure of film. More recently, antibody probes are 
labeled with enzymes that generate chemiluminescent 
signals and leave images on photographic film. The sen- 
sitivity and specificity of this technique can be increased 
by starting with immunoprecipitated proteins instead 
of crude protein mixtures. This sequential technique 
is especially useful for detecting protein-protein inter- 
actions. For example, the physical association of two 
different proteins in the membrane of a lymphocyte 
can be established by immunoprecipitating a mem- 
brane extract by use of an antibody specific for 
one of the proteins and probing a Western blot of 
the immunoprecipitate by use of a labeled antibody 
specific for the second protein that may have been 
co-immunoprecipitated along with the first protein. A 
variation of the Western blot technique is routinely 
used to detect the presence of anti-HIV antibodies in 
patients' sera. In this case, a defined mixture of HIV 
proteins is separated by SDS-PAGE and blotted onto a 
membrane, and the membrane is incubated with dilu- 
tions of the test serum. The blot is then probed with 
a second labeled antihuman Ig to detect the presence 
of HIV-specific antibodies that were in the serum and 
bound to the HIV proteins. 

The technique of transferring proteins from a gel to 
a membrane is called Western blotting as a biochemist's 
joke. Southern is the last name of the scientist who first 
blotted DNA from a separating gel to a membrane, a 
technique since called Southern blotting. By analogy, 
Northern blotting was applied to the technique of 
transferring RNA from a gel to a membrane, and 
Western blotting was applied to protein transfer. A 
more detailed description of Southern and Northern 
blotting is presented later. 

Labeling and Detection of Antigens in Cells 
and Tissues 

Antibodies specific for antigens expressed on or in par- 
ticular cell types are commonly used to identify these 
cells in tissues or cell suspensions and to separate these 
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Figure A-2 Isolation of an antigen by irnmunoprecipitation or affinity 
chromatography. 

A. A particular antigen can be purified from a mixture of antigens in serum or other solutions by 
adding antibodies specific to the antigen, which are bound to insoluble beads. Unbound antigens are 
then washed away, and the desired antigen is recovered by changing the pH or ionic strength of 
the solution so that the affinity of antibody-antigen binding is lowered. lmmunoprecipitation can be 
used as a means of purification, as a means of quantification, or as a means of identification of an 
antigen. Antigens purified by immunoprecipitation are often analyzed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis. 

B. Affinity chromatography is based on the same principle as irnmunoprecipitation, except that 
the antibody is fixed to an insoluble matrix or gel, usually in a column. The method is often used to 
isolate soluble antigens (shown) or antibodies specific for an immobilized antigen. 

cells from mixed populations. In these methods, the 
antibody can be radiolabeled, enzyme linked, or, most 
commonly, fluorescently labeled, and a detection system 
is used that can identify the bound antibody. 

Flow Cytometry and Fluorescence-Activated 
Cell Sorting 

The tissue lineage, maturation stage, or activation status 
of a cell can often be determined by analyzing the cell 

surface or intracellular expression of different mole- 
cules. This technique is commonly done by staining the 
cell with fluorescently labeled probes that are specific 
for those molecules and measuring the quantity of 
fluorescence emitted by the cell (Fig. A-4). The flow 
cytometer is a specialized instrument that can detect 
fluorescence on individual cells in a suspension and 
thereby determine the number of cells expressing 
the molecule to which a fluorescent probe binds. 
Suspensions of cells are incubated with fluorescently 
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Figure A-3 Characterization 
of antigens by Western 
blotting. 

Protein antigens, separated by 
sodium dodecyl sulfate (SDS)- 
polyacrylamide gel electrophore- 
sis and transferred to a membrane, 
can be labeled with radioactive 
or (not shown) enzyme-coupled 
antibodies. Analysis of an antigen 
by Western blotting provides 
information similar to that ob- 
tained from immunoprecipitation 
followed by polyacrylamide gel 
electrophoresis. Some antibodies 
work only in one or the other 
technique. 
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Figure A-4 Principle of flow cytometry and fluorescence-activated cell sorting. 
The incident laser beam is of a designated wavelength, and the light that emerges from the sample 

is analyzed for forward and side scatter as well as fluorescent light of two or more wavelengths that 
depend on the fluorochrome labels attached to the antibodies. The separation depicted here is based 
on two antigenic markers (two-color sorting). Modern instruments can routinely analyze and separate 
cell populations on the basis of three or more different colored probes. 

labeled probes, and the amount of probe bound by can be compared by staining each population with 
each cell in the population is measured by passing the the same probe and determining the amount of fluo- 
cells one at a time through a fluorimeter with a laser- rescence emitted. In preparation for flow cytometric 
generated incident beam. The relative amounts of analysis, cell suspensions are stained with the fluores- 
a particular molecule on different cell populations cent probes of choice. Most often, these probes are 
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fluorochrome-labeled antibodies specific for a cell 
surface molecule. Alternatively, cytoplasmic molecules 
can be stained by temporarily permeabilizing cells and 
permitting the labeled antibodies to enter through the 
plasma membrane. In addition to antibodies, various 
fluorescent indicators of cytoplasmic ion concentra- 
tions and reduction-oxidation potential can also be 
detected by flow cytometry. Cell cycle studies can be 
performed by flow cytometric analysis of cells stained 
with fluorescent DNA-binding probes such as pro- 
pidium iodide. Modern flow cytometers can routinely 
detect three or more different-colored fluorescent 
signals, each attached to a different antibody or other 
probe. This technique permits simultaneous analysis of 
the expression of many different combinations of mol- 
ecules by a cell. In addition to detecting fluorescent 
signals, flow cytometers also measure the forward and 
side light-scattering properties of cells, which reflect 
cell size and internal complexity, respectively. This 
information is often used to distinguish different cell 
types. For example, compared with lymphocytes, neu- 
trophils cause greater side scatter because of their cyto- 
plasmic granules, and monocytes cause greater forward 
scatter because of their size. 

A fluorescence-activated cell sorter (FACS) is an 
adaptation of the flow cytometer that allows one to 
separate cell populations according to which and how 
much fluorescent probe they bind. This technique is 
accomplished by differentially deflecting the cells with 
electromagnetic fields whose strength and direction are 
varied according to the measured intensity of the fluo- 
rescence signal. A more rapid but less rigorous separa- 
tion can be accomplished without a FACS by allowing 
cells to attach to antibodies bound to plates (panning) 
or to magnetic beads that can be pulled out of solution 
by a strong magnet. 

lmmunofluorescence and lmmunohistochemistry 

Antibodies can be used to identify the anatomic distri- 
bution of an antigen within a tissue or within compart- 
ments of a cell. To do so, the tissue or cell is incubated 
with an antibody that is labeled with a fluorochrome or 
enzyme, and the position of the label, determined with 
a suitable microscope, is used to infer the position of 
the antigen. In the earliest version of this method, 
called immunofluorescence, the antibody was labeled 
with a fluorescent dye and allowed to bind to a mono- 
layer of cells or to a frozen section of a tissue. The 
stained cells or tissues were examined with a fluores- 
cence microscope to locate the antibody. Although 
sensitive, the fluorescence microscope is not an ideal 
tool for identifying the detailed structures of the cell 
or tissue because of a low signal-to-noise ratio. This 
problem has been overcome by new technologies 
including confocal microscopy, which uses optical sec- 
tioning technology to filter out unfocused fluorescent 
light, and two-photon microscopy, which prevents out- 
of-focus light from forming. Alternatively, antibodies 
may be coupled to enzymes that convert colorless sub- 
strates to colored insoluble substances that precipitate 

at the position of the enzyme. A conventional light 
microscope may then be used to localize the antibody 
in a stained cell or tissue. The most common variant of 
this method uses the enzyme horseradish peroxidase, 
and the method is commonly referred to as the 
immunoperoxidase technique. Another commonly 
used enzyme is alkaline phosphatase. Different anti- 
bodies coupled to different enzymes may be used in 
conjunction to produce simultaneous two-color local- 
izations of different antigens. In other variations, anti- 
body can be coupled to an electron-dense probe such 
as colloidal gold, and the location of antibody can be 
determined subcellularly by means of an electron 
microscope, a technique called immunoelectron 
microscopy. Different-sized gold particles have been 
used for simultaneous localization of different antigens 
at the ultrastructural level. 

In all immunomicroscopic methods, signals may be 
enhanced by use of sandwich techniques. For example, 
instead of attaching horseradish peroxidase to a specific 
mouse antibody directed against the antigen of inter- 
est, it can be attached to a second anti-antibody (e.g., 
rabbit antimouse Ig antibody) that is used to bind to 
the first, unlabeled antibody. When the label is attached 
directly to the specific, primary antibody, the method is 
referred to as direct; when the label is attached to a sec- 
ondary or even tertiary antibody, the method is indi- 
rect. In some cases, molecules other than antibody can 
be used in indirect methods. For example, staphylo- 
coccal protein A, which binds to IgG, or avidin, which 
binds to primary antibodies labeled with biotin, can be 
coupled to fluorochromes or enzymes. 

Measurement of Antigen-Antibody 
interactions 

In many situations, it is important to know the affinity 
of an antibody for an antigen. For example, the useful- 
ness of a monoclonal antibody as an experimental or 
therapeutic reagent depends on its affinity Antibody 
affinities for antigen can be measured directly for small 
antigens (e.g., haptens) by a method called equilibrium 
dialysis (Fig. A-5). In this method, a solution of anti- 
body is confined within a "semi~ermeable" membrane 
of porous cellulose and immersed in a solution con- 
taining the antigen. (Semipermeable in this context 
means that small molecules, such as antigen, can pass 
freely through the membrane pores but that macro- 
molecules, such as antibody, cannot.) If no antibody 
is present within the membrane-bound compartment, 
the antigen in the bathing solution enters until the con- 
centration of antigen within the membrane-bound " 
compartment becomes exactly the same as that outside. 
Another way to view the system is that at dynamic equi- 
librium, antigen enters and leaves the membrane- 
bound compartment at exactly the same rate. However, 
when antibody is present inside the membrane, the net 
amount of antigen inside the membrane at equilibrium 
increases by the quantity that is bound to antibody. This 
phenomenon occurs because only unbound antigen 
can diffuse across the membrane, and at equilibrium, 

Antigen + antibody 
-- .- 

Dialysis 
membrane 

Free 
antibody 

Antibody 
with 
bound 
antigen 

Figure A-5 Analysis of antigen-antibody binding by equi- 
librium dialysis. 

In the presence of antibody (B), the amount of antigen within 
the dialysis membrane is increased compared with the absence of 
antibody (A). As described in the text, this difference, caused by anti- 
body binding of antigen, can be used to measure the affinity of the 
antibody for the antigen. This experiment can be performed only 
when the antigen is a small molecule (e.g., a hapten) capable of 
freely crossing the dialysis membrane. 

it is the unbound concentration of antigen that must 
be identical inside and outside the membrane. The 
extent of the increase in antigen inside the membrane 
depends on the antigen concentration, on the antibody 
concentration, and on the dissociation constant (&) of 
the binding interaction. By measuring the antigen and 
antibody concentrations, by spectroscopy or by other 
means, & can be calculated. 

An alternative way to determine I& is by measuring 
the rates of antigen-antibody complex formation and 
dissociation. These rates depend, in part, on the con- 
centrations of antibody and antigen and on the affinity 
of the interaction. All parameters except the concen- 
trations can be summarized as rate constants, and both 
the on-rate constant (&,) and the off-rate constant 

can be calculated experimentally by determining 
the concentrations and the actual rates of association 
or dissociation, respectively. The ratio of I&rf/&, allows 
one to cancel out all the parameters not related to affin- 
ity and is exactly equal to the dissociation constant &. 
Thus, one can measure & at equilibrium by equilib- 
rium dialysis or calculate & from rate constants meas- 
ured under nonequilibrium conditions. 

Analysis of Gene Structure 
and Expression 

Many of the advances in immunology during the last 
two decades have been a direct result of the advent of 
powerful techniques for characterizing the structure 
and expression of genes, synthesizing genes at will, and 
manipulating genes in cells and animals. In the follow- 
ing section, we outline some of the molecular genetic 
techniques that are widely used to study the immune 
system. 

Southern Blot Hybridization 

Southern blot hybridization, introduced by E. M. South- 
ern, is used to characterize the organization of DNA 
surrounding a specific nucleic acid sequence, such as a 
particular gene. In a typical experiment, genomic DNA 
is chemically extracted from the nuclei of isolated cells 
or from whole tissues. At this point, the DNA will be 
present in extremely long segments and must be 
broken down into small fragments for analysis. This 
digestion is accomplished by enzymatic cleavage with 
restriction endonucleases, which cleave double- 
stranded DNA only at positions of particular symmetric 
nucleotide sequences, usually about 6 bp in length. 
Such sequences are called restriction sites and are 
present at the same positions in every cell, barring 
somatic mutation or DNA rearrangement. Complete 
digestion with a particular enzyme leads to cleavage of 
the genomic DNA, which gives rise to an array of DNA 
fragments ranging from about 0.5 to 10 kb in size. Dif- 
ferent restriction endonucleases produce different 
arrays of restriction fragments, but each enzyme gen- 
erally produces the same fragments from the DNA of 
every cell from an individual. Such is not the case, of 
course, when one examines genes that rearrange in dif- 
ferent ways in different clones of cells, such as the Ig 
and T cell receptor genes. 

To analyze the fragments, the digested DNA is sepa- 
rated according to size by electrophoresis in an agarose 
gel. The separated fragments are transferred by capil- 
lary action (blotting) from the gel to a membrane of 
nitrocellulose or nylon. Each fragment is then attached 
in place to the membrane by heating or ultraviolet irra- 
diation. The net result is that the array of fragments 
is arranged by size on the membrane. Any particular 
nucleic acid sequence, such as a gene of interest, will 
be present on one or a few unique-sized fragments, 
depending only on the choice of restriction endonu- 
clease and the distances between the relevant restric- 
tion sites that flank the gene or are located within the 
gene. The analysis is completed by ascertaining the 
size of the restriction fragment that contains the gene 
of interest, which is accomplished by nucleic acid 
hybridization. Double-stranded DNA can be "melted" 
into single-stranded DNA by changing the temperature 
and solvent conditions. When the temperature is 
lowered, single-stranded DNA will reanneal to form 
double-stranded DNA. The rate at which reannealing 
of a sequence occurs is determined by the concentra- 
tion of DNA containing complementary nucleic acid 
sequences present in the system. In the Southern 
blot hybridization technique, the DNA on the mem- 
brane is melted and then allowed to reanneal in the 
presence of a solution containing a large excess of 
single-stranded DNA (probe) with a sequence comple- 
mentary to the gene of interest. The probe is typically 
labeled with radioactive phosphorus (e.g., 32P). It pref- 
erentially anneals only to the melted DNA on the 
membrane that contains the complementary sequence. 
After excess probe is removed by washing, the location 
of the bound probe is determined by autoradiography 
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and compared with the positions of DNA fragments of 
known size. 

Restriction sites are generally located at the same 
positions in the genomes of all individuals of a species. 
On occasion, this generalization is not true, and a par- 
ticular restriction site is present only in or near some 
allelic forms of a gene. This variability in the presence 
of a particular restriction site leads to variability in the 
length of the restriction fragment that is detected by 
Southern blot hybridization if a probe is used that 
hybridizes near the variable restriction site. The length 
of the fragment is inherited as a mendelian allele, and 
its variation among individuals is described as a restric- 
tion fragment length polymorphism (RFLP). Southern 
blotting for RFLPs is now commonly used to study the 
inheritance of nearby (linked) genes. 

Northern Blot Hybridization and 
RNase Protection Assay 

Nucleic acid electrophoresis, blotting, and hybridiza- 
tion with DNA probes have also been used to analyze 
messenger RNA (mRNA) molecules. In this case, 
mRNA is isolated from the cell of interest and subjected 
to electrophoresis without digestion; mRNA is already 
single stranded, and the gel electrophoresis is run 
under denaturing conditions to prevent internal 
hybridization. The position of probe binding can 
indicate the size of the mRNA (rather than the size 
of a restriction fragment of DNA), and the extent of 
probe binding correlates with the abundance of 
mRNA present in the cell. This technique for RNA 
analysis is now universally referred to as Northern 
blotting to contrast it with Southern blotting for analy- 
sis of DNA. 

A more sensitive technique for the detection of 
mRNA transcribed from defined genes is the RNase 
protection assay. In this technique, cellular RNA is 
hybridized with an excess of a radioactively labeled 
RNA probe of defined length that is complementary 
to part of the sequence of a gene of interest. RNase 
is then added to the RNA mixture to digest only 
single-stranded RNA. The binding of the RNA probe 
to mRNA from the cell forms double-stranded 
RNA duplexes that are protected from digestion by 
the RNase. After digestion of single-stranded cellular 
and unhybridized probe RNA, the radioactively 
labeled RNA duplexes are separated by PAGE and 
visualized by autoradiography. The predicted position 
of the radioactive band on the gel, corresponding 
to a particular mRNA, will be determined by the length 
of the RNA probe, and the intensity of the band 
will correspond to the amount of the specific mRNA 
in the original sample. Multiple RNA probes of dif- 
ferent lengths, each complementary to a different 
gene, are commonly used to detect the presence and 
quantity of several different mRNAs in a sample simul- 
taneously. For example, the relative amounts of multi- 
ple cytokine gene mRNAs made by a helper T cell 
population can be determined in one RNase protection 
assay. 

Polymerase Chain Reaction 

The polymerase chain reaction (PCR) is a rapid and 
simple method for copying and amplifymg specific 
DNA sequences up to about 1 kb in length. PCR is 
widely used as a preparative and analytical technique in 
all branches of molecular biology. To use this method, 
it is necessary to know the sequence of a short region 
of DNA on each end of the larger sequence that is to 
be copied; these short sequences are used to specify 
oligonucleotide primers. The method consists of repeti- 
tive cycles of DNA melting, DNA annealing, and DNA 
synthesis (Fig. A-6). Double-stranded DNA containing 
the sequence to be copied and amplified is mixed with 
a large molar excess of two single-stranded DNA 
oligonucleotides (the primers). The first primer is iden- 
tical to the 5' end of the sense strand of the DNA to be 
copied, and the second primer is identical to the anti- 
sense strand at the 3' end of the sequence. (Because 
double-stranded DNA is antiparallel, the second primer 
is also the inverted complement of the sense strand.) 
The PCR reaction is initiated by melting the double- 
stranded DNA at high temperature and cooling the 
mixture to allow DNA annealing. During annealing, the 
first primer (present in large molar excess) will 
hvbridize to the 3' end of the antisense strand. and the 
second primer (also present in large molar excess) will 
hybridize to the 3' end of the sense strand. The 
annealed mixture is incubated with DNA polymerase I 
and all four deoxynucleotide triphosphaies '(A, T, G, 
and C) to allow new DNA to be synthesized. DNA poly- 
merase I will extend the 3' end of each bound primer 
to synthesize the complement of the single-stranded 
DNA templates. Specifically, the original sense strand is 
used as a template to make a new antisense strand, and 
the original antisense strand is used as a template to 
make a new sense strand. This ends cycle 1. Cycle 2 is 
initiated when the reaction mixture is remelted and 
then allowed to reanneal with the primers. In the DNA 
synthetic step of the second cycle, each strand synthe- 
sized in the first cycle serves as an additional template 
after having hybridized with the appropriate primers. 
(It follows that the number of templates in the reaction 
doubles with each cycle, hence the name "chain reac- 
tion.") The second cycle is completed when DNA 
polymerase I extends &e primers toLsynthesize the com- 
plement of the templates. PCR reactions can be con- 
ducted for 20 or more cycles, with the sequence flanked 
by the primers doubled at each step. These reactions 
are routinely automated by temperature-controlled 
cyclers to regulate melting, annealing, and DNA syn- 
thesis and with a DNA polymerase I enzyme isolated 
from thermostable bacteria that can withstand the 
temperatures used for melting of DNA. 

PCR has many uses. For example, by choosing suit- 
able primers, exon 2 of an unknown HLA-DR P allele 
(i.e., the exon that encodes the polymorphic p l  protein 
domain) can be amplified, the amplified DNA ligated 
into a suitable vector, and the DNA sequence deter- 
mined without ever isolating the original gene from 
genomic DNA. This objective was the original purpose 

Figure A 4  Polymerase chain reaction. 
This technique is used to amplify the number of 

copies of a specific sequence of DNA for either prepara- 
tive or analytical purposes. 

+ - + --- 
Primer I Primer 2 
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Cycle 2 

etc. 

for which PCR was invented. PCR is also widely used for ular DNA sequences in a sample (e.g., the presence of 
the cloning of known genes or genes related to known viral sequences in a clinical specimen). Because PCR 
genes (e.g., by choosing primers from highly conserved can amplify DNA only when the two primers are near 
regions of a gene family). PCR can be used to detect or, each other (i.e., within about 1 kb), the technique is 
in some cases, even to quantify the presence of partic- useful to detect a specific gene recombination event by 
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choosing primers complementary to sequences that are 
near one another only in the rearranged DNA. This 

fertilized mouse eggs, and the eggs are implanted into 
the oviducts of pseudopregnant females. Usually, if a 
few hundred copies of a gene are injected into pronu- 
clei, about 25% of the mice that are born are trans- 
genic. One to 50 copies of the transgene insert in 
tandem into a random site of breakage in a chromo- 
some and are subsequently inherited as a simple 
mendelian trait. Because integration usually occurs 
before DNA replication, most (about 75%) of the trans- 
genic pups carry the transgene in all their cells, includ- 
ing germ cells. In most cases, integration of the foreign 
DNA does not disrupt endogenous gene function. Also, 
each founder mouse carrying the transgene is a het- 
erozygote, from which homozygous lines can be bred. 

The great value of transgenic technology is that it 
can be used to express genes in particular tissues by 
attaching coding sequences of the gene to regulatory 
sequences that normally drive the expression of genes 
selectively in that tissue. For instance, lymphoid pro- 
moters and enhancers can be used to overexpress 
genes, such as rearranged antigen receptor genes, in 
lymphocytes, and the insulin promoter can be used to 
express genes in the p cells of pancreatic islets. Exam- 
ples of the utility of these methods for studying the 
immune system are mentioned in many chapters of this 
book. Transgenes can also be expressed under the 
control of promoter elements that respond to drugs or 
hormones, such as tetracycline or estrogens. In these 
cases, transcription of the transgene can be controlled 
at will by administration of the inducing agent. 

A powerful method for developing animal models of 
single-gene disorders, and the most definitive way of 

Figure A-7 (Continued) 
B. The ES cells that were transfected by the tar- 

geting vector are selected by neomycin and ganci- 
clovir so that only those cells with targeted insertion 
(homologous recombination) survive. These cells are 
then injected into a blastocyst, which is then 
implanted into the uterus of a pseudopregnant 
mouse. A chimeric mouse will develop in which some 
of the tissues are derived from the ES cell carrying the 
targeted mutation in gene X. These chimeric mice are 
identified by a mixed-color coat, including the color 
of the mouse strain from which the ES cells were 
derived and the color of the mouse strain from which 
the blastocyst was derived. If the mutation is present 
in germ cells, it can be propagated by further 
breeding. 

ES cells 
with no gene 
insertion 

ES cells with ES cells with 
targeted gene random gene 
insertion insertion 

approach is used to .  detect antigen receptor gene 
recombination events and chromosomal translocations. 
In the reverse transcriptase-PCR (RT-PCR) method, 
mRNA transcripts of a particular gene are detected by 
first using reverse transcriptase to make a complemen- 
tary DNA copy of the mRNA before PCR amplification. 
Relative quantification of RNA between samples can be 
achieved by an adaptation of RT-PCR called real-time 
RT-PCR, in which fluorescent probes are used to follow 

Transfect targeting 
construct into ES cells 

from mouse with 
dominant coat color 

Neomycin treatment 
(positive selection) 

the accumulation of amplified product during each 
PCR cycle (i.e., in real time) as opposed to the end 
point detection by conventional quantitative PCR Ganciclovir treatment 

(negative selection) methods. 

Transgenic Mice and Targeted 
Gene Knockouts 

targeted mutation 
into mouse blastocyst 

Two important methods for studying the functional 
effects of specific gene products in vivo are the creation 
of transgenic mice that overexpress a particular gene in 
a defined tissue and the creation of gene knockout 
mice, in which a targeted disruption is used to ablate 
the function of a particular gene. Both techniques have 
been widely used to analyze many biologic phenomena, 
including the maturation, activation, and tolerance of 
lymphocytes. 

To create transgenic mice, foreign DNA sequences, 
called transgenes, are introduced into the pronuclei of 
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Choose offspring with 
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Unrelated gene in ES cell establishing the obligatory function of a gene in vivo, is 
the creation of knockout mice by targeted mutation or 
disruption of the gene. This technique relies on the 
phenomenon of homologous recombination. If an 
exogenous gene is inserted into a cell, for instance, by 
electroporation, it can integrate randomly into the 
cell's genome. However, if the gene contains sequences 
that are homologous to an endogenous gene, it will 
preferentially recombine with and replace endogenous 
sequences. To select for cells that have undergone 
homologous recombination, a drug-based selection 
strategy is used. The fragment of homologous DNA to 
be inserted into a cell is placed in a vector typically con- 
taining a neomycin resistance gene and a viral thymi- 
dine kinase (tk) gene (Fig. A-7A). This targeting vector 

is constructed in such a way that the neomycin re- 
sistance gene is always inserted into the chromosomal 
DNA, but the tk gene is lost whenever homologous 
recombination (as opposed to random insertion) 
occurs. The vector is introduced into cells, and the cells 
are grown in neomycin and ganciclovir, a drug that is 
metabolized by thymidine kinase to generate a lethal 
product. Cells in which the gene is integrated randomly 
will be resistant to neomycin but will be killed by gan- 
ciclovir, whereas cells in which homologous recom- 
bination has occurred will be resistant to both drugs 
because the tk gene will not be incorporated. This pos- 
itive-negative selection ensures that the inserted gene 
in surviving cells has undergone homologous recom- 
bination with endogenous sequences. The presence of 

Mutation in gene A; 
ES cell resistant to neomycin 

Figure A-7 Generation of gene knockout. 
A. The disruption of gene X in an embryonic stem (ES) cell is accomplished by homologous recom- 

bination. A population of ES cells is transfected with a targeting vector that contains sequences homol- 
ogous to two exons of gene X flanking a neornycin resistance gene (neo). The neo replaces or disrupts 
one of the exons of gene X on homologous recombination. The thymidine kinase gene (tk) in the 
vector will be inserted into the genome only if random, nonhomologous recombination occurs. 
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the inserted DNA in the middle of an endogenous gene 
usually disrupts the coding sequences and ablates 
expression or function of that gene. In addition, tar- 
geting vectors can be designed such that homologous 
recombination will lead to the deletion of one or more 
exons of the endogenous gene. 

To generate a mouse carrying a targeted gene dis- 
ruption or mutation, a targeting vector is used to first 
disrupt the gene in a murine embryonic stem (ES) cell 
line. ES cells are pluripotent cells derived from mouse 
embryos that can be propagated and induced to dif- 
ferentiate in culture or that can be incorporated into a 
mouse blastocyst, which may be implanted in a pseudo- 
pregnant mother and carried to term. Importantly, the 
progeny of the ES cells develop normally into mature 
tissues that will express the exogenous genes that have 
been transfected into the ES cells. Thus, the targeting 
vector designed to disrupt a particular gene is inserted 
into ES cells, and colonies in which homologous re- 
combination has occurred (on one chromosome) are 
selected with drugs, as described before (Fig. A-7B). 
The presence of the desired recombination is verified 
by analysis of DNA with techniques such as Southern 
blot hybridization or PCR. The selected ES cells are 
injected into blastocysts, which are implanted into 
pseudopregnant females. Mice that develop will be 
chimeric for a heterozygous disruption or mutation, 
that is, some of the tissues will be derived from the ES 
cells and others from the remainder of the normal blas- 
tocyst. The germ cells are also usually chimeric, but 
because these cells are haploid, only some will contain 
the chromosome copy with the disrupted (mutated) 
gene. If chimeric mice are mated with normal (wild- 
type) animals and either sperm or eggs containing the 
chromosome with the mutation fuse with the wild-type 
partner, all cells in the offspring derived from such a 
zygote will be heterozygous for the mutation (so-called 
germline transmission). Such heterozygous mice can be 
mated to yield animals that will be homozygous for the 
mutation with a frequency that is predictable by simple 
mendelian segregation. Such knockout mice are defi- 
cient in expression of the targeted gene. 

Homologous recombination can also be used to 
replace a normal gene sequence with another gene, 
thereby creating a knock-in mouse strain. In a sense, 
knock-in mice are mice carrying a transgene at a 
defined site in the genome rather than in a random site 
as in conventional transgenic mice. This strategy is used 
when it is desirable to have the expression of the trans- 
gene regulated by certain endogenous DNA sequences, 
such as a particular enhancer or promoter region. In 
this case, the targeting vector contains an exogenous 
gene encoding a desired product as well as sequences 
homologous to an endogenous gene that are needed to 
target the site of recombination. 

Although the conventional gene-targeting strategy 
has proved to be of great usefulness in immunology 
research, the approach has some potentially significant 
drawbacks. First, the mutation of one gene during 
development may be compensated for by altered 
expression of other gene products, and therefore the 
function of the targeted gene may be obscured. Second, 
in a conventional gene knockout mouse, the impor- 
tance of a gene in only one tissue or at only one time 
during development cannot be easily assessed. Third, a 
functional selection marker gene, such as the neomycin 
resistance gene, is permanently introduced into the 
animal genome, and this alteration may have unpre- 
dictable results on the phenotype of the animal. An 
important refinement of gene knockout technology 
that can overcome many of these drawbacks takes 
advantage of the bacteriophage-derived Cre/loxP 
recombination system. The Cre enzyme is a DNA 
recombinase that recognizes a 34bp sequence motif 
called loxP, and the enzyme mediates the deletion of 
gene segments flanked by two loxP sites in the same 
orientation. To generate mice with loxP-tagged genes, 
targeting vectors are constructed with one loxP site 
flanking the neomycin resistance gene at one end and 
a second loxP site flanking the sequences homologous 
to the target at the other end. These vectors are trans- 
fected into ES cells, and mice carrying the loxP-flanked 
but still functional target gene are generated as 
described for conventional knockout mice. A second 
strain of mice carrying a cre transgene is then bred with 
the strain carrying the loxP-flanked target gene. In the 
offspring, expression of Cre recombinase will mediate 
deletion of the target gene. Both the normal gene 
sequences and the neomycin resistance gene will be 
deleted. Importantly, expression of the cre gene, and 
therefore deletion of the targeted gene, can be 
restricted to certain tissues or specified times by the use 
of me transgene constructs with different promoters. 
For example, selective deletion of a gene only in helper 
T cells can be accomplished by using a cre transgenic 
mouse in which cre is driven by a CD4 promoter. Alter- 
natively, a steroid-inducible promoter can be used so 
that Cre expression and subsequent gene deletion only 
occur after mice are given a dose of dexamethasone. 
Many other variations on this technology have been 
devised to create conditional mutants. Cre/loxP tech- 
nology can also be used to create knock-in mice. In this 
case, ZoxPsites are placed in the targeting vector to flank 
the neomycin resistance gene and the homologous 
sequences, but they do not flank the replacement 
(knock-in) gene sequences. Therefore, after cre 
mediated deletion, the exogenous gene remains in the 
genome at the targeted site. 

Note: Page numbers followed by the letter f refer to figures and those followed by t refer to tables. Page numbers followed by the letter b 
indicate boxed material. 

ABO blood group antigens, 380b, 477 
transfusion and, 386-387 
transplant rejection and, 378, 383, 384b, 

385 
Accelerated acute rejection, 386 
Accelerated allograft rejection, 380 
Accelerated arteriosclerosis, 379f, 381 
Accessory molecules 

definition of, 477 
of T lymphocytes, 105-106, 106f, 109, 

113-114, 114f, 115t 
Acquired immunity, 5. See also Adaptive 

immunity. 
Acquired immunodeficiency syndrome 

(AIDS), 464, 468, 469f-470f, 
470-471, 471t, 472, 473, 477. See 
also Human immunodeficiency 
virus (HIV). 

EBV infection in, 398b-399b 
epidemiology of, 464, 474 
fungal infections in, 355 
intracellular bacterial infections in, 351 

mycobacterial, 354b 
treatment and prevention of, 4'74-475 

Actin, leukocyte migration and, 255 
Activation markers, on T cells, 167, 168 
Activation phase, 12, 13-14, 13f, 15f. See also 

Lymphocytes, activation of. 
Activation protein-1 (AP-I), 477 

anergy and, 224 
IL1 receptor and, 254 
in activated macrophages, 312 
in B cell activation, 202 
in mast cell activation, 440 
in T cell activation, 181, 183f, 184 
TNF receptors and, 249, 250b-251b 

Activation-induced cell death, 225-226, 227f, 
228b-230b, 231, 231b 

of CD8+ T cells, 232 
of CD4' T cells, in HIV infection, 472 
tolerogenicity and, 233 

Activation-induced deaminase, 206, 210 
Active immunity, 7, 9f, 477 
Acute rejection, 378f-379f, 380-381, 477 

accelerated, in xenograft, 386 
treatment of, 383 

Acute vascular rejection, 386 
Acute-phase reactant(s), 28513, 346, 477 

Greactive protein as, 294 
Acute-phase response, 252, 254, 262, 285b, 

295,477 
ADA (adenosine deaminase) deficiency, 

455f, 456-457, 456t, 462, 463 
Adapter proteins, 477 

in B cell signal transduction, 192 
in T cell signal transduction, 174, 175f, 

178b, 180, 181, 187 
Adaptive immunity, 4 6 ,  5f, 5t, 345-346, 477 

Adaptive immunity (Continued) 
cardinal features of, 9-11, 9t, 10f 
components of, 5-6, 5f, 5t, 11-12, 12f 
cooperation with innate immunity, 6, 14, 

15f, 295-296, 295f 
IL12 and, 260, 263 
MHC expression in, 78, 79 

cytokines in. See Cytokine (s), of adaptive 
immunity. 

evolution of, 6, 6b-7b 
phases of, 12-15, 13f, 22f 
to extracellular bacteria, 346, 348f, 349 
to fungi, 355 
to intracellular bacteria, 349, 351-353, 

351f-353f, 355 
to parasites, 359-360 

to to viruses, tumors, 356-357, 392 356f 
types of, 6-9, 8f, 9f 

ADCC (antibody-dependent cell-mediated 
cytotoxicity) , 43-44, 289, 325-326, 
3265 479. See also Helminths. 

CD16 in, 291b, 324b 
eosinophils in, 325-326, 326f, 444, 451 
in HIV infection, 472, 474 

Addressins, 34, 35, 36, 37f, 38, 477-478 
Adenosine deaminase (ADA) deficiency, 

455f, 456-457, 456t, 462, 463 
Adenovirus 

immune evasion by, 358b 
tumors associated with, 397, 399 

Adhesion molecule (s) , 478 
carcinoembryonic antigen as, 399 
lymphocyte recirculation and, 3435, 36, 

36f-37f. 37. 38 
of endothelial'celis, 34-35, 36, 36f-37f, 

37-38 
eosinophil recruitment and, 444 
IL-1 and, 254 
in asthma, 449 
in immediate hypersensitivity, 444, 447 
in immunologic diseases, 419 
innate immunitv and. 263. 263f . . 
leukocyte migration and, 308-31 1, 309f, 

336 
phagocyte recruitment and, 280, 281f 
selectins as, 122, 122b-123b, 123 
TNF and, 250b, 252 
Toll-like receptors and, 28313 

of T lymphocytes, 106, 106f, 114, 115t 
CD2 as, 119 
CD44 as, 123-124 
inflammation and, 309-31 1 
integrins as, 119, 121-122, 121f 
of memory cells, 23, 38 
selectins as, 122-123, 122b-123b 

Adjuvants, 85, 364, 478 
autoimmunity and, 429 
costimulators and, 172, 235 
in subunit vaccines, 363 

Adjuvants ( Continued) 
in tumor immunotherapy, 404, 407 
innate immunity and, 296 
tolerance to antigens with, 235 

Adoptive cellular immunotherapy, 408, 408f 
Adoptive transfer, 7-8, 9, 9f, 17, 478 

of IaE. 446. 447 " ,  , 

Adult respiratory distress syndrome (ARDS), 
285b 

Adult T cell leukemia/lymphoma, 399, 463 
Affinity, 478 

of antibody for antigen, 60 
measurement of, 528-529, 529f 

of MHC molecule for peptide, 74 
of TCR for peptide-MHC complex, 109 

Affmity chromatography, 478, 524, 525f 
Affinity maturation, 62, 62f, 190, 191, 478 

mechanisms of, 206, 207, 209-210, 209f, 
211f 

memory B cells and, 210 
AFP (alpha-fetoprotein), 399, 400 
AIDS. See Acquired immunodeficiency 

syndrome (AIDS). 
Akt kinase, in T cell activation, 186 
Allele, 66, 478 
Allelic exclusion, 149, 153, 155, 478 

in transgenic mice, 221b 
Allergen (s) , 433, 434-435 

definition of, 478 
desensitization to, 451, 483 
T,,2 differentiation and, 304, 305, 434, 435 
wheal and flare reaction to, 441, 444, 

445-447, 446f 
Allergy, 432, 448-451,449f-450f. See also 

Anaphylaxis; Asthma; Immediate 
hypersensitivity. 

antihistamines and, 441 
definition of, 478 
eosinophils in, 444 
genetic susceptibility to, 447,448t 
IL4 and, 267 
immunotherapy for, 451 
inflammatory cytokines in, 444 
Th2 cells and, 306 

Alloantibodies, 69 
definition of, 478 
for identifymg lymphocyte populations, 

20b 
in graft rejection, 377, 378, 379f, 380, 

38 1 - - -  

Alloantigens, 69, 371 
blood group antigens as, 213, 378, 380b 
definition of, 478 
recognition of, 371-375, 373f, 374f 

Alloantiserum(a) , 69, 478 
Allogeneic graft, 371, 478 
Allogeneic strains, 66 
Allograft, 371 
Allograft rejection. See Graft rejection. 
Alloreactive antibodies, 371, 478 
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Alloreactive T lymphocytes, 478 
activation of, 375-377, 376f 

Allosteric effects, of antibodies, 59, 320 
Allotope, 54b 
Allotype, 54b, 478 
Alpha-fetoprotein (AFP), 399, 400 
Altered peptide ligands (APLs), 180, 187, 

478 
in multiple sclerosis therapy, 42213 

Alternative pathway, of complement 
activation, 293, 293f, 326-327, 
327f-328f, 328t, 329-331, 329f, 346, 
478 

Alveolar macrophages, 25f, 26 
Amebocytes, phagocytic, 6b 
Aminopterin, in hybridoma technique, 45b 
AMLl gene, in leukemias, 143b 
Amyloid A, serum, 252, 285b, 500 
Anaphylactic shock, 448, 478 
Anaphylatoxins, 339, 441, 447, 478 
Anaphylaxis, 434, 435, 448 

definition of, 478 
desensitization treatment and, 451 
in food allergy, 450 
leukotrienes and, 444 
passive cutaneous, 446 

Anchor residues, 75, 75t, 479 
Anemia 

hemolytic, 413,415t, 418b, 428 
pernicious, 415t 

Anergy, 169, 219, 233 
breakdown of, in autoimmunity, 427, 429, 

429f 
clonal, 222, 223f, 482 
costimulators and, 222-225, 223f-226f, 

235 
definition of, 479 
in B lymphocytes, 234, 236f 
in CD8'T cells, 232 

specific for tumor antigens, 403 
loss of DTH responses in, 308, 463 
oral tolerance and, 237 
to parasite antigens, 362 

Angiogenesis, 479 
Angioneurotic edema, hereditary, 337 
Ankylosing spondylitis, 426, 427t 
Annelids, graft rejection in, 6b 
Antagonist peptide, 187, 479 
Anti-antibodies, 53, 54b, 193b 
Antibiotics, natural, 278, 278f 
Antibodies, 6, 7-8, 479. See also 

Immunoglobulin (Ig); Isotype (s) ; 
Monoclonal antibodies. 

affinity maturation of, 62, 62f, 190, 191, 
478 

mechanisms of, 206, 207, 209-210, 209f, 
211f 

memory B cells and, 210 
affinity of, 60 

measurement of, 528-529,529f 
alloantigen-specific. See Alloantibodies. 
amplified production of, complement- 

mediated, 214 
anti-tumor, 408-409, 409t 
as antigens, 53, 54b 
assays of, 9, 193b 
assembly of, 57-58 
B cell activation and, 22f, 23, 190-191, 

190f-191f, 191t 
B cell inhibition by, 213-214, 213f 
complement activation by, 326, 327-328, 

327f, 329-331, 331f-332f, 333t 
diseases caused by, 412, 412t, 413-417, 

413f-414f, 415t, 416f-417f, 417t 
plasmapheresis for, 430 

distribution of, 44, 63 

Antibodies (Continued) 
diversity of, 61 
downregulation of, by secreted antibodies, 

213-214, 213f 
early research on, 8 
effector functions of, 43-44, 318-320, 

319f 
isotypes and, 53-54, 53t, 62-63, 

319-320, 320t 
requirement of bound antigen for, 63 

evolution of, 7b 
experimental use of. See Laboratory 

techniques, antibody-based. 
flexibility of, 54, 55f 
for acute graft rejection, 382t, 383 
for identifying lymphocyte populations, 

20, 20b 
half-lives of, in serum, 44 
hinge region of, 54, 55, 55f, 60 
in graft rejection, 377, 378, 379f, 380, 381, 

383 
screening for, 383, 38410 

macrophage receptors for, 93 
maternal, 7, 63, 343-344, 377b, 413 
membrane-bound, 43, 44, 55, 56f 

assembly and expression of, 57-58, 
58f 

of effector B lymphocytes, 24t 
of memory B lymphocytes, 23, 24t 
of naive B lymphocytes, 23, 24t 
structure of, 48f, 49, 50b-51b 

multimeric, 53t, 55 
opsonization by, 26, 32, 282 
passive transfer of, 7-8, 9f, 496 
production of, 44 

by memory B cells, 10 
by plasma cells, 23, 27 
helper T cells and, 68, 87 
in germinal centers, 29, 30 

proteolytic cleavage of, 55-56, 57f 
receptors for. See Fc receptors (FcRs) . 
recognition function of, 43, 44t 
secreted forms of, 55, 56f, 58 
secretion of, 203-204, 204f 
specialization of, 10 
specificity of, 8, 61 
structure of, 45-58 

associations between chains in, 55-56, 
57f 

constant regions in, 48f-49f, 49, 
50b-51b, 51-55, 53t, 55f-56f 

determination of, 45, 45b-47b, 47 
general features of, 47-49, 48f-49f 
variable regions in, 48f-49f, 49, 

50b-51b, 51 
structure-function relationships in, 61-63, 

62f 
subtypes of, 51-52, 53t. See also lsotype (s) . 

effector functions of, 53-54 
hinge regions of, 54 

synthesis of, 57 
tumor-specific, 401, 403 
viral infection and, 356, 356f 

Antibody feedback, 213-214, 213f, 237, 
479 

Antibody fold, 51b 
Antibody repertoire, 61, 479 
Antibody response 

T cell-dependent, 196-197, 197t, 198f 
early events in, 197-206, 199f-202f, 

204f-205f, 207f 
late events in, 197, 198f, 206-210, 

208f-211f 
T cell-independent, 196, 211-213, 

212t 
Antibody titer, 193b 

Antibody-dependent cell-mediated 
cytotoxicity (ADCC), 43-44, 289, 
325-326, 326f, 479. See also 
Helminths. 

CD16 in, 291b, 324b 
eosinophils in, 325-326, 326f, 444, 451 
in HIV infection, 472, 474 

Antibody-secreting cell, 479 
Antierythrocyte antibodies, 193b 
Antigen (s) . See also Allergens; Lipid 

antigens; Microbial antigens; 
Nucleic acid antigens; Peptide 
antigens; Polysaccharide antigens; 
Protein antigens; Self antigens; 
Superantigens; Tumor antigens. 

cell wall, 346 
definition of, 6, 58, 479 
detection of, in cells and tissues, 524526, 

527f, 528 
early research on, 8 
features of, 58-59, 59f. See also Epitopes 

(determinants). 
recognized by T lymphocytes, 81-83, 

82t, 83t 
foreign, surveillance for, 100, lOlf 
in active vs. passive immunity, 7 
lymphocyte markers as, 20b 
nonmicrobial, 5 
polyvalent, 58, 497 

B cell tolerance toward, 234 
binding of, 60-61, 60f 
T cell-independent, 212 

portal of entry of, 88, 88f 
cutaneous, 32 
oral, 33, 34 
respiratory, 33 

presentation of. See Antigen presentation; 
Antigen-presenting cells (APCs). 

processing of. See Antigen processing. 
quantitation of, 522-524, 523f 
recognition of. See Antigen recognition. 
sensitization to. 9 
specificity of response to, 8, 9-10, 9t, 10f, 

11, 13 
synthetic, in vaccines, 364 
T cell-independent, 190, 196, 211-213, 

212t 
tolerogenic, 216, 222, 225f, 502 

determining factors for, 232-233, 233t 
foreign proteins as, 235, 237 

transport of 
to lymph nodes, 30f, 31, 32 
to spleen, 32 

variation of, 346 
in extracellular bacteria, 349, 349t 
in parasites, 361b, 362, 362f, 362t 
in viruses, 357 

xenoantigens as, 371,504 
Antigen binding, 59-61, 60f-61f 

allosteric effects in, 59 
avidity of, 60, 60f 
valency of, 60, 60f 

Antigen loss variants, 403, 408 
Antigen masking, 403 
Antigen presentation, 479. See also Antigen- 

presenting cells (APCs) . 
by B cells. See B lymphocytes, antigen 

presentation by. 
by nonclassical MHC-like molecules, 113 
failure of, in bare lymphocyte syndrome, 

460 
in nonlymphoid tissues, 90 
of allergens, 435 
of alloantigens, 371, 372f, 373-377, 374f, 

376f 
tolerance induction and, 385 

Antigen presentation (Continued) 
of lipid antigens, 83, 110, 113 
of superantigens, 350b 
physiologic significance of, 100-103, 

101f-103f 
to T lymphocytes, 11, 25 

by macrophages, 25, 26 
CD4', 83-90, 85f-89f, 89t, 92f, 101, 102f 
CD8+, 90, 91f, 92f, 101, 102f 

viral inhibition of, 357, 357t, 35813 
MHC molecules and, 70, 74-76, 74f, 78, 

79 
Antigen processing, 85, 90, 92-93, 479 

IFN-?/ and, 268 
of cytosolic antigens, 9lf-92f, 93t, 97-100, 

98f, lOOf, 101 
in class I1 pathway, 9 4 9 5  

of endocytosed antigens, 91f-92f, 93-97, 
93t, 94f-96f, 101 

of self antigens, 97 
proteins associated with, 76 
viral inhibition of, 357, 357t, 35813 

Antigen receptor(s). See also Antibodies; B 
cell receptor (BCR) ; T cell 
receptor (TCR). 

lymphocyte maturation and, 130, 133-134, 
133f, 134f 

lymphocyte survival and, 21, 23, 24 
of APCs, 93 
of dendritic cells, 88, 90, 93 

Antigen receptor genes, 135-146. See also 
Immunoglobulin (Ig) genes. 

chromosomal translocations involving, 
141, 142b-143b 

germline organization of, 135, 136f, 137, 
138f, 486 

recombination of, 130-131, 133, 135, 
138-141, 139f-141f 

mechanisms of diversity in, 143, 143t, 
144, 144f-145f, 146 

transcriptional regulation of, 141, 142f 
Antigen recognition, 6, 12-1 3, 13f-14f, 43, 

44t, 59-60. See also Antibodies; T 
cell receptor (TCR). 

by antibodies, 320 
antibody structures and, 61-62, 62f 
in immediate hypersensitivity, 434 

by B lymphocytes 
functional responses to, 196, 196f 
properties of antigens in, 82, 83t 

by naive lymphocytes, 21 
by T lymphocytes, 65, 68 

activation and, 164, 164f-165f 
ap TCR in, 109-110, 1lOf-lllf 
coreceptors in, 70 
cytokine production and, 264, 265, 268 
cytolytic, 314, 314f, 315 
differentiation and, 300, 302-303, 302f 
in extravascular tissues, 309f, 310 
in thymic T cell maturation, 155-160, 

156f 
of alloantigens, 371, 372f, 373-377, 

374f, 376f 
properties of antigens in, 81-83, 82t, 

83t 
specificity of, 74, 74f, 75, 76, 77f 

in lymph nodes, 34, 35f, 36 
in lymphocyte maturation, 133-1 34, 134f 
in spleen, 34 
integrin affinity and, 34 
MHC molecules and, 43, 44t 

with alloantigens, 371, 372f, 373-377, 
374f, 376f 

signaling functions and, 105, 106f 
Antigen-antibody complexes. See Immune 

complex (es) . 

Antigen-binding site (s) , 44t 
of antibodies 

binding two determinants at once, 54, 
55f 

structure of, 48f, 49, 51, 52f, 55, 59 
synthetic, 47b 
variability of, 47, 49, 51, 52f 

of T cell receptor, 109, l l l f  
Antigenic determinants. See Epitope(s) 

(determinants). 
Antigenic variation, 346 

in extracellular bacteria, 349, 349t 
in parasites, 361b, 362, 362f, 362t 
in viruses, 357 

Antigen-presenting cells (APCs), 11, 17, 
24-26, 25f, 479. See also Antigen 
presentation; Dendritic cells; 
Macrophages. 

alloantigen presentation by, 374375, 376, 
376f 

antigen processing in, 92-97, 94f-96f 
capture of infected cells by, 90, 91f 
costimulators on. See 

Costimulators/costimulation. 
cross-presentation by, 356 
FceRI on, 324b 
for CD4+ helper T cells, 85-87, 86f-87f, 

86t, 101, 102f 
in CTL differentiation, 302-303, 302f 
in lymph nodes, 29, 30, 89f, 90 
in mucosa, 33 
in skin, 32 
in T cell activation, 81, 8485 ,  85f, 164 

accessory molecules and, 109, 113, 114, 
114f, 116-118, 119, 121-122, 121f 

in tumor immunity, 401, 401f, 403 
MHC expression on, 79, 79f, 82, 83 

IFN-?/ and, 268, 269f 
professional, 85, 497-498 
self-tolerance and, 222-225, 223f-224f 
surveillance by, for foreign antigens, 100, 

lOlf 
Antihistamines, 441 

asthma and, 449-450 
for allergic rhinitis, 450 
for anaphylaxis, 448 
for urticaria, 45 1 

Anti-idiotypic antibodies, for B cell 
lymphomas, 409 

Anti-idiotypic responses, 237-238 
Anti-Ig antibodies, 53, 54b 
Anti-inflammatory agents 

for asthma, 449, 450f 
for graft rejection, 383 
for immunologic diseases, 430 
NSAIDs as, 285b, 443 

Antimicrobial factors, in innate immunity, 4, 
6b 

Antinuclear antibodies, in SLE, 418b 
Antiserum, 44, 479 

isotypes defined by, 54b 
Antitoxins, 8 
Antiviral state, 261, 261f, 356 
AP-1. See Activation protein-1 (AP-1). 
Apaf-1 (apoptosis activating factor-l), 22813, 

230b 
APCs. See Antigen-presenting cells (APCs) . 
APLs (altered peptide ligands), 180, 187, 

478 
in multiple sclerosis therapy, 42213 

Apoptosis, 227b-231b, 479. See also Bcl 
proteins. 

activation-induced, 225-226, 227f, 
228b-230b, 231, 231b 

of CD8+ T cells, 232 
of CD4' T cells, in H N  infection, 472 

Index CYI 
Apoptosis (Continued) 

tolerogenicity and, 233 
autoantibody production and, 418b 
cellular features of, 14, 22713 
complement-induced, 332 
CTLinduced, 315, 315f, 316 
failure of, autoimmunity and, 427-428 
homeostasis and, 237, 238f 
in germinal centers, 210, 21 1f 
induction of, in lymphocytes, 227b-230b 
mitochondria1 pathway of, 22713-22813, 

229b-231b, 231 
NK cell-induced, 290 
of antigen-stimulated lymphocytes, 1415 ,  

169, 303 
IL2 and, 266 
without costimulators, 169 

of CD4+ T cells, in H N  infection, 472, 473 
of developing lymphocytes, 132, 133, 

133f-134f, 134 
in bone marrow, 234 
in negative selection, 150 
in pre-B stage, 149 
in thymus, 153, 155, 156, 156f, 157, 159, 

160, 220, 222 
of naive lymphocytes, 21 
protection against, NF-KB in, 186b 
regulation of, 230b 
roles of, in lymphocytes, 230b-231b 
TNF receptors and, 247, 249, 250b-251b, 

252 
tolerance and, 219 

Apoptosis activating factor-1 (Apaf-1), 22813, 
230b 

Appendix, lymphoid tissue in, 33f, 34 
Arachidonic acid, in mast cells, 440, 443 
ARDS (adult respiratory distress syndrome), 

285b 
Arteriosclerosis, graft, 379f, 381, 486 
Arteritis. See also Vasculitis. 

in acute rejection, 380 
Arthritis 

bone resorption in, osteoprotegerin and, 
253 

immune complexes causing, 416, 417, 
418b 

rheumatoid. See Rheumatoid arthritis. 
Arthropod infections, IgE antibodies and, 

267, 306 
Arthus reaction, 417, 479 
Aspirin 

as cyclooxygenase inhibitor, 443 
fever and, 252 

Asthma, 448-450, 449f-450f, 480 
allergens in, 434 
desensitization treatment and, 451 
genetic susceptibility to, 447, 448t 
histamine and, 441 
IL13 in, 270 
leukotrienes and, 444 
nonatopic, 449 
platelet-activating factor and, 444 
prostaglandin D2 and, 443 
T,,2 cells in, 447 
therapy for, 449-450, 450f 

Ataxia-telangiectasia, 461 
Atopic dermatitis, 448, 451 
Atopy, 432, 479. See also Allergy; Immediate 

hypersensitivity. 
ATP, in peptide transport, 99 
Attenuated vaccines, 363, 363t 

against virally induced tumors, 404405 
Autoantibodies 

definition of, 479 
disease(s) associated with, 413-414, 414f, 

415t 
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Autoantibodies (Continued) 
diabetes as, 421b 
immune complexes in, 417,418b 
rheumatoid arthritis as, 42313 

helper T lymphocytes and, 424 
Autocrine factor(s) 

cytokine (s) as, 245 
type I IFN as, 261 

definition of, 479 
Autograft, 371 
Autoimmune disease(s), 11, 217, 424 

B cell tolerance and, 234 
complement-related pathology in, 342 
definition of, 411, 424, 479 
effector mechanisms of, 412 

antibodies in, 413-417, 413f-414f, 415t, 
416f-417f, 417t 

T lymphocytes in, 412, 419-420, 419f, 
420t, 423-424 

Fas and, 231b, 234 
in immunodeficiency disorder (s) , 454 

ataxia-telangiectasia as, 461 
common variable immunodeficiency as, 

460 
selective IgA deficiency as, 458 
X-linked agammaglobulinemia as, 457 

mouse models of, 221b 
oral antigens and, 237 
pathogenesis of, 424430 

anatomically sequestered antigens in, 
430 

genetic susceptibility in, 424, 428, 
425f-426f, 427t, 428t 

hormonal influences in, 430 
infections in, 424,4255 428-430, 

429f 
therapeutic approaches for, 430 

Autoimmune lymphoproliferative syndrome, 
418b 

Autoimmunity, 217,220 
AF'Cs and, 224 
complement deficiency causing, 341b 
definition of, 479 
failure of negative selection and, 222 
in IL2 knockout mice, 231, 232 
regulatory T cells and, 232 
transgenic mouse models of, 221b, 223 

Autologous graft, 371, 479-480 
Autophagosomes, 94 
Avidity 

definition of, 480 
of antigen binding, 60, 60f 

Azathioprine, 382, 382t 
AZT (3'-azido-3'-deoxythymidine) , 474 
Azurophilic granules, of neutrophils, 280 

B blood group antigen, 380b, 387 
B cell coreceptor complex, 195, 195f 
B cell linker protein (BLNK), 192 
B cell lymphoma(s) 

anti-idiotypic antibody therapy for, 409 
Epstein-Barr virus and, 383, 389, 397, 

398b-399b, 399,401, 402 
in allograft patients, 383 
in bone marrow transplant patients, 389 
monoclonal, light chains of, 5 4 5 5  
surface markers of, 400 

B cell receptor (BCR), 43. See also 
Antibodies, membrane-bouna. 

pre-B cell version of, 148-149, 148f 
B cell receptor (BCR) complex, 480 

signal transduction by, 192-196, 192f, 
194f-195f 

B cell tyrosine kinase (Btk) 
in B lymphocytes, 192, 193, 214, 480 
in pre-B cells, 148-149 
in T lymphocytes, 178b, 180 
mutations in gene for, 130b, 149, 178b, 

457 
B1 cells, 150-151, 213, 278-279 
B lymphocytes, 5f, 6, 8f, 11, 12f, 17, 19t, 480. 

See also Antibodies; Lymphocytes. 
activation of, 22f-23f, 23. See also Helper T 

lymphocytes. 
assays for, 193b 
B7 costimulator and, 171 
biochemical mechanisms of, 192-196, 

192f, 194f-196f 
by complement system, 296, 335, 338, 

341 
by foreign proteins, 377 
by helper T lymphocytes, 78, 200, 200f 
general features of, 189-191, 190f-191f, 

19lt  
Ig expression and, 58, 58f 
inhibition of, by antibodies, 213-214, 

213f 
isotype switching and, 63 

affinity maturation and, 62, 62f, 190, 191, 
478 

mechanisms of, 206, 207, 209-210, 209f, 
211f 

memory B cells and, 210 
antibody-secreting, 203-204, 204f 
antigen presentation by, 25, 93, 192, 

200-201, 200f. See also Antigen- 
presenting cells (AF'Cs) . 

HLA-DO and, 97 
of soluble antigens, 90 
to effector T cells, 164 
to helper T cells, 84, 86f, 86t, 87, 101, 

102f, 197 
antigen presentation to, by follicular 

dendritic cells, 26 
antigens recognized by, 82, 83t 
B1 subset of, 150-151, 213, 278-279 
complement receptors on, 335 
cytokine effects on 

IFN-y as, 269, 269f 
IL2 as, 266, 267f 
IL5  as, 268 

deficiencies of, 454, 454t 
in activation and function, 458-459, 

458f, 459t, 460 
in maturation, 455, 455f, 456-457, 456t 
in other inherited diseases, 460-461 

evolution of, 7b 
helper T cells and, 68 
immature, definition of, 488 
in follicles, 28f-29f, 29, 30 
in mucosal immune system, 33, 34 
in spleen, 31, 31f, 32 
maturation of, 21, 21f, 129-135, 130f, 

133f-134f, 146-151, 146f-149f. See 
also Somatic recombination. 

genetic blocks in, 131b-132b 
Ig expression and, 57-58, 58f 

memory, 10, 10f, 23, 24t 
generation of, 29, 190, 206, 210 
in secondary response, 191, 191f, 319 

MHC class I1 molecules on, 78, 79, 96 
naive 

activation of, 189-190 
antigen receptors of, 192, 192f 
in lymph nodes, 29, 30 
membrane antibodies of, 43 

proliferation of, 189-190, 196, 197, 201 
assays for, 193b 
cytokines and, 203 

B lymphocytes (Continued) 
EBV-induced, 203 
in germinal center, 206 

receptors of. See Antibodies, membrane- 
bound; B cell receptor (BCR) 
complex. 

recirculation of, 38 
signal transduction in, 192-195, 192f, 
" 194f-195f, 196,202 
in antibody feedback, 213-214, 213f 
in T cell-independent responses, 212 

tolerance in 
central, 234, 235f, 236t 
peripheral, 234235, 236f, 236t 
transgenic mouse models of, 221b, 234, 

F35f 
B7 molecules, 114f, 118, 169, 170b-171b, 

171-173, 172f-173f, 186, 187 
allograft rejection and, 376-377, 385 
anergy and, 222, 223-225, 223f-224f 
antagonists of, 225 
apoptosis and, 230b 
on B lymphocytes, 196, 201, 201f, 202 
on tumor cells, 403 

immunotherapy and, 405,406f 
termination of immune responses and, 

237 
Bacillus Calmette-GuCrin (BCG) , 35413 

in anti-tumor therapy, 407 
Bacteria. See also Microbes. 

antibody response to, 204 
capsular polysaccharides of 

of pneumococcus, 211-212, 213, 339 
phagocytic clearance and, 339, 349 

extracellular, 346, 346t-347t, 348f, 
348-349 

immune evasion by, 349, 349t 
pathogenic mechanisms of, 346, 

346t-347t, 348 
gram-negative, 348, 349. See also 

Lipopolysaccharide (LPS) . 
innate immune response to, 247, 249 
septic shock and, 253, 259, 349 

gram-positive, 348, 349 
septic shock and, 349 
superantigens of, 350b 
teichoic acids in, 276 
Toll-like receptors and, 28313 

innate immune response to, 263, 263f 
mast cells in, 451 
TNF in, 247, 249 

intracellular, 347t, 349, 351-353, 
351f-353f, 355, 491. See also 
Microbes, intracellular. 

immune evasion by, 349, 349t, 355 
pathogenic mechanisms of, 347t 

phagocytosis of, 32, 87 
polysaccharide antigens of, 204, 210, 

211-213 
pyogenic, 346, 498 

innate immune resDonse to, 263, 264 
toxins of, 346 

immunization against, 7, 8 
Bare lymphocyte syndrome, 79, 459t, 460, 

462, 480 
Basophils, 436, 437t, 438, 439f, 441, 442, 480 

~ c ' r e c e ~ t o r s  on, 324b 
IL4  produced by, 266 
in asthma, 449, 450f 
in late-phase reaction, 447 
mediators produced by, 442-444, 442f, 

443t 
protective roles of, 451 

B&-1, 36 
BCG (bacillus Calmette-GuCrin), 354b 

in anti-tumor therapy, 407 

Bcl-2, 230b, 231b 
induction of, by IL2, 265 

bcl-2 gene, in follicular lymphoma, 143b 
Bcl proteins 

activation-induced cell death and, 231 
as survival stimuli, 237 
passive cell death and, 228b, 230b 

Bcl-x 
CD28 costimulator and, 172 
passive cell death and, 230b, 231b 

BCL-X,, CD28 signaling and, 171b 
BCR (B cell receptor), 43 

pre-B cell version of, 148-149, 148f 
BCR (B cell receptor) complex, 480 

signal transduction by, 192-196, 192f, 
194f-195f 

Bee stings, 434, 435 
Beige mouse, 462 
fi lactam antibiotics, T cell recognition of, 82 
P-pleated sheets 

of Ig domain, 48, 49f, 51b 
of MHC molecules, 70, 71, 75 

Bid protein, 230b 
Bim protein, 230b 
Biogenic amines, 480 

mast cell release of, 441, 442f, 443, 443t 
Biologic response modifiers, 243, 480 
BiP (binding protein), in assembly of Ig, 57 
BLNK (B cell linker protein), 192 
Blood 

filtering of, by spleen, 32, 88, 88f 
immune system cells in, counts of, 17, 17t 
lymphocyte recirculation in, 34, 35, 

35f-37f, 36 
lymphocytes in, 11 

Blood cell counts, 17, 17t 
Blood cells, generation of, 26-27, 27f 
Blood group antigens, 213, 380b, 477 

transfusion and, 386-387 
transplant rejection and, 378, 383, 38413, 

385 
Blood transfusion, 369, 386-387, 503 

blood group antigens and, 386-387 
HLA antigens and, 68-69 
to reduce transplant rejection, 385 
transfusion reactions in, 386-387, 503 

hemolytic mechanism in, 413 
Bone 

osteoclasts of, 25f, 26 
resorption of, RANK ligand and, 253 

Bone marrow, 26-27, 480 
antibody secretion in, 203, 319 
hematopoietic cytokines and, 26-27, 246, 

271-273, 271f, 272t 
lymphocyte development in, 20-22, 21f, 

146, 152 
mononuclear phagocytes originating in, 

25, 25f 
plasma cells in, 23, 27, 38, 191f, 203 

Bone marrow chimeras, radiation-induced, 
20-21 

MHC restriction in, 157, 157t 
Bone marrow transplantation, 387-389, 480 

anti-tumor antibodies in, 409 
autologous, 387, 409 
for immunodeficiency diseases, 462 
graft-versus-host disease and, 388-389, 

388f 
HLA matching for, 384b 
immunodeficiency after, 389 
mixed chimerism and, 385 
stem cells for, 26 

Bradykinin, in hereditary angioneurotic 
edema, 337 

Brain. See Central nervous system. 
Branchial clefts, 27 

Brequinar, 383 
Bromodeoxyuridine (BrdU) , B cell 

proliferation and, 193b 
Bronchial asthma. See Asthma. 
Bronchiolitis obliterans, in lung transplant, 

381 
Bruton's agammaglobulinemia. See X-linked 

agammaglobulinemia (XLA) . 
Btk. See B cell tyrosine kinase (Btk) . 
Burkitt's lymphoma, 480 

chromosomal translocations in, 
142b-143b, 398b, 399b 

EBV in, 398b 
Bursa of Fabricius, 17 
Bystander activation, 429 

C1 complement protein, 293, 330f, 331-332: 
480 

C1 inhibitor (C1 INH), 336t, 337, 337f, 
341b, 480 

C2 domain, 51b 
C3 complement protein, 293, 2935 327, 

327f-328f, 328t, 329-331, 480 
C3 convertases, 330, 331, 332, 480 

gram-positive bacteria and, 346 
inhibition of, 337, 337f 

C3 tickover, 329 
C5 convertases, 331, 332, 480 

inhibition of, 337 
C (constant region) gene segments, 480 

of Ig loci, 136f, 137 
of TCR loci, 137, 138f 

C (constant) regions, 482 
of antibodies, 48f-49f, 49, 50b-51b, 

51-55, 53t, 55f-56f 
allotopes in, 54b 
complement proteins and, 331 
epitopes in, 54b 
hinge in, 54, 55f 
of light chains, 5 4 5 5  

of T cell receptor, 108, 108f, 109t, 113 
CA-19-9, 400 
CA-125,400 
Cachexia 

IL1  production and, 254 
in AIDS, 470, 471 
in tuberculosis, 354b 
TNF production and, 252 

Caenorhabditis elegans, apoptosis in, 230b 
Calcineurin, in T cell activation, 174, 175f, 

182-183, 182f-183f, 184, 185b, 480 
cyclosporine and, 381 
FK-506 and, 382 

Calcium 
complement activation and, 332 
in B cell activation, 194 
in T cell activation, 174, 175f, 182, 182f, 

187 
selectins and, 122 

CALLA (common acute lymphoblastic 
leukemia antigen), 400 

Calmodulin, in T cell activation, 182, 183f, 
184 

Calnexin 
in assembly of class I MHC, 100 
in assembly of class I1 MHC, 95 
in assembly of Ig, 57 
in assembly of TCR complex, 112 

Calreticulin, in assembly of class I MHC, 100 
CAMP (cyclic adenosine monophosphate) 

in asthma, 450 
in mast cells, 439, 450 

Cancer. See Tumor (s) . 

Cancer chemotherapy 
immunosuppression by, 463-464, 463t 
with bone marrow transplantation, 387 

Cancer-testis (CT) antigen family, 397 
Candida, 355, 454, 463 
Carbohydrate antigens. See also 

Polysaccharide antigens. 
antigenic determinants of, 58, 59 
natural antibodies and, 378, 386 
of tumors, 400 

5,6-Carboxyfluorescein diacetate 
succinimidyl ester (CFSE) , 167b 

Carboxypeptidase A, in mast cells, 436, 442 
Carcinoembryonic antigen (CEA), 399-400, 

480-481 
Cardiac transplantation, 369, 381, 382f, 383, 

385 
Carrier, Caseous 58 necrosis, 354b 

Caspase-8, 229b, 230b, 250b 
Caspase-9, 22813, 230b 
Caspases, 227b-230b, 481 

ICE as, 230b, 254 
in CTLinduced lysis, 316 
in Fas-mediated apoptosis, activation- 

induced, 231 
TNF-RI signaling and, 249, 250b 

Cathepsin G, in mast cells, 436, 442 
Cathepsins, 94, 96, 481 
Cations, divalent, integrins and, 119 
CBA/N mouse, 457 
C4binding protein (C4BP), 336t, 337, 338 
Cbl-b adapter protein, 187 
CC chemokines, 254, 255, 256f 
CCR5, as HIV coreceptor, 255, 467, 473 
CCR7, 29-30, 36, 37, 38 

dendritic cells and, 88 
of memory T cells, 168 
T-dependent antibody response and, 198 

CD molecules, 481, 506-521 
functions of, 20b 
lymphocyte nomenclature and, 20, 20b 
monoclonal antibodies and, 47b 

CDw (workshop) antigens, 20b 
CD 1 

in lipid antigen presentation, 83, 110, 279 
P-microglobulin and, 77 
NK-T cells and, 110 

CD2, 114f, 118-119, 1115t 
CD3, 105, 106f, 107t, 108, 110-113, 

11 lf-112f. See also T cell receptor 
(TCR) complex. 

antibody against 
for graft rejection, 382t, 383 
in tumor immunotherapy, 407 

at immunological synapse, 177f 
in thymocyte development, 153, 154, 155 
mutations in gene for, 460 
tyrosine phosphorylation of, 175, 179f 

CD4, 20, 114118, 114f, 115t, 116f-117f 
binding site for, on MHC class I1 

molecule, 72 
HIV binding to, 464, 465f-467f, 466, 472 
T cell activation and, 175, 179f 
T cell receptor and, 109-110 

CD4+ T cells, 114-118, 114f, 117f. See alsn 
Helper T lymphocytes. 

activated, 164 
CD40 ligand on, 124 
differentiation of, 168 
proliferation of, 168 

activation-induced cell death in, 226 
alloantigen recognition by, 374375 
class 11 MHC molecules and, 65, 69, 70, 

72, 78, 79, 79f, 83, 97 
clonal expansion of, 303 
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CD4+ T cells (Continued) 
cytolytic, 116, 316 
HIV infection of, 464, 466, 466f-467f, 468, 

469f-47Of, 470-472, 472f, 474 
IL2 produced by, 265 
IL-3 produced by, 272-273 
in allograft rejection, 380, 381 
in B cell activation, 190 
in dermis, 32 
in intestinal mucosa, 33, 34 
in lymph nodes, 29 
intracellular bacteria and, 351-352, 

353f 
lipid antigen recognition by, 32 
malignant tumor of, 399 
maturation of. See T lymphocytes, 

maturation of. 
regulatory, 232 
roles of, 81 
tolerance in, 220, 222 

CD5 (Ly-1), in B-1 cells, 150 
CD8, 20, 114-118, 114f, 115t, 116f 

binding site for, on MHC class I molecule, 
71 

on thymic dendritic cells, 27 
T cell activation and, 175, 179f, 314 
T cell receptor and, 109-110 

CD8' T cells, 114-118, 114f. See also Cytolytic 
T lymphocytes (CTLs) . 

alloantigen recognition by, 375 
antigen presentation to, 90, 91f 
as memory cells, IL15 and, 262 
as pre-cytolytic T lymphocytes, 497 
class I MHC molecules and, 65, 69, 70, 71, 

78, 83, 100, 101, 102f 
clonal expansion of, 167-168 
differentiation of, 302-303, 302f 
Fas ligand on, 231b 
IFN-y produced by, 268, 299 
IL-2 produced by, 265 
in dermis, 32 
in DTH reactions, 419, 419f 
in epidermis, 32 
in lymph nodes, 29 
in malaria, 361 
in mucosal epithelium, 33 
lipid antigen recognition by, 32 
macrophage activation by, 31 1, 31 2 
maturation of. See T lymphocytes, 

maturation of. 
tolerance in 

central, 222 
peripheral, 232 

CD10,400 
CD11, 120b, 121 
CDllcCD18. See CR4 (complement receptor 

type 4).  
CD14, 283b-284b, 285b 
CD16, 289, 291b, 292b, 324b 
CD18, 119, 120b-121b, 121 
CD19, 195, 195f, 335 
CD20, 400 
CD21. See CR2 (complement receptor 

type 2). 
CD22, 214 
CD23, 324b-325b, 436 
CD25 

antibody to, for immunosuppressive 
therapy, 383 

on regulatory T cells, 232 
CD28, 114f, 115t, 118, 169, 170b-171b, 

172-173, 172f-173f, 184, 186-187 
allograft rejection and, 385 
anergy and, 222, 223-224, 224f 
~ntibody response and, 201, 201f 
apoptosis and, 230b 

CD28 response element, 187 
CD29, 119b, 120b, 121 
CD32, 213-214, 213f 
CD34, 123 

on lymph node HEVs, 35 
on stem cells, in marrow, 26 

CD35, 335, 335t 
CD40, 124, 171, 171b, 173, 173f, 201-203, 

201f-202f 
affinity maturation and, 207 
allograft rejection and, 385 
germinal center formation and, 206 
IL-12 induction and, 257, 304, 306f 
in CD8+ T cell differentiation, 302, 302f 
in macrophage activation, 311-312, 

312f 
isotype switching and, 204, 206 

CD40 ligand (CD40L), 124, 171, 171b, 173, 
173f, 201-203, 201f-202f 

affinity maturation and, 207 
allograft rejection and, 385 
antagonists of, 225 
germinal center formation and, 206 
IL-12 induction and, 257, 304, 306f 
in CD8+ T cell differentiation, 302, 302f 
inherited mutations in, 311, 458f, 459, 

459t 
isotype switching and, to IgE, 435 

CD43, 461 
CD44, 115t, 122, 123-124 

on effector T cells, 37, 38, 311 
CD45, 115t, 118, 178b, 180 

human isoforms of, 23-24, 24t, 118 
CD46 (membrane cofactor protein), 336t, 

337-338, 337f-338f 
CD48, 119 
CD49, 119b, 120b, 121 
CD54, 121 
CD58 (LFA-3), 1 l4f, 119 
CD59, 336t, 338, 339f 
CD62E (E-selectin), 37, 38, 123, 123b 

in eosinophil recruitment, 444 
in leukocyte recruitment, 280, 283b, 

310 
Lewis antigens and, 380b 

CD62L (L-selectin), 3435,  36, 36f-37f, 37, 
38, 115t, 122-123, 122b-123b 

CD62P (P-selectin), 37, 123, 123b, 310 
complement activation and, 340 
Lewis antigens and, 380b 

CD64, 322, 323b 
CD66, 399-400, 480-481 
CD80 (B7-1). See B7 molecules. 
CD81, 195, 195f, 335 
CD86 (B7-2). See B7 molecules. 
CD89 (FcaR), 325b 
CD95. See Fas (CD95). 
CD95 ligand. See Fas ligand (FasL) . 
CD152. See CTLA-4 (CDl52). 
CD154. See CD40 ligand (CD40L). 
CDRs (complementarity-determining 

regions), 482 
junctional diversity and, 144, 146 
of antibodies, 49, 51, 52f 
of T cell receptors, 108, 109, 109t 

CEA (carcinoembryonic antigen), 399-400, 
480-481 

ced genes, 230b 
Cell cycle 

flow cytometric studies of, 528 
in antigen-stimulated lymphocytes, 17 
rapamycin activity and, 382 

Cell wall antigens, 346. See also 
Lipopolysaccharide (LPS) . 

rheumatic fever and, 349 
Cell walls, of mycobacteria, 354b 

Cell-mediated immunity (CMI), 6-7, 8-9, 8f, 
10, 298, 481. See also Adaptive 
immunity; Cytolytic T lymphocytes 
(CTLs); Helper T lymphocytes. 

cytokine(s) in 
ILlO as, 261-262 
IL-12 as, 255, 257, 259-260, 260f 
IL-18 as, 262 
type I IFN as, 261, 261f 

delayed-type hypersensitivity in, 299, 300, 
307-308, 310f-311f 

effector mechanisms of, 311-316, 
312f-315f 

inhibition of, by T,,2 cells, 314 
macrophages in, 26, 85, 86f, 86t, 87 
migration of leukocytes in, 36-38, 37f, 

306-311, 309f 
integrins and, 122 

tissue injury in, 313, 352, 420 
in parasitic infection, 360 

to fungi, 355 
to intracellular bacteria, 351-353, 

351f-353f, 355 
to protozoa, 359 
to tumors. See Cytolytic T lymphocytes 

(CTLs) , in tumor immunity. 
types of, 298-300, 299f-300f 
vaccination and, 363 

Cellular immunity. See Cell-mediated 
immunity (CMI) . 

Cellular theory of immunity, 8-9 
Central nervous system 

absence of lymphocytes in, 26 
AIDS-associated degeneration of, 464, 

470, 471 
autoimmune disease of, 419-420, 420t, 

42213 
Ig superfamily molecules in, 51b 
immune privilege of, 231b, 37713 
microglial cells of, 25f, 26 

Central tolerance, 134, 160, 218-220, 219f 
definition of, 481 
in B lymphocytes, 234, 235f 
in T lymphocytes, 220, 220f, 222 

autoimmune disease and, 427 
Centroblasts, 206 
Centrocytes, 206 
CFSE (5,6-carboxyfluorescein diacetatt: 

succinimidyl ester), 167b 
CGD (chronic granulomatous disease), 287, 

461-462, 461t, 481 
Challenge, with antigen, 307 
Chaperones 

in assembly of class I MHC, 100 
in assembly of class I1 MHC, 95 
in assembly of Ig, 57 
in assembly of TCR complex, 112 

Chediak-Higashi syndrome, 461t, 462, 481 
Chemoattractant cytokines. See Chemokines. 
Chemokine receptors, 255, 256f, 481 

on B cells 
activated, 196 
naive, 29-30, 36, 38 
self-reactive, 234 

on dendritic cells, 30, 88 
on phagocytes, 283 
on T cells 

effector functions and, 309, 310 
HIV binding to, 464, 465f-467f, 

466-467, 475 
in helper subsets, 304, 304f, 310, 435 
in immediate hypersensitivity, 435 
naive, 29-30, 36, 37 

seven-transmembrane form of, 247, 248f 
Chemokines, 246, 254255, 256f, 481 

dendritic cells and, 88 
effector T cell recruitment and, 310 

Chemokines (Continued) 
in delayed-type hypersensitivity, 308 
in eosinophil recruitment, 444 
in immediate hypersensitivity, 435, 444, 

447 
in innate immunity, 263, 263f, 280 
in Ivmwh nodes. 29-30 , . 
in lymphocyte recirculation, 34, 35-36, 

37-38 
in spleen, 32 
integrin avidity and, 121-122, 121f 
Langerhans cells and, 32 
mast cell responses to, 441 
T cell-dependent antibody response and, 

198 
TNF and, 252 

Chemotaxis, 481 
Chemotherapy, cancer 

immunosuppression by, 463-464 
with bone marrow transplantation, 387 

Chimerism, mixed, 385, 386 
Chondroitin sulfate, in mast cells, 436, 442 
Chromosomal translocations, 481 

antigen receptor genes and, 140, 
142b-143b 

Chronic graft rejection, 378f-379f, 381, 383, 
385, 481 

Chronic granulomatous disease (CGD), 287, 
461-462, 461t, 481 

Chymase, in mast cells, 436, 441, 442, 443 
cIAPs (cellular inhibitors of apoptosis), 250b 
CIITA (class I1 transcription activator), 79 
CIIV (class I1 vesicle), 96, 96f, 481 
Cis-acting regulatory sequences, 185b 
c-Kit ligand (stem cell factor), 272, 272t, 481 
CLA-1 (cutaneous lymphocyte antigen-1), 38 
Class I major histocompatibility complex 

(MHC) molecules, 481. See also 
Major histocompatibility complex 
(MHC) molecules. 

Class I1 major histocompatibility complex 
(MHC) molecules, 481. See also 
Major histocompatibility complex 
(MHC) molecules. 

Class I1 transactivator, 268 
Class I1 transcription activator (CIITA), 79 
Class I1 vesicle (CIIV), 96, 96f, 481 
Class 11-associated invariant chain peptide, 

96f, 97, 481 
Class switching. See Isotype switching. 
Classical pathway, of complement activation, 

293, 293f, 326-327, 327f, 330f, 
331-332, 331t, 332f, 481-482 

Clonal anergy, 222, 223f, 482 
Clonal deletion, 160, 482 
Clonal expansion, 22-23, 36, 482 

of B lymphocytes, 189 
of T lymphocytes, 167-168, 171b, 303, 

303f 
cytolytic, 302 
IL-2 and, 264 

Clonal ignorance, 482 
Clonal selection hypothesis, 10, 12-13, 14f, 

132,482 
Cluster of differentiation, 20, 20b, 47b. See 

also CD molecules. 
CMI. See Cell-mediated immunity (CMI) . 
CMV (cytomegalovirus) 

immune evasion by, 291b, 35813, 359 
in immunosuppressed patients, 383 

after bone marrow transplant, 389 
c-mycgene, 142b-143b, 482 

in B cell lymphomas, 398b-39913 
Coagulation 

disseminated intravascular (DIC) , 253, 
285b, 28613 

Coagulation (Continued) 
enterotoxin causing, 350b 
in transfusion reactions, 387 

intravascular, TNF-induced, 252-253 
Coagulation factors, 294 
Coelomocytes, 6b 
Collagenase 

mast cell activation and, 442 
of neutrophils, 280 

Collectins, 482 
Colony-stimulating factors (CSFs) , 26-27, 

271-273, 271f, 272t, 482 
from mast cells and basophils, 444 

Combinatorial diversity, 143-144, 482 
Common acute lymphoblastic leukemia 

antigen (CALLA), 400 
Common variable immunodeficiency, 458f, 

459t, 460 
Complement, definition of, 482 
Complement receptors, 333, 335-336, 335t 

deficiencies in, 34lb-342b 
inflammation and, 340 
on follicular dendritic cells, 206, 210, 

335 
Complement system, 4, 293-294, 2935 326 

activation of, 63, 326-329, 327f 
bacterial inhibition of, 349, 349t 
by alternative pathway, 293, 293f, 

326-327, 327f-328f, 328t, 329-331, 
329f, 346, 478 

by classical pathway, 293, 293f, 326-327, 
327f, 330f, 331-332, 331t, 332f, 
481-482 

by lectin pathway, 293, 293f, 327, 
332-333, 346 

late steps of, 333, 333t, 334f 
regulation of, 326, 329, 336-338, 336t, 

337f-339f 
autoimmunity and, 428 
deficiencies in, 341b-342b, 342 

in systemic lupus erythematosus, 418b 
extracellular bacteria and, 346 
functions of, 338-342, 340f 
genes for, 67f, 68b, 76 
immediate hypersensitivity and, 441, 444, 

447 
in allograft rejection, 378, 379f, 381, 383 
in antibody-mediated disease, 413, 414, 

414f 
in B cell activation, 194195, 195f, 214, 

296 
by polysaccharide antigens, 212 

in immune complex-mediated disease, 
415-416, 417 

in immunosuppressive therapy, 383 
in transfusion reactions, 386 
in xenograft rejection, 386 
opsonization by, 282 
parasitic infection and, 359, 362, 362t 
pathologic effects of, 342b 
protection of fetus and, 37713 
receptors for proteins in, 335-336, 335t 
regulation of, 326, 336-338, 336t, 

337f-339f 
deficiencies in, 341b 

viral infection and, 356 
Complementarity-determining regions 

(CDRs) , 482 
junctional diversity and, 144 
of antibodies, 49, 51, 52f 
of T cell receptors, 108, 109, 109t 

Complement-dependent lysis, as antibody 
assay, 193b 

ConcanavalinA (Con-A) , 166b 
Concordant species, 386 
Confocal microscopy, 528 

lndex I 
Conformational determinants, 59, 59f 
Congenic mouse strains, 66, 68b, 482 
Conjugate vaccines, 210, 363 
Conjunctivitis, allergic, 450 
Connective tissue, lymphocytes in, 26, 32 
Constant regions. See C (constant region) 

gene segments; C (constant) 
regions. 

Contact sensitivity, 300, 307, 420, 482 
Convertases 

C3, 329, 330, 480 
gram-positive bacteria and, 346 
inhibition of, 337, 337f 

C5, 329, 331, 332, 480 
inhibition of, 337 

Coreceptors, 482. See also CD4; CD8. 
Corticosteroids 

for asthma, 449, 450f 
for chronic eczema, 451 
for graft rejection, 383 
for immunologic diseases, 430 
immunosuppression by, 463 

Costimulators/costimulation, 118, 164, 169, 

allograft rejection and, 375, 376-377, 385 
antagonists of, 225, 430 
antigen-presenting cells and, 85, 86t, 87, 

90, 100 
as second signal, 296, 302 
as survival stimuli, 227b, 230b 
autoimmunity and, 429, 429f 
biochemical mechanisms of, 170b-171b, 

172, 184, 186-187 
definition of, 483 
IFN-y and, 268 
inhibition of, by IL-10, 262 
on B lymphocytes, 196, 201, 201f, 202 
on tumor cells, 403 

immunotherapy based on, 405, 406f 
peripheral tolerance and, 219 

anergy and, 222-225, 223f-225f 
to foreign proteins, 235 

polyclonal activators and, 166b 
CpG nucleotides, 276, 278t, 483 

DNA vaccines and, 364 
toll-like receptors and, 282, 28313 

CR1 (complement receptor type l ) ,  282, 
335, 335t, 337-338, 337f-338f, 339. 
482 

CR2 (complement receptor type 2), 195, 
195f, 296, 335, 335t, 482 

B cell activation by, 341 
EBV binding to, 398b 

CR3 (complement receptor type 3), 120b, 
335-336, 335t, 339, 341b. See also 
Mac-1 (CR3, CDl lbCD18). 

CR4 (complement receptor type 4), 120b, 
335t, 336, 339, 341b 

Creactive protein (CRP), 28513, 294, 483 
Cre/loxP technique, 21, 534 
Crohn's disease, 420 
Cromolyn, for asthma, 449, 450f 
~ rossma tch in~ ,  for transplant, 383, 384b, 

483 
Cross-presentation. See Cross-priming. 
Cross-priming, 90, 9lf, 302, 303, 356 

definition of, 483 
in tumor immunity, 401, 401f, 403 
of alloantigens, 374 

Cross-reaction, 61 
Cryptocidins, 278 
Cqbtococcus neoformans, 355 
CSFs (colony-stimulating factors), 26-27, 

271-273, 271f, 272t, 482 
from mast cells and basophils, 444 



CT (cancer-testis) antigen family, 397 
CTLA-4 (CD152), 115t, 118, 170b-171b, 

173, 187 
allograft rejection and, 385 
anergy and, 223-224, 232 

in tumor-specific T cells, 403 
autoimmunity and, 427 
in termination of immune responses, 237 
tumor immunity and, 403,405 

CTLs. See Cytolytic T lymphocytes (CTLs) . 
Cutaneous immune system, 26, 32, 32f, 483 

memory T cells in, 38 
Cutaneous lymphocyte antigen-1 (CLA-I), 

32, 38, 123b, 310 
CXC chemokines, 254, 255, 256f 
CXCR4 

as HIV coreceptor, 255, 467 
in morphogenesis, 255 

CXCR5, 30, 36, 38 
self-reactive B cells and, 234 

Cyclic adenosine monophosphate (CAMP) 
in asthma, 450 
in mast cells, 439, 450 

Cyclins 
IL-2 and, 265 
rapamycin activity and, 382 

Cyclooxygenase 
fever and, 28513 
in mast cells, 440, 443 

Cyclophilin, 381 
Cyclosporine, 184, 381-382, 382f, 382t, 383, 

483 
for immunologic diseases, 430 
immunodeficiency caused by, 463 
prophylactic, for GVHD, 389 

Cytochrome c, in passive cell death, 
227b-228b, 230b 

Cytokine(s) , 243-273 
adjuvants and, 85 
antagonism between, 245, 245f 
antibody response and, 203 

secondary, 210 
cellular responses to, 246 
chemoattractant. See Chemokines. 
definition of, 483 
dendritic cells and, 88, 90 
gene expression induced by, 246 
general properties of, 244247, 244f-245f, 

247t 
hematopoietic, 26-27, 246, 271-273, 271f, 

272t 
immunologic diseases associated with, 

420, 423 
immunosuppressive 

in eye, 377b 
in parasitic infection, 363 
regulatory T cells and, 232, 233f 
tumor-produced, 402f, 403 

immunosuppressive therapy and, 383 
in inflammation, 246 

activated macrophages and, 313 
allergic, 444, 450 
antagonists of, 430 
asthmatic, 449, 450f 
defensins and, 278 
extracellular bacteria and, 346 
IL-1 as, 253, 254 
integrins and, 122 
LPS-induced, 285b 
lymphotoxin as, 270 
newly discovered, 263 
rheumatoid arthritis and, 42u 
superantigens and, 350b 
TGF-P as, 270 
TNF as, 246-247, 250b, 252, 253f 
Toll-like receptors and, 283b 

Cytokine (s) (Continued) 
in invertebrates, 6b 
in lymphoid organs, 29-30 
in skin, 32 
in thymus, T cell maturation and, 153 
isotype switching and, 204206, 205t 
leukocyte migration and, 308 
lymphocyte survival and, 21 
mast cell secretion of, 439, 440, 4461, 

4425 443t, 444, 447 
MHC expression and, 78-79, 79f 
nomenclature of, 243 
of adaptive immunity, 244f, 246, 247t, 264, 

264t, 270-271. See also specijic 
cytokines. 

of innate immunity, 4, 244f, 246, 247, 
247t, 249t, 262-264, 263f, 294. See 
also spec@ cytokines. 

at  infection sites, 37 
dendritic cells and, 88 
IL-10 as, 261-262 
IL-12 as, 255, 257, 259-260, 260f 
macrophage functions and, 288 
MHC expression and, 78, 79, 79f 
NK cells and, 289-290 

pleiotropism of, 244, 245f 
production of 

by activated lymphocytes, 22 
by eosinophils, 445 
by helper T lymphocytes, 11, 12f, 23, 

203, 303, 304f 
by keratinocytes, 32 
by lipid antigen-specific T cells, 110 
by mononuclear phagocytes, 26 

redundancy of, 244, 245f 
secretion assays for, 167b 
synergy of, 245, 245f 
synthesis of, 244 
T cell responses and, 164, 165, 165f, 167 
transcriptional regulation of, 183-184, 

183f 
tumor immunity and, 402 
tumor immunotherapy with, 405-407, 

406f, 407t, 408 
Cytokine receptors 

affinities of, 245 
classification of, 246-247, 2485 504 
expression of, 245-246 
on activated B lymphocytes, 196, 203 
on activated lymphocytes, 22 
on activated T lymphocytes, 165, 167 
on phagocytes, 286 
signal transduction and, 246-247, 248t 

by JAWSTAT pathways, 257b-259b 
IL-12 and, 257 

by Ras-MAP kinase pathways, 25813 
inhibitors of, 258b-25913 

soluble, as immunosuppressive therapy, 
383 

Cytolysis, complement-mediated. See 
Membrane attack complex (MAC). 

Cytolytic T lymphocytes (CTLs), 11, 12f, 17, 
19t, 23, 483. See also CD8+ T cells. 

alloreactive, 375-376, 376f 
antigen presentation to, 65, 90, 101, 102f 
CD4expressing, 11 6 
differentiation into, 23, 302-303, 302f, 

306 
disease(s) mediated by, 419, 419f, 423-424 

diabetes mellitus as, 421b 
effector mechanisms of, 299, 299f, 

314316, 314f-315f, 332, 334f 
IL-12 and, 259, 260f 
in allograft rejection, 380-381 

therapeutic suppression of, 383 
in EBV infection, 39813 

Cytolytic T lymphocytes (CTLs) (Continued) 
in graft-versus-host disease, 388 
in HIV infection, 472, 473, 474 

vaccines and, 475 
in tumor immunity, 400-403,401f 

antigen types and, 393, 394b-395b, 395, 
396f, 397 

augmentation of, 405, 406, 406f 
vaccines based on, 404, 405f 

intracellular bacteria and, 353f, 351-352 
parasitic infections and, 360, 362 
type I IFN and, 261 
vaccine-induced, 364 
viral infections and, 356-357, 356f, 358b 

Cytomegalovirus (CMV) 
immune evasion by, 291b, 358b, 359 
in immunosuppressed patients, 383 

after bone marrow transplant, 389 
Cytopathic effect, of viruses, 483 
Cytoskeleton 

integrins and, 119, 121, 122 
of cytolytic T lymphocyte, 315 
phagocytosis and, 286 
T cell activation and, 174, 181 

Cytotoxic T lymphocytes. See Cytolytic T 
lymphocytes (CTLs). 

D (diversity) gene segments, 484. See also 
Somatic recombination. 

of Ig heavy chain locus, 136f, 137 
of TCR loci, 108, 137, 138f 

DAG (diacylglycerol), 182, 182f, 193, 194, 
483-484 

in mast cells, 439, 440f 
Deaminase, activation-induced, 206, 210 
Death domains, 228b-229b, 230b, 

250b-251b 
Death receptors, 227b. See also Fas (CD95). 
Decay-accelerating factor (DM),  336t, 

337-338, 337f, 341b 
Defensins, 278, 483 
Delayed xenograft rejection, 386, 483 
Delayed-type hypersensitivity (DTH), 299, 

300, 307-308, 310f-311f 
chronic, 313, 313f, 419 
deficiencies in, 454, 460 

in Hodgkin's disease, 463 
definition of, 483 
diseases caused by, 412, 412t, 419-420, 

419f, 420t, 421b-423b, 423 
in allograft rejection, 375, 379f, 381 
in Schistosoma infection, 360 
tissue injury caused by, 352, 35413, 419, 

419f 
Deletion, clonal, 160, 482 
6 h e a ~ y  chains, 52, 53t 

in B cell maturation, 58, 149-150 
secretory form of, 204 

Dendritic cells, 11, 25, 26, 483. See also 
Antigen-presenting cells (APCs). 

activation of, by helper T lymphocytes, 
304, 306f 

allergens and, 435 
antigen capture and presentation by, 

88-90, 88f-89f 
capture of infected cells by, 90, 91f, 302 
CD4 on, 115 
class I1 MHC molecules on, 78, 79 
complement receptors on, 336 
costimulators on, 171-172 
cytokines produced by, IL-12 as, 257, 

260f 
development of, in bone marrow, 273 

Dendritic cells (Continued) 
follicular. See Follicular dendritic cells 

(FDCs) . 
HIV infection of, 464, 468, 469, 473 
in intestinal mucosa, 33 
in lymph nodes, 29, 30, 34, 36, 86-87, 87f 
in skin (Langerhans cells), 32, 32f, 86-87, 

87f 
in spleen, 31, 34 
in thymus, 27, 152-153 
in tumor immunity, 401 

vaccines based on, 404t, 405f 
inhibition of, by IL-10, 261-262 
maturation of, 89-90, 89f 
morphology of, 87f 
T cell activation and, 164, 171-172 
T cell responses and, 84, 85-87, 86f, 86t 

Dermatitis, atopic, 448, 451 
Dermis 

immune cells in, 32, 32f 
wheal and flare reaction in, 441, 441, 

445-447, 446f, 448 
Desensitization, 451, 483 
Determinant selection model, 103, 483 
Determinants. See Epitopes (determinants). 
Diabetes mellitus, insulin-dependent 

(IDDM), 419, 420t, 421b, 490 
genetic susceptibility to, 421b, 425, 426f, 

427t 
Diacylglycerol (DAG), 182, 182f, 193, 194, 

483-484 
in mast cells, 439, 440f 

Differentiation antigens, 397t, 400 
DiGeorge syndrome, 27, 151, 455f, 456t, 

457, 484 
Diphtheria, humoral immunity to, 8, 43, 

363, 414-415 
Diphtheria toxin, in tumor immunotherapy, 

409 
Direct presentation, of allogeneic MHC 

molecules, 371, 372f, 373-374, 
374f, 375, 484 

Discordant species, 386 
Disseminated intravascular coagulation 

(DIC), 253, 28513, 28613 
enterotoxin causing, 350b 
in transfusion reactions, 387 

Dissociation constant (Kd) 
of antibody with antigen, 60 

measurement of, 529 
of antibody with Fc receptor, 435 
of cytokine receptors, 245 
of IL2 receptor complexes, 265, 266f 
of peptide with MHC, 74 
of TCR with peptide-MHC complex, 109, 

173 
Diversity, 484. See also Somatic 

recombination. 
of antibody repertoire, 61 
of lymphocyte repertoire, 9t, 10, 11, 17 

mechanisms for generation of, 143-144, 
143t, 144f-145f, 146 

Diversity (D) gene segments, 484. See also 
Somatic recombination. 

of Ig healy chain locus, 136f, 137 
of TCR loci, 108, 137, 138f 

DNA 
autoantibodies against, in SLE, 418b 
B cell tolerance toward, 234 
complementary (cDNA) 

in subtractive hybridization, 107b 
in tumor vaccines, 404, 405f 
of antigen-binding site, 47b 

laboratory techniques with, 529-532, 
531f 

viral, type I IFN and, 261 

DNA repair enzymes 
in somatic recombination, 139, 140 
mutations in, 457 

DNA vaccines, 364, 365, 484 
against HIV, 475 
against tumor antigens, 404, 404t, 405f 

DNA virus-induced tumors, 397, 399, 400. 
See also Epstein-Barr virus (EBV) . 

DNA-dependent protein kinase (DNA-PIC) 
complex, 140 

Domains. See also Ig domain(s). 
of superfamily, 50b-51b 

Donor, 369 
selection of, 383-385, 384b, 385f 

Double-negative thymocytes, 153, 155f, 484 
Double-positive thymocytes, 154155, 155f, 

156, 157, 484 
DP alleles, 67f, 69, 72, 73 
DQ alleles, 67f, 69, 72, 73 
DR alleles, 67f, 69, 72, 73 
Drosophila 

phagocytes in, 280 
Toll protein of, 28313 

DTH. See Delayed-type hypersensitivitv 
(DTH) . 

EAE (experimental autoimmune 
encephalomyelitis), 420, 420t, 
422b, 426f, 429, 485 

EBV. See Epstein-Barr virus (EBV). 
E-cadherin, in intestinal epithelium, 38 
Echinoderms, immune system of, 6b, 8 
Ectoparasite, 484 
Eczema, 447, 448, 450, 451 
Effector B lymphocytes, differentiation into, 

190, 203-204, 204f 
Effector cells, 11, 484 

mononuclear phagocytes as, 26 
Effector lymphocytes, 16 

characteristics of, 24t 
decline of, after immune responses, 237 
differentiation into, 22f-23f, 23, 36-37 
recirculation of, 34, 34f 

Effector phase, 12, 13f, 14, 484 
antibodies in, 43-44 
in nonlymphoid tissues, 90 
specialized antibodies in, 6 

Effector T lymphocytes, 101, 102f. See also 
Cell-mediated immunity (CMI); 
Cytolytic T lymphocytes (CTLs); 
Helper T lymphocytes; T 
lymphocytes. 

activation of, 164, 164f 
activation of macrophages by, 26, 101, 

102f 
allograft rejection by, 375-376, 376f, 379f, 

380-381 
development of, 168, 300, 301f-303f, 

302-303 
into CD8+ CTLs, 302-303, 302f, 306 
into CD4' subsets, 303-306, 304f-308f, 

304t 
inhibition of, by regulatory T cells, 

231-232, 232f-233f 
migration of, 36-38, 37f, 306-311, 309f 

integrins and, 122 
ELAM-1. See E-selectin (CD62E). 
Elastase, of neutrophils, 280, 288 
Elicitation phase, of DTH, 307, 310f 
ELISA (enzyme-linked immunosorbent 

assay), 484, 523-524, 523f 
in monoclonal antibody production, 

45 b 

ELISA (enzyme-linked immunosorbent 
assay) (Continued) 

of antibodies, 193b 
of cytokines, 167b 
single-cell (ELISPOT), 167b, 193b 

Elk protein, 181 
Embryonic stem (ES) cells, 532f-533f, 534 
Encephalomyelitis, experimental 

autoimmune (EAE), 420, 420t, 
422b 

Endocrine action, of cytokines, 245 
Endocytosis, receptor-mediated, 200, 200f 
Endoplasmic reticulum 

antigen processing in, 76 
calcium stores in, 182, 182f 
class I MHC in, 98f, 99-100, lOOf 
class I1 MHC in, 95, 96f 
Ig molecules in, 57 
TCR complex assembly in, 112 

Endosomes, 93-94, 94f, 95, 96f, 101, 484 
B cell antigen presentation and, 200 
Leishmania survival in, 359 

Endothelial cells 
adhesion molecules on. See Adhesion 

molecule(s) , of endothelial cells. 
allograft rejection and, 87, 378, 379f, 380, 

383 
as APCs for helper T cells, 86t, 87 
blood group antigens on, 378, 387 
chemokines produced by, 34, 35-36, 

37-38,255 
complement activation and, 340 
complement-induced damage to, 34213 
cytokine(s) and, 246 

IFN-y as, 268-269 
IL-6 as, 262 
lymphotoxin as, 270 
TNF as, 252 

histamine action on, 441, 444, 447 
in delayed-type hypersensitivity, 308-310, 

3 l l f ,  419 
in tissue remodeling, 288f, 289 
intravascular thrombosis and, 252-253 
MHC class I1 expression on, 79 
T cell adhesion to, 113, 114 

CD44 and, 124 
integrins and, 119b-120b, 121, 122, 

309-310 
selectins and, 122-123, 122b-123b, 

309-310 
Endothelialitis, microvascular, in acute 

rejection, 379f, 380 
Endotoxic shock. See Septic shock. 
Endotoxins, 346, 484. See also 

Lipopolysaccharide (LPS) . 
Enhancers, 185b, 484 

of V genes, 140, 142f 
Enterotoxins, staphylococcal, 350b 
Envelope glycoprotein (Env) , 484 
Enzyme-linked immunosorbent assay 

(ELISA), 484,523-524, 523f 
in monoclonal antibody production, 

45b 
of antibodies, 193b 
of cytokines, 167b 
single-cell (ELISPOT), 167b, 193b 

Eosinophil peroxidase, 444445 
Eosinophils, 437t, 438, 439f, 444445, 484 

chemokines and, 254, 255 
complement receptors on, 335 
Fc receptors on, 32413, 32513, 326, 326f 
helminths and, 62-63, 204205, 300, 

313-314, 325-326, 326f, 360, 
444445,451 

IL-4 and, 267 
IL-5 and, 268 



Index 
w 

Eosinophils (Continued) 
IL16 and, 270 
in immediate hypersensitivity, 435, 436, 

437t, 442f 
genetics of, 447 
in allergic rhinitis, 450 
in asthma, 448, 449, 449f 
late-phase, 445f, 447 
mediators produced by, 443t, 444445 

in intestinal mucosa, 33 
Eotaxin, 255, 444, 447 
Epidermis 

cell populations of, 32, 32f 
cytokines produced in, 278 
y6 T cells in, in mice, 113 

Epinephrine 
for anaphylactic shock, 448 
for asthma, 450 

Epithelioid cells, 26, 313 
Epithelium(a). See also Intraepithelial T 

lymphocytes. 
as portal of entry, for antigens, 88, 88f 
complement receptors on, 335 
dendritic cells of, 25, 31, 85-86, 87f 
Fc receptors on, 323b 
in immediate hypersensitivity, 435, 444 
in innate immunity, 4, 278-280, 278f 
lipid antigens in, presentation of, 83 
MHC class I1 expression in, 87 
thymic, 152, 153, 157, 158, 160, 502 

Epitope spreading, 42213, 424 
Epitopes (determinants), 10, 12, 13, 44t, 

58-59, 59f 
contactsensitizing chemicals and, 300 
definition of, 485 
determinant selection model and, 103 
immunodominant, 77f, 102-103, 103f 
on Ig molecules, 54b 
overlapping, 58 
polyclonal antibodies and, 45 

E heavy chains, 52, 53t 
Epstein-Barr virus (EBV), 485 

B cell proliferation and, 203, 398b, 399b 
cell surface receptor for, 335 
IL-10 homologue of, 262, 359 
T cell proliferation and, 168, 303 
TNF signaling mimicked by, 250b 
tumors associated with, 397, 398b-399b, 

399 
antibodies against, 401 
in transplant patients, 383, 389 
NK cell defense against, 402 

X-linked lymphoproliferative disease and. 
459t, 460 

Equilibrium dialysis, 485, 528-529, 529f 
ERK (extracellular receptor-activated 

kinase), 181, 181f, 184 
anergy and, 224 
in mast cells, 439-440 

Erythroblastosis fetalis, 387 
Erythrocyte sedimentation rate, 285b 
Erythrocytes 

autoantibodies against, 418b 
blood group antigens on, 213, 380b 

transfusion and, 386-387 
transplant rejection and, 378, 383, 

38413, 385 
complement receptors on, 335, 341 
paroxysmal nocturnal hemoglobinuria 

and, 338 
Plasmodium in, 361b 

ES (embryonic stem) cells, 532f-5335 534 
E-selectin (CD62E), 37, 38, 123, 123b 

in eosinophil recruitment, 444 
in leukocyte recruitment, 280, 283b, 310 
Lewis antigens and, 380b 

Ets transcription factors, in leukemias, 143b 
Evolution 

of Ig superfamily, 51b, 137 
of immune system, 6,6b-7b, 275 
of macrophages, 280 
of NK cells, 7b, 35813 

Exons, 135, 137 
Exotoxins, 346 

staphylococcal enterotoxins as, 350b 
Experimental autoimmune 

encephalomyelitis (EAE), 420, 
420t, 42213, 426f, 429, 485 

Extended HLA haplotypes, 427 
Extracellular matrix 

adhesion molecules on, 34, 38 
antibodies against, in immunologic 

diseases, 412, 412t, 413, 413f 
repair of, TGF-P and, 270 
T cell binding to, 113, 114 

integrins in, 119b, 121 
Extracellular receptor-activated kinase 

(ERK), 181, 181f, 184 
anergy and, 224 
in mast cells, 439-440 

Extravasation, 485 
Eyes, immune privilege of, 231b, 37713, 430 

Fab fragments, 55-56, 57f, 321, 485 
Fab' fragments, 55 
F(abf)* fragments, 56, 57f, 321, 485 
FACS (fluorescence-activated cell sorting), 

486, 525-526, 527f, 528 
Factor B, 328f, 329, 329t, 331, 338 
Factor D, 328f, 329, 329t 

deficiency of, 341b 
Factor H, 336t, 337, 338 

deficiency of, 341b 
Factor I, 336t, 338, 338f 

deficiency of, 341b 
FADD (Fas-associated death domain), 229b, 

230b, 250b-251b 
FADD-like ICE (FLICE) , 230b 
Fas (CD95), 124, 226, 227f, 228b-231b, 231, 

485 
autoimmune disease and, 418b, 427-428 
in CTLmediated apoptosis, 316 
in termination of immune responses, 237 
in tumor escape, 403 
on B cells, 234 

Fas ligand (FasL), 124, 226, 227f, 
228b-229b, 231, 231b, 485 

autoimmune disease and, 418b 
B cells killed by, 234 
in termination of immune responses, 

237 
on cytolytic T lymphocytes, 316 
on tumors, 403 

Fas-associated death domain (FADD) , 229b, 
230b, 250b-251b 

Fc fragment, 485 
Fc receptors (FcRs), 322, 32313-32513, 485 

antibody functions and, 62-63 
IgA-specific (poly-Ig), 343, 343f, 497 
in ADCC, 325-326, 326f 

against tumors, 402 
in antibody-mediated disease, 413, 414, 

414f 
in immune complex-mediated disease, 

417 
P2-microglobulin-associated, 343-344 
neonatal (FcRn), 343, 495 
on eosinophils, 268, 313, 444 
on epithelial cells, 323b 

Fc receptors (FcRs) (Continued) 
on follicular dendritic cells, 206, 210 
on mast cells, 314, 432, 4335 434, 435 
on phagocytes, 282, 321-322, 322f, 325 

complement proteins and, 335 
Fc regions, 55, 56, 57f 

effector functions of, 62-63 
FcaR (CD89), 323b-325b 

on eosinophils, 444 
FcyRI (CD64), 322, 323b-32513, 325 
Fc~RII (CD32), 213-214, 213f, 32313-32513 

in mast cell regulation, 441 
FCyRIII (CD16), 323b-325b, 325 

on NK cells, 289 
chain associated with, 112 

FceRI, 323b-32513, 435-436,4365 438, 
439-441, 440f, 444, 447, 485 

FceRII (CD23), 323b-325b, 436 
FDCs. See Follicular dendritic cells (FDCs). 
Feline leukemia virus, 404-405 
Fetus 

hematopoiesis in, 26 
liver of 

B1 cells in, 150 
B lymphocyte maturation in, 146 
T lymphocyte maturation in, 152 

passive immunity conferred on, 7 
paternal alloantigens expressed by, 69 
protection of, from maternal immune 

system, 377, 377b 
Fever, 28513, 295, 346 

enterotoxin causing, 350b 
IL-1 and, 254 
TNF and, 252 

Fibrin, deposition of, at injection site, 308 
Fibrinogen 

in acute-phase inflammatory response, 
252, 28513 

in delayed-type hypersensitivity, 308 
in immediate hypersensitivity, 442 
opsonization by, 282 

Fibroblast interferon, 260. See also 
Interferon-fl (IFN-P). 

Fibroblasts 
IL-6 synthesized by, 262 
in tissue repair, 288f, 289, 313 

Fibronectins 
in DTH reactions, 308 
integrin binding to, 119, 121, 310-31 1 

Fibrosis 
in chronic DTH reactions, 313, 352, 35413, 

419, 420 
parasitic infection and, 360 

in chronic graft rejection, 381 
Filariasis, 360, 360t, 362, 362t 
First-set rejection, 369, 370f, 485 
FK-506, 184, 382, 382t, 485 
FKBP (FK binding protein), 382 
FLICE (FADD-like ICE), 230b 
FLIP (FLICE-inhibitory protein), 230b 
Flow cytometry, 485-486, 525-526, 527f, 

528 
Fluorescence microscopy, 528 
Fluorescence-activated cell sorting (FACS), 

486, 525-526, 527f, 528 
Follicles. See Lymphoid follicles. 
Follicular dendritic cells (FDCs), 25, 26, 29, 

30, 206, 209f, 486 
B cell selection by, 210, 211f 
complement receptors on, 206, 210, 335 
in HIV infection, 473 
memory B cells and, 210 
opsonized antigens and, 341 

Food allergies, 434, 448, 450 
NFormylmethionine, innate immunity and 

276, 278t, 283, 486 

Fos 
in B cell activation, 194 
in T cell activation, 181, 184, 185b 
TNF receptors and, 250b 

Free radicals, phagocyte oxidase and, 
286-287, 288 

Fungi, 347t, 355 
granulomatous inflammation and, 313 
humoral immunity to, 318, 355 
immunosuppression caused by, 463 
pathogenic mechanisms of, 347t 

Fyn tyrosine kinase, 113, 175 

G protein(s) (guanine nucleotide-binding 
proteins), 486 

phagocyte activity and, 285 
Rac as, 181 
Ras as, 180 

G protein-coupled receptor(s) , 247, 248f, 
255, 486 

C3a receptor as, 340 
in innate immunity, 282-283, 286 

Gamma globulins, 47. See also X-linked 
agammaglobulinemia (XLA); 
X-linked lymphoproliferative 
disease. 

y heavy chains, 52, 53t 
tails of, 55, 56f 

y6 T lymphocytes, 107t, 113, 486 
heat shock proteins and, 354b 
in rheumatoid arthritis, 4231-3 
intraepithelial, 32, 33, 279 
maturation of, 152f, 153, 160-161 
Mycobacterium tuberculosis and, 35413 
nonpeptide antigens and, 82 
signal transduction in, 175 

Gastrointestinal tract. See also Intestine; 
Mucosal immune system. 

as portal of entry, for antigens, 88, 88f 
bacterial flora of 

inflammatory bowel disease and, 420 
natural antibodies and, 213 
oral tolerance and, 237 

dendritic cells in, 85-86 
epithelial barrier of, 278-280 
IgA in, 44 
immediate hypersensitivity reactions in, 

450 
mast cells of, 436-437, 437t, 450 

GATA-3 transcription factor, 305, 305f 
GCSF (granulocyte colony-stimulating 

factor), 272t, 273, 486 
neutrophils and, 280, 285b 

GDP/GTP (guanine nucleotides) 
in B lymphocytes, 180-181, 181f, 192 
in phagocytes, 286 
in T lymphocytes, 180-181, 181f, 186 

Gene conversion, 77 
Gene replacement therapy, 463 
Generative lymphoid organs, 21f, 22, 26, 

486. See also Bone marrow; Thymus 
Genes. See also Antigen receptor genes; 

Major histocompatibility complex 
(MHC) . 

laboratory techniques for study of, 
529-532, 531f 

Germinal centers, 28, 28f, 29, 30, 486 
antigens in, type 2 complement receptor 

and, 335, 341 
follicular dendritic cells in, 26 
in Peyer's patches, 34 
in rheumatoid arthritis, 42313 
in spleen, 31 

Germinal centers (Continued) 
isotype switching in, 204 
T cell-dependent antibody response in, 

197, 206-207, 208f-209f, 209-210 
Germline organization, 135, 136f, 137, 138f, 

486 
Giant cells, multinucleate, 26, 313 
Glomerulonephritis, 486 

antibody-mediated, 414, 416f 
complement deficiency and, 341b 
immune complexes causing, 342b, 416, 

416f, 417, 417t, 418b 
after streptococcal infection, 349, 417t 
in parasitic infection, 360 

Glucocorticoids, apoptosis caused by, in 
thymocytes, 153 

Glucose, blood level of, TNF and, 253 
GlyCAM-1 (glycan-bearing cell adhesion 

molecule-1), 35, 122b 
Glycocalyx, in tumor antigen masking, 403 
Glycolipid antigens 

antibody responses to, 212, 212t, 213 
intraepithelial T lymphocytes and, 279 
mannose receptors and, 281 
mannose-binding lectin and, 293 
of tumors, 397t, 400 

Glycolipid-enriched microdomains, 174 
Glycoproteins 

as tumor antigens, 397t, 400 
mannose receptors and, 281 
mannose-binding lectin and, 293 

Glycosaminoglycans, in lymph nodes, 35 
GM-CSF (granulocyte-monocyte colony- 

stimulating factor), 272t, 273, 
486 

with bone marrow transplant, 388 
Golgi complex, Ig molecules in, 57 
Gonococcus, antigenic variation in, 349, 

349t 
Goodpasture's syndrome, 415t, 416f 
gplOO tumor antigen, 404 
Graft, definition of, 369, 486 
Graft arteriosclerosis, 379f, 381, 486 
Graft rejection 

accelerated, 380 
acute, 378f-379f, 380-381, 477 

treatment of, 383 
chronic, 378f-379f, 381, 383, 385, 481 
effector mechanisms of, 378, 378f-379f, 

381 
endothelial cells in, 87, 378, 379f, 380 
genetics of, 371, 372f 
historical discovery of, 369-371, 370f 
hyperacute, 378, 378f-379f, 380, 383, 

38413,488 
of xenograft, 386 

in invertebrates, 6b 
late, indirect antigen presentation and, 

375 
MHC and, 66, 67, 67f, 68b, 69, 371, 

372f 
antigen presentation and, 372f, 

373-377, 374f, 376f 
predictive test of, 375-376, 376f 
prevention and treatment of, 381-386, 

382f, 382t, 385f 
T cell activation and, 375-377, 376f 
tolerance and, 218, 218f, 225 

Graft-versus-host disease (GVHD) , 388-389, 
486 

Granulocyte colony-stimulating factor 
(GCSF), 272t, 273, 486 

neutrophils and, 280, 28513 
Granulocyte-monocyte colony-stimulating 

factor (GM-CSF), 272t, 273, 486 
with bone marrow transplant, 388 

Granulomatous inflammation, 313, 313f, 
352,486 

in chronic granulomatous disease, 287, 
461-462, 461t 

in fungal infections, 355 
in parasitic infections, 360 
in tuberculoid leprosy, 353, 355 
in tuberculosis, 313, 352, 35413, 420 
Thl  cells and, 306 

Granulysin, 316 
Granzymes, 486 

of CTLs, 306, 315-316, 315f 
of NK cells, 290 

Graves' disease, 414, 415t 
Grb-2 adapter protein, 180, 181, 181f, 192 
Growth factor(s) 

as survival stimuli, 227b, 230b 
interleukin-2 as, 165, 167, 172 
lymphocyte maturation and, 130 
tissue repair and, 313 

GTP-binding proteins. See G protein(s) 
(guanine nucleotide-binding 
proteins). 

Guanine nucleotides (GDP/GTP) 
in B lymphocytes, 180-181, 181f, 192 
in phagocytes, 285 
in T lymphocytes, 180-181, 181f, 186 

GVHD (graft-versus-host disease), 388-389, 
486 

H antigen, 380b, 386, 387 
H domain, 51b 
H-2 genes, 66, 67f, 67b, 69, 77 
H-2 molecules, 487 
H-2M, 76,97 
W R T  (highly active antiretroviral 

therapy), 474475, 487 
Haemophilus in$uenzae vaccine, 363 
Haplotype (s) 

definition of, 487 
extended, 427 
of MHC, 69 

Hapten(s), 58, 487 
specificity of antibodies for, 61 
T cell recognition of, 82 

Hapten-carrier conjugates 
antibody response to, 200 

affinity maturation and, 210 
formed in body, from drugs, 434 
in vaccines, 210, 363 

Hassall's corpuscles, 27, 28f 
HAT medium, 45b-47b 
Hay fever, 448, 450, 451 
HDL (high-density lipoprotein), systemic 

inflammatory response and, 28513 
Heart transplantation, 369, 381, 382f, 383, 

385 
Heat shock proteins, 35413 

genes for, in MHC, 76 
Heavy chain isotype switching. See Isotype 

switching. 
Heavy chains, 48, 48f, 49, 489. See also C 

(constant) regions. 
allelic exclusion and, 149 
allotopes in, 54b 
genes for, 135, 136f, 137. See alsohtigen 

receptor genes. 
hypervariable regions of, 49, 51 
isotypes and, 51-53, 53t 
linkage between, 55-56, 57f 
linkage of, to light chains, 55 
of secreted vs. membrane forms, 55, 56f, 

203-204, 204f 



HEL (hen egg lysozyme) 
immunodominant epitope of, 77f, 102, 

103 
tolerance toward, in transgenic mice, 234, 

235f-236f 
Helminths, 359, 360, 360t, 362, 362t, 487 

eosinophils and, 268, 300, 313-314, 
325-326, 326f, 444445, 451 

IgE response to, 62-63, 268, 299-300, 
313-314, 326, 326f, 360, 451 

Fc receptors and, 32413 
isotype switching and, 204-205, 267 
plasma concentration in, 435 

mast cells and, 451 
Th2 cells and, 271, 299-300, 304306, 

313-314, 360 
Helper T lymphocytes, 11, 12f, 17, 19t, 487. 

See also CD4' T cells. 
affinity maturation and, 207 
alloreactive, 375, 376f 
antibody response and, 196-197, 197t, 

198f 
early events in, 197-206, 199f-202f, 

204f-205f, 207f 
late events in, 197, 198f, 206-210, 

208f-21 If 
to polysaccharides, 212 

antigen presentation to, 83-90, 85f-89f, 
89t 

by B lymphocytes, 25 
by class I1 MHC molecules, 65, 68, 78, 

101,102f 
antigen-presenting cells for, 85-87, 

86f-87f, 86t 
autoimmunity and, 234, 424 
CD40 ligand on. See CD40 ligand 

f CD40L). 
cytokine(s) and, IL-12 as, 257, 259-260, 

260f 
differentiated, 23 
germinal center formation and, 206 
H N  infection of, 464, 469, 472 
in CD8+ T cell differentiation, 302-303, 

302f 
in lymph nodes, 29 
in systemic lupus erythematosus, 418b 
in tumor immunity, 393, 401, 401f, 403 
isotype switching and, 204206 
malaria vaccines and, 361b 
suppression of, for transplant survival, 383 
T,,1 subset of, 271, 303-306, 304f-307f, 

502 
chemokine receptors on, 304, 304f, 310 
fungal infection and, 355 
IFN-y and, 268, 269,269f, 299 
IL-12 and, 259-260, 260f, 263, 304, 

305f-306f 
IL-18 and, 262-263 
in delayed-type hypersensitivity, 419, 

434,447 
in diabetes mellitus, 421b 
in experimental autoimmune 

encephalomyelitis, 422b 
in HIV infection, 472-473, 474 
in multiple sclerosis, 420 
intracellular bacteria and, 352, 353f, 

355 
isotype switching and, 204, 320 
macrophage activation by, 31 1, 31 2f 
protozoal infection and, 359 
type I IFN and, 261 

Th2 subset of, 271, 303-306, 304f-305f, 
308f, 502 

at maternal-fetal interface, 377b 
chemokine receptors on, 304, 304f, 310 
fungal infection and, 355 

Helper T lymphocytes (Continued) 
helminthic parasites and, 271, 299-300, 

313-314, 360 
IFN-y and, 269 
IL4  and, 266, 267-268, 267f, 305, 305f 
IL-5 produced by, 268, 343 
IL-13 produced by, 270 
IL-25 produced by, 270 
in asthma, 449 
in HIV infection, 472, 473, 474 
in immediate hypersensitivity, 432, 433f, 

434,435,444, 447 
in inflammation, 308f, 313-314 
in multiple sclerosis therapy, 42213 
intracellular bacteria and, 353f, 355 
isotype switching and, 205, 320 
protozoal infection and, 359 
suppression of macrophages by, 314 

Hematopoiesis, 26-27, 27f, 487 
extramedullary, 26 

Hematopoietic cytokines, 26-27, 246, 
271-273, 271f, 272t 

in cancer treatment protocols, 407, 407t 
Hematopoietic microchimerism, 218 
Hematopoietic stem cells, 20, 21f, 26, 27, 

27f, 130, 487 
cytokines and, 271, 271f 
transplantation of. See Bone marrow 

transplantation. 
Hemocytes, 6b, 280 
Hemoglobinuria, paroxysmal nocturnal, 338 
Hemolysin, 352 
Hemolytic anemia, autoimmune, 413, 415t, 

418b, 428 
Hemolytic plaque assay, 193b 
Hemopoietin receptors, 246, 248f, 504 
Hen egg lysozyme (HEL) 

immunodominant epitope of, 77f, 102, 
lo3 

tolerance toward, in transgenic mice, 234, 
235f-236f 

Heparin, in mast cells, 436, 442 
Hepatitis, viral, IFN-a for, 261 
Hepatitis B virus infection, 357 

hepatocellular carcinoma and, 405 
Hepatocytes 

acute-phase inflammatory response and, 
252, 254, 262, 28513 

Plasmodium in, 361b 
Hereditary angioneurotic edema, 337 
Her-2/Neu, monoclonal antibody against, 

408, 409t 
Herpes simplex viruses, immune evasion by. 

358b 
Heterotopic transplantation, 369 
Heterozygous individual, 66 
High endothelial venules (HEVs) , 29, 29f, 

34-36, 36f-37f, 487 
GlyCAM-1 on, 122b 

High-density lipoprotein (HDL), systemic 
inflammatory response and, 28513 

Hinge region, 487 
of antibody, 54, 55, 55f, 60 
of T cell receptor, 108, 113 

Histamine, 487 
in anaphylaxis, 448 
in complement-induced inflammation, 

339 
in urticaria, 450-451 
mast cell release of, 436, 441, 442f, 443t, 

447 
Histamine receptors, 441, 447. See also 

Antihistamines. 
Histocompatibility antigens. See also Major 

histocompatibility complex (MHC) 
molecules. 

Histocompatibility antigens (Continued) 
in invertebrates, 6b 
minor, 375, 388 

Histocompatibility genes, 66. See also Major 
histocompatibility complex (MHC) . 

minor, 66 
Histoplusma capsulatum, 355 
HIV. See Human immunodeficiency virus 

( H W .  
Hives. See Urticaria. 
HLA. See Human leukocyte antigen(s) 

( H W .  
HLA genes, 76. See also Major 

histocompatibility complex (MHC) . 
donor-recipient compatibility and, 384, 

384b 
in autoimmune disease(s), 424, 426427. 

427t 
diabetes mellitus as, 421b 
rheumatoid arthritis as, 42313 
systemic lupus erythematosus as, 418b 

HLA-DM, 76, 96, 96f, 97, 268, 487 
Hodgkin's disease, impaired T cell function 

in, 463 
Homeostasis, 10-1 1, 12, 13f, 1415 ,  

168-169, 237-238, 238f, 487 
apoptosis and, 231b, 266 

Homeostatic proliferation, 21 
Homing of lymphocytes, 3438,  35f-37f, 493 

of T cells, accessory molecules and, 114, 
119b, 122b-123b 

Homing receptors, 34, 35, 36, 36f-37f, 
37-38, 122b-123b, 487 

Homologous recombination, 532f, 533, 534 
Homozygous individual, 66 
Host, for graft, 369 
HPV (human papillomavirus) 

cervical carcinoma and, 397 
skin cancers and, 399 
squamous cell carcinoma and, in 

transplant patients, 383 
HTLV-1 (human T cell lymphotropic virus 

I ) ,  399, 463 
Human immunodeficiency virus (HIV), 359, 

464, 465f-4675 466-468, 487. 
cellular reservoirs of, 471, 472f, 473, 

475 
coreceptors for, 464, 465f-467f, 466-467 
defective CTL generation and, 303 
genome of, 464, 465f 
HIV-1 and HIV-2 types of, 464 
immunodominant epitopes of, 102 
infection with. See also Acquired 

immunodeficiency syndrome 
(AIDS). 

clinical features of, 470-471, 471t 
course of, 468-474, 469f-470f, 472f 
immune evasion in, 357, 358b, 474 
immune response to, 469, 469f, 470, 

473-474 
mechanisms of immunodeficiency in, 

471-473 
opportunistic infections in, 464, 

470-471, 472, 473, 475 
life cycle of, 464, 466-468, 466f-467f 
structure of, 464, 465f 
T cell proliferation and, 168 
transmission of, 474 
Western blot test for, 524 

Human leukocyte antigen(s) (HLA), 68-69, 
68f, 71, 487. See also HLA genes; 
Major histocompatibility complex 
(MHC) molecules. 

CD designations for, 20b 
donor-recipient compatibility and, 

384385, 384b 

Human leukocyte antigen(s) (HLA) 
( Continued) 

for bone marrow transplant, 388 
HLA-DM as, 76, 96, 96f, 97, 268, 487 
in antigen processing, 96-97, 268 
NK cell receptors and, 291b 

Human papillomavirus (HPV) 
cervical carcinoma and, 397 
skin cancers and, 399 
squamous cell carcinoma and, in 

transplant patients, 383 
Human T cell lymphotropic virus 1 (HTLV- 

I),  399, 463 
Humanized antibody, 47b, 487 
Humoral immunity, 6, 7-8, 8f, 10,43, 487. 

See also Adaptive immunity; 
Antibodies; B lymphocytes; 
Complement system. 

complement system and, 338, 341, 342 
effector mechanisms in, 318-320, 319f, 

320t 
general features of, 189-191, 190f-191f, 

191t 
helper T cells in, 85, 86f, 86t 
macrophages in, 26 
mucosal, 342-343, 343f 
neonatal, 343-344 
neutralization by, 320-321, 321f, 322t 
opsonization and phagocytosis in, 

321-322,3225 325-326, 326f 
to tumors, 401 
to viruses, 356, 356f 
vaccination and, 363 

Hyaluronate, binding of, by CD44, 124, 311 
Hybrid resistance, in bone marrow 

transplantation, 388 
Hybridomas, 45, 45b-47b, 487. See also 

Monoclonal antibodies. 
antigen-specific T cell, 166b 
growth factor(s) for, IL6  as, 262 

Hydrogen peroxide, in phagolysosomes, 
287, 288 

Hyperacute rejection, 378, 378f-379f, 380, 
383, 384b, 488 

of xenograft, 386 
Hypermutation, of Ig V genes, 207, 209-210, 

209f, 211f, 501 
Hypersensitivity diseases, 488. See also 

Delayed-type hypersensitivity 
(DTH); Immediate hypersensitivity; 
Immunologic diseases; Tissue 
injury. 

definition of, 411 
therapeutic approaches for, 430 
types of, 411-412, 412t 

Hyperthyroidism, antibody-mediated, 414, 
414f, 415t 

Hypervariable regions, 488 
junctional diversity and, 144 
of antibodies, 49, 51, 52f, 61 

antibodies against, 54b 
of T cell receptor, 108 

Hypoglycemia, in septic shock, 28510 
Hypothalamus, fever and, 28513 

TNF-induced, 252 
Hypoxanthine, in hybridoma technique, 45b 

I, (invariant chain), 72, 95, 96, 96f, 97, 491 
I exon (initiator of transcription), 206 
Ia antigens, 68b 
I-A molecules, 68b 
IBD (inflammatory bowel disease), 420, 423, 

490 

IBD (inflammatory bowel disease) 
( Continued) 

in ILlO knockout mice, 262 
TNF and, 252 

ICAM-1 (intercellular adhesion molecule-I) , 
121, 280, 314 

antibody against, for immunosuppression, 
383 

type 3 complement receptor and, 336 
ICAM-2 (intercellular adhesion molecule9), 

121 
ICAM-3 (intercellular adhesion moleculed), 

121 
ICE (ILI-converting 263 enzyme), 230b, 254, 

ICOS (inducible costimulator), 170b-171b, 
172-173 

ICP-47, of herpes simplex viruses, 35813 
IDDM (insulin-dependent diabetes 

mellitus), 419, 420t, 421b, 490 
genetic susceptibility to, 421b, 425, 426f, 

427t 
Idiotope, 54b 
Idiotype, 54b, 488 

anti-idiotypic antibodies and, 237-238 
Idiotypic network, 488 
I-E molecules, 68b 
IFN. See Interferon(s). 
IFN response factor-1, 268 
Ig. See Antibodies; Immunoglobulin (Ig) . 
Ig domain(s), 48, 49, 49f, 50b-51b, 51, 

52-53. See also C (constant) 
regions; V (variable) regions. 

definition of, 489 
encoding of, 137 

Ig fold, 51b, 137 
Ig superfamily. See Immunoglobulin (Ig) 

superfamily. 
Ignorance, of self antigens, 220, 233, 482 
IKBS (inhibitors of KB), 184, 185b-186b, 

250b 
IKK (IKB kinase), 184, 185b-186b 

Toll-like receptors and, 283b-28413 
IL. See Interleukin (IL). 
IL-1-converting enzyme (ICE), 230b, 254, 

263 
Ileum. Pever's ~a tches  of. 90 , L 

ILTs (immunoglobulin-like transcripts), 
291b 

Immature B cells, 146f, 149, 150 
Immediate hypersensitivity, 44, 412, 412t, 

432-447. See also Allergy. 
activation of mast cells in, 436, 438f, 

439-441,440f 
allergic diseases and, 448-451, 449f-450f 
cell types in, 436-438, 437t, 439f, 444445 
definition of, 432, 488 
FceRI receptor in, 435-436, 436f, 438, 

439-441, 440f, 444, 447 
general features of, 432-434, 433f 
genetic susceptibility to, 447, 448t 
IgE production in, 434-435 
IL-4 and, 267, 434, 435 
immediate reaction in, 434, 445-447, 

445f-446f 
late-phase reaction in, 434, 435, 438f, 444, 

445, 445f, 447, 492 
in asthma, 448, 449f 
in eczema, 451 

mediators in, 441-444, 442f, 443t, 447 
in allergic diseases, 448, 449, 450f, 451 

neural mediation of, 441 
nonatopic, 434 
protective roles of, 451 
systemic. See Anaphylaxis. 

Immune, definition of, 488 

Immune complex disease(s), 342b, 412, 
412t, 413, 413f, 414417, 416f-417f 
417t, 488 

glomerulonephritis as, 342b, 349, 360, 
416f, 417, 417t 

in parasitic infection, 360 
plasmapheresis for, 430 

Immune complexes, 60-61, 61f 
definition of, 488 
endothelial damage caused by, 3421, 
in complement deficiencies, 341b 
in rheumatoid arthritis, 423b 
in viral infections, 357 
phagocytic clearance of, 335, 335t, 

340-341 
Immune individual, 7 
Immune inflammation, 307,488 
Immune interferon, 268. See also Interferon- 

y (IFN-y) . 
Immune privilege, 231b, 377b, 489 
Immune response, 3, 6, 488. See also 

Adaptive immunity. 
cardinal features of, 9-11, 9t, 10f 
components of, 5-6, 5f, 5t, 11, 12f 
overview of, 16-17, 18f 
phases of, 12-15, 13f 
primary, 10, 10f 
secondary, 10, 10f 
termination of. See Homeostasis. 
to microbes, general features of, 345-346 
types of, 4 9 ,  5f, 5t, 6-9, 8f-9f, 9f 

Immune response (Ir) genes, 67b-68b, 68, 
69,75, 102-103 

allergy and, 447 
definition of, 488 

Immune surveillance, 391, 393, 489 
CD8+ CTLs in, 399, 400 

Immune system, 3, 6, 489 
cells of, 17-26. See also Antigen-presenting 

cells (APCs); Lymphocytes. 
evolution of, 6, 6b-7b 
properties of cells and tissues in, 16 

Immunity 
active, 7, 9f 
clinical measurement of, 9 
definition of, 3, 489 
passive, 7-8, 9f 

Immunization. See also Vaccination. 
antibody affinities in, 60 
passive, 7, 365 

for agammaglobulinemia, 462 
tolerance and, 217 

Immunoassays, 522-524, 523f 
Immunoblot, 489 
Immunodeficiency diseases, 453-454, 454t 

acquired, 463-464, 463t, 477. See also 
Acquired immunodeficiency 
syndrome (AIDS); 
Immunosuppressive therapy. 

B cell tumors in, EBV-associated, 
398b-399b 

classification of, 453 
congenital, 453, 454 

in other inherited diseases, 460-461 
innate immunity and, 461-462, 461t 
lymphocyte activation or function and, 

458-460, 458f, 459t 
lymphocyte maturation and, 454458, 

455f, 456t 
therapy for, 462-463 

MHC transcription factors in, 79 
mycobacterial infections in, 354b 

Immunodominant epitopes, 77f, 102-103, 
103f, 489 

Immunoelectron microscopy, 528 
of class I1 MHCrich endosomes, 96, 96f 



Immunofluorescence, 489, 528 
Immunogenic peptides, 75-76 
Immunogenic proteins, 73 

determinant selection model and, 103 
immunodominant epitopes of, 77f, 

101-103, 103f 
Immunogens, 58, 216,489 
Immunoglobulin (Ig) . See also Antibodies; 

Heavy chains; Isotype (s) ; Light 
chains. 

antibodies against, 53, 54b 
in rheumatoid arthritis, 423b 
in tumor immunotherapy, 409 

compared with T cell receptor, 108, 109t 
Immunoglobulin a/P (Iga/Igp), 58, 105, 

106f, 488 
in immature B cells, 149 
in pre-B cells, 148, 148f 
signal transduction by, 192, 192f, 194, 194f 

Immunoglobulin A (IgA), 51-53, 53t 
Fc receptor for, 32513 
in ADCC, by eosinophils, 444 
in mucosal secretions, 63, 342-343, 343f 
maternal, 343 
multimeric, 53t, 55, 57 
oral antigens and, 34, 237 
production of, 44 
selective deficiency of, 458-459, 459t 
switching to, 205-206, 205f, 205t 

induced by TGF-P, 270,343 
viral neutralization by, 356 

Immunoglobulin D (IgD), 51, 52, 53, 53t, 55 
B cell activation and, 192, 194 
B cell maturation and, 58, 58f, 63, 

149-150, 149f 
Immunoglobulin (Ig) domains, 48, 49, 49f, 

50b-51b, 51,52-53. See also C 
(constant) regions; V (variable) 
regions. 

definition of, 489 
encoding of, 137 

Immunoglobulin E (IgE), 51, 52, 53t. See 
also Immediate hypersensitivity. 

Fc receptors for, 324b-325b 
immunotherapy aimed at, 451 
in helminth destruction, 62-63, 299-300, 

313-314, 360, 451 
eosinophils and, 268, 326, 326f 
Fc receptors and, 324b 
isotype switching and, 204205, 267 
plasma concentration in, 435 

membrane-bound, 55 
switching to, 204-205, 205f, 205t, 206, 

207f 
IL-4 and, 266, 267, 267f 
IL-13 and, 270 

T,,2 cells and, 299-300, 306, 308f 
Immunoglobulin (Ig) fold, 51b, 137 
Immunoglobulin G (IgG), 51-53, 53t 

affinity maturation in, 209, 210 
antibodies against, in rheumatoid 

arthritis, 42313 
antibody feedback by, 213-214, 213f 
associations between chains of, 55-56, 57f 
binding of, to FcRs, 62 
expression of, in B cell maturation, 57-58, 

58f 
for hypersensitivity diseases, 430 
from long-lived cells in bone marrow, 319 
half-life of, in serum, 44 
in ADCC, 325, 326f, 342 
in allograft rejection, 378 
in complement activation, 63, 293, 306, 

329, 331f-332f 
in CR1-mediated phagocytosis, 339 
in tumor immunity, 402 

Immunoglobulin G (IgG) (Continued) 
mast cell receptors for, 441 
maternal, 63, 343 
membrane-bound, 55, 56f 
neutralization by, 321 
opsonization by, 282, 306, 321-322, 322f 
protection of, from catabolism, 343-344 
subclasses of, 51-52 

selective deficiencies of, 459, 459t 
switching to, 204, 205f, 205t, 206, 207f 

IFN-y and, 269, 269f 
IL-4 and, 267, 267f 
with nonprotein antigens, 211 

Immunoglobulin (Ig) genes. See also Antigen 
receptor genes. 

somatic mutation of, 62, 207, 209-210, 
209f, 211f 

Immunoglobulin (Ig) homology units. See 
Immunoglobulin (Ig) domains. 

Immunoglobulin (1g)-like transcripts 
(ILTs), 291b 

Immunoglobulin M (IgM), 51, 52, 53t 
affinity maturation and, 210 
assembly and expression of, 57-58, 58f 
B cell activation and, 192, 194, 214 
B cell maturation and, 149-150, 149f 
capsular polysaccharides and, in 

phagocytosis, 339 
complement activation by, 329, 331f-332f, 

342 
from El  cells, 150, 279 
in allograft rejection, 378, 384b 
in complement activation, 63 
in lower vertebrates, 7b 
in T cell-independent responses, 211, 

212t 
in transfusion reactions, 386, 387 
in xenograft rejection, 386 
in X-linked hyper-IgM syndrome, 201, 

311, 458f, 459, 459t 
membrane-bound, 55,56f 
multimeric, 53t, 55, 57, 60, 60f 
polysaccharide antigens and, 204, 212 

Immunoglobulin (Ig) superfamily, 48-49, 
50b-51b, 137,489 

as homing receptors, 34 
carcinoembryonic antigen in, 399 
CD4 and CD8 in, 115 
cytokine receptors in, 246, 248f 
LFA-3 in, 119 
TCR complex proteins in, 112 

Immunohistochemistry, 489, 528 
Immunologic diseases. See also Autoimmune 

disease; Delayed-type 
hypersensitivity (DTH); Immediate 
hypersensitivity; Tissue injury. 

definition of, 41 1 
effector mechanisms of, 412 

antibodies in, 413-417, 413f-414f, 415t, 
416f-417f, 417t 

T lymphocytes in, 412, 419-420, 419f, 
420t, 423-424 

therapeutic approaches for, 430 
types of, 411-412, 412t 

Immunologic synapse, 109, 114, 174. 
176f-177f 

costimulators and, 170b, 186 
cytokine secretion at, 245 
in CTL-mediated lysis, 314 
PKC in, 182 
with B lymphocytes, 174 

, A  , 

Immunologically privileged site, 231b, 377b, 
489 

Immunology 
definition of, 3 
history of, 3-4, 8-9, 12 

Immunomodulators, 364-365 
Immunoperoxidase technique, 489, 528 
Immunophilins, 184 
Immunoprecipitation, 489, 524, 525f 
Immunoreceptor tyrosine-based activation 

motifs (ITAMs), 489 
of BCR complex, 192, 192f, 194f, 195 
of Fc receptors, 322, 324b, 32513 
of NK cell-activating receptors, 289, 

291b-292b 
of TCR complex, 112, 113, 178b 

phosphorylation of, 117, 175, 179f, 180 
Immunoreceptor tyrosine-inhibitory motifs 

(ITIMs) , 489-490 
antibody feedback and, 213-214 
costimulation and, 170b 
of FcyRIIB, 324b, 325b 
of NK cell-inhibitory receptors, 289, 

291b-292b 
SHP-1 phosphatase and, 178b 

Immunosuppression, definition of, 490 
Immunosuppressive cytokines 

in eye, 37713 
in parasitic infection, 363 
regulatory T cells and, 232, 233f 
tumor-produced, 402f, 403 

Immunosuppressive therapy, 463-464 
cancers secondary to, 399 
for allograft patient, 381-383, 382f, 382t 
for bone marrow transplant recipient, 

387 
for graft-versus-host disease, 388-389 
for immunologic diseases, 430 
fungal infections and, 355 

Immunotherapy 
definition of, 490 
for tumors, 403-409 

nonspecific, 407-408 
passive, 408-409, 408f, 409t 
with cytokines and costimulators, 405, 

406f, 406t, 407t 
with vaccines, 85, 404405, 404t, 405f 

Immunotoxins, 409, 490 
Indirect presentation, of allogeneic MHC 

molecules, 371, 372f, 373, 374375, 
490 

tolerance induction and, 385 
Inducible costimulator (ICOS), 170b-171b, 

172-173 
Induration, in delayed-type hypersensitivity, 

308, 310f 
Infection. See also Inflammation; Microbes. 

autoimmune disease and, 424, 425f, 
428-430, 429f 

cytokine(s) and 
IL-1 as, 253, 254 
in systemic manifestations, 263 
TNF as, 252-253, 253f 

effector T cells and, 164 
immune response to, features of, 345-346 
immunosuppression caused by, 463 
in immunodeficiency diseases, 453-454, 

454t. See also speczjic diseases. 
leukocyte migration and, 306-311, 309f 
lymphocyte recirculation and, 34, 35f, 

36-38, 37f 
systemic manifestations of, 247, 346, 349. 

See also Septic shock. 
T cell integrins and, 122 

Inflammation, 277, 294 
adhesion molecules and, 114, 119b, 

121-122, 123, 123b, 124 
allergic, 444 
anti-inflammatory agents for 

for graft rejection, 383 
for immunologic diseases, 430 

Inflammation (Continued) 
NSAIDs as, 285b 

anti-tumor activity of, 405, 407 
autoimmunity caused by, 430 
chemokines and, 254-255 
complement deficiencies and, 341b 
complement system and, 328, 333f, 335, 

338, 339-340, 340f, 34213 
cutaneous, 32 

E-selectin and, 123b 
cytokines in. See Cytokine(s), in 

inflammation. 
definition of, 490 
effector T cells in, 164, 307, 308, 309-311 
eosinophilic, IL-5 and, 268 
eosinophils in, 444 
extracellular bacteria causing, 346, 349 
granulomatous. See Granulomatous 

inflammation. 
immune, 307, 488 
immune complexes causing, 342, 34213, 

417 
in allograft rejection, 380, 381, 383 
in immediate hypersensitivity 

allergic diseases and, 448-451, 
449f-450f 

late-phase, 434, 435, 438f, 444, 445, 
445f, 447 

in viral infection, 357 
inhibition of, by TGF-P, 270 
leukocyte recruitment in, 280-281, 281f 
lipopolysaccharide-induced, 285b-286b 
lymphocyte recirculation and, 34, 35f, 

36-38, 119b 
macrophages in, 313 
necrosis-induced, 22713 
oncofetal antigens in, 399, 400 
Th2 cells in, 308f, 313-314 
tissue injury caused by, 295, 346 

in immunologic diseases, 413f, 414, 
414, 419, 419f 

Inflammatory bowel disease (IBD), 420, 423, 
490 

in ILlO knockout mice, 262 
TNF and, 252 

Influenza virus, 356, 357 
Innate immunity, 4, 5f, 5t, 6, 275-276, 345, 

490 
adjuvants and, 364 
autoimmunity and, 428-429 
chemokine receptors in, 310 
complement system in, 326, 327, 338, 339 
components of, 277,279t. See also speajic 

components. 
cooperation with adaptive immunity, 6, 

14, 15f, 43-44, 295-296, 295f 
IL12 and, 260, 263 
MHC expression in, 78, 79 

cytokines in. See Cytokine(s), of innate 
immunity. 

deficiencies in, 461-462, 461t 
evolution of, 6, 6b-7b 
keratinocytes in, 32 
mast cells in, 444, 451 
mononuclear phagocytes in, 26 
role of, 294-295 
specificity of, 276-277, 277t, 278t 
Thl cell differentiation and, 304 
to extracellular bacteria, 346 
to fungi, 355 
to intracellular bacteria, 351, 351f 
to parasites, 359 
to viruses, 263-264, 355-356, 356f 

IL12 in, 257 
IL15 in, 262,263-264 
NK cells in, 289-291, 289f-290f 

Innate immunity (Continued) 
type I interferons in, 260-261, 261f, 263 

iNOS (inducible nitric oxide synthase), 268, 
283b, 287-288, 287f 

Inositol 1,4,5-triphosphate (IP,), 182, 182f, 
193-194,490 

in mast cells, 439, 440f 
Inside-out signaling, 122 
Insulin response substrate (IRS), 267 
Insulin-dependent diabetes mellitus 

(IDDM), 419,42Ot,42lb, 490 
genetic susceptibility to, 421b, 425, 426f. 

427t 
Insulin-resistant diabetes, 415t 
Insulitis, 421b, 428, 429 
Integrase, of HIV, 464, 468 
Integrase inhibitors, 475 
Integrins, 34, 37-38, 37f, 119, 119b-121b, 

121-122, 121f, 490 
activation of, by chemokines, 255, 308 
antibodies against, for immunologic 

diseases, 430 
deficiency of, in LAD, 462 
I L l  and, 254,255 
in complement system. See CR3 

(complement receptor type 3); 
CR4 (complement receptor type 
4). 

in eosinophil recruitment, 444 
in leukocyte recruitment, 280, 281f, 308 
in T cell activation, 164, 174 
of macrophages, binding of microbes by, 

281 
on effector T cells, 309-31 1 
TNF and, 252,255 
very late activation (VLA), 1 l9b-120b, 

121, 280 
in eosinophil recruitment, 444 
in experimental autoimmune 

encephalomyelitis, 422b 
on effector T cells, 310-311 

Intercellular adhesion molecule-1 (ICAM-1) , 
121, 280, 314 

antibody against, for immunosuppression, 
383 

type 3 complement receptor and, 336 
Intercellular adhesion molecule-2 (ICAM-2) , 

121 
Intercellular adhesion molecule9 (ICAM-3), 

121 
Interdigitating dendritic cells, 87 
Interferon (s) 

JAWSTAT signaling by, 25713, 25813-259b 
MHC expression and, 78-79, 79f 
type I, 504. See also Interferon-a (EN-a); 

Interferon-P (IFN-P) . 
viral infections and, 355-356, 356f 

type 11. See Interferon-y (IFN-y) . 
[nterferon-a (IFN-a), 249t, 260-261, 261f, 

504 
in tumor therapy, 406 
MHC class I expression and, 78 
NK cells and, 290 

Interferon-P (IFN-P), 249t, 260-261, 261f, 
504 

MHC class I expression and, 78 
NK cells and, 290 

Interferon-y (IFN-y), 264t, 268-269, 269f, 
490 

antiviral activity of, 357 
for chronic granulomatous disease, 462 
IL12 and, 257, 259-260, 260f, 263, 263f, 

268 
IL-18 and, 262-263, 268 
IL4 antagonism of, 267, 268 
in decidual development, 377b 

Interferon-y (IFN-y) (Continued) 
in DTH reactions, 308 
in tumor immunity, 401, 402, 406 
inhibition of 

by IL10, 232, 233f, 262 
by SOCS proteins, 25813-25913 

intracellular bacteria and, 352, 352f-353f, 
355 

isotype switching and, 204, 205f, 205t, 206 
macrophage activation by, 263, 263f, 268, 

269f 
in cell-mediated immunity, 299, 31 1, 

312, 312f 
in CR1-mediated phagocytosis, 339 
in humoral immunity, 325 
in innate immunity, 285, 288 

MHC expression and, 78-79, 79f, 87 
production of, by lipid antigen-specific T 

cells, 110 
proteasome and, 98-99 
septic shock and, 253, 286b 
TAP synthesis and, 99 
TNF and, 249 

Interleukin (IL), 243, 490 
Interleukin receptors, common y chain of 

gene therapy and, 463 
mutations in, 455, 455f, 456, 456t 

Interleukin-1 (IL1)-converting enzyme 
(ICE), 230b, 254, 263 

Interleukin-1 (IL-I), 249t, 252, 253-254, 490 
chemokines induced by, 255 
IL6 and, 262 
in DTH reactions, 308 
in graft rejection, 383 
in innate immunity, 263, 263f, 280 
septic shock and, 349 

Interleukin-1 receptor (ILIR), 254 
TNF pathway and, 250b-251b 

Interleukin-1 receptor antagonist (IL-lra), 
254,488 

Interleukin-1 receptor-associated kinase 
(IRAK), 251b, 254, 262 

Toll-like receptors and, 28313-284b 
Interleukin-1 (IL-1)-converting enzyme 

(ICE), 230b, 254,263 
Interleukin-2 (IL2), 264-266, 2 6 4 ~  

265f-267f, 491 
anergy and, 222, 224 
apoptosis and 

Fas-mediated, 229b, 231 
passive, 230h 

autoimmunity and, 428 
B cell activation and, 203 
cyclosporine and, 381 
in anti-tumor therapy, 406-407, 407t, 408, 

408f 
inflammatory bowel disease and, 420, 423 
lymphokine-activated killer cells and, 265, 

402 
regulatory T cells and, 232 
T cell activation and, 165, 167, 171b, 172, 

303 
transcription factors and, 183f, 184, 187 

Interleukin-2 receptor (ILZR), 265,266,266f 
antibody to, for immunosuppressive 

therapy, 382t, 383 
as activation marker, 167, 168 
graft rejection and, 265 
on regulatory T cells, 232 
Ras-MAP kinase signaling by, 25813, 265 

Interleukin-3 (IL-3), 272-273, 272t, 491 
mucosal mast cells and, 436 

Interleukin-4 (IL4), 264t, 266-268, 267f, 
49 1 

B cell activation and, 203 
IL13 and, 270 
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in immediate hypersensitivity, 267, 434, 
435, 436, 447 

parasitic infections and, 451 
isotype switching and, 204, 205, 205t, 206 

IFN-y inhibition of, 269 
MHC class I1 expression and, on B cells, 

79 
production of, by lipid antigen-specific T 

cells, 110 
Th2 subset and, 266, 267-268, 267f, 305, 

305f 
tolerogenic antigens and, 235 
transcriptional regulation of, 184 

Interleukin-5 (IL-5), 264t, 265, 491 
B cell activation and, 203 
in eosinophil activation, 444 
in immediate hypersensitivity, 435, 444, 

45 1 
isotype switching and, to IgA, 206 
mucosal immune system and, 343 

Interleukin-6 (IL-6), 249t, 262, 491 
B cell activation and, 203, 262 
in acute-phase inflammatory response, 

252, 262 
Interleukin-7 (IL-7), 272, 272t, 491 

lymphocyte maturation and, 132, 153, 266 
naive lymphocyte survival and, 21 
receptor for, mutations in, 132, 455, 456 

Interleukin-8 (IL-8), neutrophil recruitment 
by, 255, 283 

Interleukin-9 (IL-9), 273 
bronchial asthma and, 447 

Interleukin-10 (IL-lo), 249t, 261-262, 491 
homologues of, 263 

produced by EBV, 262, 359 
ICOS and, 173 
IL-12 inhibition by, 232, 233f, 262 
inflammatory bowel disease and, 420 
regulatory T cells and, 232, 233f 

Interleukin-1 1 (IL-Il), 273 
Interleukin-12 (IL12), 249t, 255, 257, 

259-260,26Of, 263-264, 263f, 491 
in anti-tumor therapy, 406-407, 407f 
in vaccines, 364 
inhibition of, by IL-10, 262 
intracellular bacteria and, 352, 352f 
receptor mutation and, 260 
recombinant, therapy with, 260 
septic shock and, 253, 259, 28513 
T,,1 subset and, 259-260, 260f, 263, 304, 

305f-306f 
type I IFN and, 261 

Interleukin-13 (IL13), 264t, 270 
in immediate hypersensitivity, 435 

Interleukin-15 (IL15), 249t, 262, 263-264, 
265-266,491 

CD8' memory cells and, 167, 168, 262 
IL21 and, 263 
receptor for, mutations in, 455, 456 

Interleukin-16 (IL-16), 270 
Interleukin-17 (IL-17), 270 
Interleukin-18 (IL-18), 249t, 251b, 262-263, 

49 1 
Interleukin-19 (IL-19), 263 
Interleukin-20 (IL-20), 263 
Interleukin-21 (IL-21), 263 
Interleukin-22 (IL-22), 263 
Interleukin-23 (IL-23), 263 
Interleukin-24 (IL-24), 263 
Interleukin-25 (IIi25), 270 
Intestine. See also Gastrointestinal tract; 

Mucosal immune system. 
antimicrobial peptides of, 278 
effector T cells in, adhesion molecules of, 

310 

Intestine (Continued) 
y6 T cells in, 113 
histamine action on, 441 
lamina propria of, immune cells in, 33, 

33f 
natural antibodies and, 279, 378, 386 
of neonate, Fc receptor in, 63 
viral entry through, 356 

Intraepidermal lymphocytes, 491 
Intraepithelial T lymphocytes, 278-279, 491 

cutaneous, 32, 32f, 113 
y6 receptor expressed by, 113 
mucosal, 33, 33f, 38, 113 

Introns, 135, 137 
Invariant chain (I,), 72, 95, 96, 96f, 97, 491 
Invertebrates. See also Parasites. 

innate immunity in, 6, 6b-7b 
IP, (inositol 1,4,5-triphosphate), 182, 182f, 

193-194, 490 
in mast cells, 439, 440f 

Ir (immune response) genes, 67b-68b, 68, 
69, 75, 102-103 

allergy and, 447 
definition of, 488 

IRAK (IL-1 receptor-associated kinase) , 
251b, 254, 262 

Toll-like receptors and, 283b-284b 
IRF-1 transcription factor, 312 
IRS (insulin response substrate), 267 
Isotype(s), 51-55, 53t, 491. See also specijc 

immunog.lobulins. 
antisera against, 54b 
assays of, 193b 
effector functions of, 53-54, 53t, 62-63, 

319-320,320t 
extracellular bacteria and, 349 
of light chains, 5 4 5 5  
selective deficiencies of, 458-459, 459t 

Isotype switching, 58, 62f, 63, 190, 191, 203, 
204206, 205f, 205t 

definition of, 487 
IFN-y and, 269, 269f 
IL-4 and, 266, 267, 267f 
impaired, in X-linked hyper-IgM 

syndrome, 459 
in T cell-independent responses, 211, 

212t 
major stimuli for, 320 
memory B cells and, 210 
molecular mechanism of, 206, 207f 
phases of, 197, 210 
to IgE, in immediate hypersensitivity, 434, 

435 
ITAMs. See Immunoreceptor tyrosine-based 

activation motifs (ITAhls) . 
ITIMs. See Immunoreceptor tyrosine- 

inhibitory motifs (ITIMs). 
Itk kinase 

in B lymphocytes, 192 
in T lymphocytes, 180, 182 

J (joining) chain, 491 
of antibody, 55 

synthesis of, 57 
of T cell receptor, 108 

J (joining) gene segments, 491-492. See also 
Somatic recombination. 

of Ig loci, 136f, 137 
of TCR loci, 137, 138f 

JAK/STAT signaling, 257b-259b, 491 
by IL-2 receptor, 265 
by IL-3 receptor, 273 
by IL-4 receptor, 267 

JAK/STAT signaling (Continued) 
by IL-5 receptor, 268 
by IL-6 receptor, 262 
by IL-9 receptor, 273 
by I L l l  receptor, 273 
by IL12 receptor, 257 
by type I IFN receptor, 261 
negative regulation of, 258b-259b 

Janus kinases (JAKs), 25913, 491. See also 
JAWSTAT signaling. 

mutation in, in X-linked SCID, 456 
JNK (c-Jun N-terminal kinase), 181, 184 

anergy and, 224 
TNF receptors and, 250b 

Ju  p 
in T cell activation, 181, 184 
regulation of, 185b 
TNF receptors and, 250b 

Junctional diversity, 142t, 144, 144f-145f, 
146, 492 

Jurkat T cell line, 166b 

&. See Dissociation constant (&) . 
Kabat-Wu plot, 52f 
Kaposi's sarcoma, 492 

cytokine therapy for, 407 
Kaposi's sarcoma herpes virus (KSHV) , 

358b 
K light chains, 5455 ,  57, 58 

gene for, 135, 136f, 137 
recombination in, 149, 150 

Keratinocytes, 32, 32f 
cytokines produced by, 278 

Kidney. See also Glomerulonephritis; Renal 
entries. 

HIV nephropathy in, 470 
transfusion reactions and, 387 

Killed vaccines, 363, 363t 
KIR (killer Ig-like receptor) family, 

291b-292b, 492 
c-Kit ligand (stem cell factor), 272, 272t, 481 
Knock-in mice, 534 
Knockout mice, 532-534, 532f-533f 

definition of, 492 
lymphocyte maturation and, 130b-131b 
NF-KB and, 186b 

Kupffer cells, 25f, 26 

Laboratory techniques, 522-529 
antibody-based 

for detecting antigens in cells, 524526, 
5275 528 

for identifying proteins, 524, 526f 
for measuring antigen-antibody 

binding, 528-529, 529f 
for purifymg proteins, 524, 525f 
for quantitating antigens, 522-524, 523f 

in molecular genetics, 529-532, 531f 
knockout mouse creation in, 532-534, 

532f-533f 
transgenic mouse technology in, 532 

LAD (leukocyte adhesion deficiency), 492 
type 1, 120b, 461t, 462, 492 
type 2, 123b, 461t, 462, 492 

LAK (lymphokine-activated killer) cells, 265, 
402, 408, 493 

h light chains, 5 4 5 5 ,  57, 58 
gene for, 135, 136f, 137 

recombination in, 149 
Laminin, T cell integrins binding to, 121 

Langerhans cells, 32, 32f, 86-87, 87f, 492 
FcERI on, 435 

Large granular lymphocytes, 492. See also 
Natural killer (NK) cells. 

Large lymphocytes, 17, 19f 
LAT (linker of activation of T cells), 179f, 

180, 181, 181f-182f, 182, 187 
Late-phase reaction, 434, 435, 438f, 444, 

445, 445f, 447, 492 
in asthma, 448, 449f 
in eczema, 451 

Lck tvrosine kinase. 117. 178b. 180. 492 
~ ~ 4 5 - m e d i a t e d  deph&horylatibn of, 

118 
in T cell activation, 175, 179f, 180 
pre-T cell receptor and, 153 

LCMV (lymphocytic choriomeningitis virus) 
CD8' proliferation and, 167-168 
host-induced disease and, 357, 423 

LDL (low-density lipoprotein), phagocyte 
receptors and, 281 

Lectin pathway, of complement activation, 
293, 293f, 327, 332-333,346 

Lectin (s) 
as polyclonal T cell activators, 166b 
CD22 as, 214 
FceRII as, 32413-32513 
mannose receptor as, 281 
NK receptors as, 291b-292b 
opsonization by, 282 

Leishmania, 492 
cell-mediated immunity to, 353f, 355, 

359-360, 360t 
intracellular survival of, 94 
Thl  cells and, 304 

Leprosy, 352-353, 355 
Lethal hit, 492 
Leukemia, 492 

adult T cell leukemia/lymphoma as, 399, 
463 

bone marrow transplantation in, 387, 388 
chromosomal translocations in, 

142b-143b 
chronic lymphocytic, B1 cells and, 150 
feline leukemia virus and, 404405 
hairy cell, IFN-a for, 407 
immunodeficiency in, 463 
T cell 

acute, 143b 
cell lines derived from, 166b 

Leukocyte(s) . See also Lymphocytes; 
Phagocytes. 

cytokine (s) acting on 
hematopoietic, 246 
IL1  as, 254 
in innate immunity, 246 
TNF as, 252, 253f 

Fcreceptorsof,321-322,323b-32513 
in late-phase reaction, 445f, 447 
migration of, 306-31 1, 309f. See also 

Chemokines. 
antagonists of, for immune diseases, 

430 
extracellular bacteria and, 346 
type 3 complement receptor and, 336 

Leukocyte adhesion deficiency (LAD), 492 
type 1, 120b, 461t, 462, 492 
type 2, 123b, 461t, 462, 492 

Leukocyte common antigen. See CD45. 
Leukocyte function-associated antigen-1 

(LFA-I), 115t, 120b-121b, 121, 122 
at immunological synapse, 177f 
deficiency of, 462 
on effector T cells, 310, 314 

Leukocyte function-associated antigen-3 
(LFA-3 or CD58), 114f, 119 

Leukocyte interferon, 260. See also 
Interferon-a (EN-a).  

Leukocyte surface antigens, 20b 
Leukotriene receptor antagonists, 449 
Leukotrienes, 492 

from activated macrophages, 313 
from eosinophils, 445 
from mast cells and basophils, 443-444, 

447 
in asthma, 449, 450f 

Lewis antigens, 380b 
LFA-1 (leukocvte function-associated 

at immunological synapse, 177f 
deficiency of, 462 
on effector T cells, 310, 314 

LFA-3 (leukocyte function-associated 
antigend or CD58), 114f, 119 

Light chain isotype exclusion, 149 
Light chains, 48, 48f-49f, 49, 489 

allotopes in, 54b 
genes for, 135, 136f, 137. See alsohtigen 

receptor genes. 
hypervariable regions of, 49, 51, 52f 
isotypes of, 5 4 5 5  
linkage of, to heavy chains, 55 
surrogate, 57 

Linear determinants, 59, 59f 
specificity of antibodies for, 61 

Linkage disequilibrium, 69, 427 
Lipid antigens 

antibody responses to, 190, 196, 211, 212, 
212t, 213 

by B1 cells, 279 
mycobacterial, 35413 
presentation of 

by CD1, 83, 110 
y6 T cells and, 113 

T cells specific for, 110 
tolerance toward, 234 
viral, 356 

Lipid mediators 
of eosinophils, 445 
of mast cells and basophils, 439-440, 440f, 

442f, 443-444, 443t 
Lipid rafts 

of B cells, 192 
of T cells, 174 

Lipopolysaccharide (LPS) 
as adjuvant, 296 
complement activation by, 346 
cytokine(s) induced by, 246, 263, 263f 

IL-1 as, 254 
IL12 as, 257, 259 
IL15 as, 262 
IL-18 as, 262, 263 
TGF-P as, 269-270 
TNF as, 247, 249, 259 

genetic variation in, 349 
IgM antibodies against, from B1 cells, 279 
innate immunity and, 276, 278t 
nitric oxide synthase and, 288 
responses to, 28513-286b 
septic shock and, 253, 259 
tissue injury caused by, 295 
Toll-like receptors and, 282, 28313-28413 

Lipoprotein lipase, TNF-induced 
suppression of, 252 

Lipoxygenase, in mast cells, 440, 443, 444 
Lipoxygenase inhibitors, for asthma, 449 
Lista'a monocytogenes 

cell-mediated immunity to, 299, 300f, 351, 
352 

defense of, against phagocytes, 98 
innate immunity to, 291, 294295,351 

Listeria monocytogenes (Continued) 
passive immunity to, 9 
uterine immune privilege and, 37713 

Listeriolysin, 98 
Live viral vaccine, 492 
Live viral vector, 364 
Liver 

clearance of immune complexes in, 335, 
341 

hematopoiesis in, 26 
injury to, in SIRS, 285b 
Kupffer cells of, 25f, 26 
transplantation of, 369, 381, 382, 383, 

385 
graft-versus-host disease in, 388 

LMP-1, EBV infection and, 398b 
LMP-2, 98, 99, 268, 492 
LMP-7, 98, 99, 268, 492 
Long terminal repeats (LTRs), of HIV 

genome, 464,465f, 467-468 
Low-density lipoprotein (LDL), phagocyte 

receptors and, 281 
LPS. See Lipopolysaccharide (LPS) . 
Lselectin (CD62L), 3435,  36, 36f-37f, 37, 

38, 115t, 122-123, 122b-123b 
LT. See Lymphotoxin (LT, TNF-P) . 
LTRs (long terminal repeats), of HIV 

genome, 464, 465f, 467-468 
Lung. See also Asthma; Respiratory entries. 

alveolar macrophages of, 25f, 26 
fungal infection of, fibrosis in, 313 
injury to, in SIRS, 28613 
mast cells in, 436, 441, 444 
mucus in, IL-13 and, 270 
surfactants in, 294 
transplantation of, 369, 381, 383 

graft-versus-host disease in, 388 
Ly-1 (CD5), in B-l cells, 150 
Lymph, 31 
Lymph nodes, 26, 28-31, 493. See also 

Germinal centers; Lymphoid 
follicles. 

antigen presentation in, 88-90, 88f-89f 
evolution of, 7b 
follicular dendritic cells in, 26 
lymphatic vessels and, 28, 28f, 30f, 31 
lymphocyte flux through, 34, 35f, 36 
memory cells in, 24 
morphology of, 28-29, 28f 
segregation of B and T cells in, 29-30, 29f 
T cell activation in, 164, 164f 
T cell-dependent antibody response in, 

197, 198, 198f-199f 
Lymphatic system, 28, 28f, 30f, 31, 493 

antigens transported in, 88, 90 
filariasis in, 360, 362, 362t 
Langerhans cells in, 32 
lymphocyte recirculation in, 34, 35f, 36, 

37, 37f 
Lymphoblasts, 17, 19f 
Lymphocyte repertoire, 9t, 10, 11, 17, 129, 

493 
selection processes and, 133-134, 134f 
somatic recombination and, 132 

Lymphocytes, 5f, 5t, 6, 9, 17-24. See also B 
lymphocytes; T lymphocytes. 

activation of, 12, 14, 13f, 15f, 22-24, 
22f-23f, 24t 

deficiencies in, 458-460, 458f, 459t 
apoptosis in, 227b-231b 
CD nomenclature for, 20, 20b 
classes of, 11, 12f, 17, 19t, 20 
clonal selection of, 10, 12-13, 14f 
defining characteristics of, 17 
development of, 20-22, 21f 
evolution of, 7b 
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Lymphocytes (Continued) 
homing of, 34-38, 35f-37f, 493 

accessory molecules and, 114, 1 Igb, 
122b-123b 

in lymph nodes, 28f-29f, 29-30 
in mucosal immune system, 33, 34 
in skin, 32, 32f 
in spleen, 31, 31f, 32 
maturation of, 129-135, 130f, 493 

apoptosis in, 231b 
checkpoints in, 133, 133f 
deficiencies in, 454458, 455f, 4561 
genetic blocks in, 131b-132b 
selection in, 133-134, 134f 

migration of. See Leukocyte(s), migration 
of. 

morphology of, 17, 19f 
phenotypic markers of, 19t, 20b 
recirculation of, 34-38, 35f-37f, 493 
tumors of 

chromosomal translocations in, 140, 
142b-143b 

clonality determination of, 144, 146 
Lymphocytic choriomeningitis virus 

(LCMV) 
CD8' proliferation and, 167-168 
host-induced disease and, 357, 423 

Lymphoid dendritic cells, 27 
Lymphoid follicles, 28-29, 28f-29f, 30, 493. 

See also Germinal centers. 
dendritic cells in, 26 
in chronic inflammation, 30 
in mucosal immune system, 33-34, 33f 
in rheumatoid arthritis, 42310 
in spleen, 31, 32 

polysaccharide antigens and, 212 
isotype switching in, 204 
migration into, by naive B cells, 36 
primary, 28, 28f, 29 
secondary, 28, 28f 
self-reactive B cells and, 234, 236f 
T cell-dependent antibody response in, 

197, 198, 198f-199f 
Lymphoid organs 

generative, 21f, 22, 26,486. See also Bone 
marrow; Thymus. 

peripheral, 16, 21f, 26, 496. See also 
Cutaneous immune system; Lymph 
nodes; Mucosal immune system; 
Spleen. 

Lymphoid tissues. See also spenjic tissues. 
classification of, 26 
evolution of, 7b 
initiation of immune response in, 11, 13, 

28 
Lymphokine-activated killer (LAK) cells, 

265,402, 408, 493 
Lymphokines, 243, 493 
Lymphoma(s), 493. See also B cell 

lymphoma(s) . 
adult T cell leukemia/lymphoma as, 399, 

463 
chromosomal translocations in, 

142b-143b, 39813, 399b 
cytokine therapy for, 407 
Hodgkin's disease as, 463 
in chickens (Marek's disease), 405 

Lymphoproliferative syndrome, 
autoimmune, 418b 

Lymphotoxin (LT, TNF-P), 247, 2641, 270 
gene for, 76 
in lymph nodes, 30 
MHC class I expression and, 78 
receptors for, 250b 

Lymphotoxin-P (LTP), 270 
gene for, 76 

Lyn tyrosine kinase, 439,440f, 441 
Lysosomes, 93, 94, 493. See also 

Phagolysosomes. 
microbicidal molecules in, 268 

fungicidal, 355 
in cell-mediated immunity, 312-313 
in innate immunity, 280, 281 

tissue injury by, 288, 313 
in mycobacterial infection, 35413 

Lysozyme 
hen egg (HEL) 

immunodominant epitope of, 77f, 102, 
103 

tolerance toward, 234, 235f-236f 
in invertebrates, 6b 
of neutrophils, 280 

M (membranous) cells, 33f, 34, 493 
M protein, 349 
Mac-l (CR3, CDllbCDlB), 120b, 121b, 281, 

287f, 335-336, 335t 
MAC (membrane attack complex), 332, 

333f-334f, 3341, 337, 338, 
339f-34Of, 346, 494 

tissue injury caused by, 342b 
Macrophage inflammatory protein-l (MIP- 

I ) ,  441, 444 
Macrophages, 25-26, 25f, 493. See also 

Phagocytes; Phagocytosis. 
activation of, 311-312, 312f 

against extracellular bacteria, 348f, 349 
against intracellular bacteria, 352, 353, 

353f, 35413, 355 
against protozoa, 359 
against tumor cells, 407 
by helper T lymphocytes, 78, 101, 102f, 

304, 306f-307f, 307 
by IFN-y, 263, 263f, 268, 269f 

in cell-mediated immunity, 299, 311, 
312, 312f 

in CRI-mediated phagocytosis, 339 
in humoral immunity, 325 
in innate immunity, 2t5, 288 

by LPS, 285b-286b 
by NK cells, 289f, 290-291 
by TNF, 252 
in immunologic diseases, 419 
inhibited by 1L10, 232, 233f 
inhibited by TGF-P, 270 
inhibited by Th2 cells, 300, 314 
septic shock and, 349 
tissue injury caused by, 352 

antigen presentation by, 25, 26. See also 
Antigen-presenting cells (AE'Cs). 

effector T cells and, 164, 312, 313 
internalization prior to, 93 
to helper T cells, 84, 85, 86f, 86t, 87 

antigen processing by, 94, 96 
class I1 MHC molecules on, 78-79 
complement receptors on, 339 
cytokine(s) and, 27, 246, 263, 263f 

IL-12 as, 257, 259, 260f 
IL-18 as, 262 
in graft rejection, 383 
TNF as, 247 

effector functions of. See also Phagocytosis. 
in cell-mediated immunity, 312-313, 

312f-313f 
in innate immunity, 288-289, 288f 

Fc receptors on, 323b, 32513 
fungal infection and, 355 
HIV infection of, 464, 466, 467, 468, 469, 

471, 4725 473 

Macrophages (Continued) 
in antibody-mediated diseases, 413-414 
in bone marrow, 27 
in dermis, 32, 32f 

FceM on, 435 
in irmate immunity, 4, 263, 263f, 277, 

279t, 280-283, 281f-282f, 285-289, 
287f-288f 

in intestinal mucosa, 33 
in lymph nodes, 29, 31, 90 
in spleen, 31, 32 
in thymus, 27, 152-153 
in tumor immunity, 402 
inhibition of 

by IL-4, 267, 267f 
by ILIO, 261-262 

intracellular bacteria and, 351, 351f 
microbial destruction by, 26 
polysaccharide antigens and, 212 
resident sites of, 280 

MadCAM-1 (mucosal addressin cell 
adhesion molecule-l), 35, 36, 38, 
122b 

MAGE (melanoma antigen) genes, 397 
cancer vaccines and, 404 

Major histocompatibility complex (MHC), 
11, 65, 493. See also HLA genes. 

allergy and, 447 
autoimmune diseases and, 424, 425-427, 

426f 
class I genes of, 68f, 69, 76, 77, 78f 
class I-like aenes of, 76-77, 78f, 279 
class I1 of, 68f, 69, 76, 77, 78f 
class 111 genes of, 68f, 76, 78f 
codominant expression of, 69 
defective expression of, 4585 4591, 460 
determinant selection model and, 103 
discovery of 

in humans, 68-69 
in mice, 66-68, 67f 

evolution of, 7b 
genomic organization of 

in humans, 68f, 69, 76-77, 78f 
in mice, 67f, 67b-68b, 76, 77 

graft rejection and, 371, 372f 
haplotypes of, 69 
in mice, 66-68, 67f, 69 

genomic organization of, 67f, 67b-68b, 
76, 77 

nomenclature of, 67b-68b, 69 
nomenclature of 

in humans, 68f, 69 
in mice, 67f, 67b-68b 

polymorphism of, 69, 76, 77, 103 
transcriptional regulation of, 79 

Major histocompatibility complex (MHC) 
molecules, 65, 66f, 493. See also 
Antigen presentation; Antigen 
processing; MHC restriction. 

antigen recognition and, 43, 44t 
with alloantigens, 371-377, 373f, 374f, 

376f 
expression of, 78-80, 79f 

IFN-y and, 268 
graft rejection and, 371-377, 373f, 374f, 

376f 
clinical stages of, 378, 380, 383 
donor matching and, 384385, 38413, 

385f 
of xenografts, 386 
tolerance induction and, 385 
with bone marrow transplant, 387, 388 

human. See Human leukocyte antigen(s) 
(HL.4). 

in immunologic disease, T cell-mediated, 
419,420 

Major histocompatibility complex (hlHC) 
molecules (Continued) 

NK cell receptors and, 289, 291b-292b, 
293 

on B lymphocytes, 196 
on dendritic cells, 90 

inhibition of, by ILIO, 262 
on tumor cells, 400-403, 402f, 405, 407 
paternal, in trophoblast, 37% 
peptide binding to, 73-76, 74f, 75t, 

76f-77f 
pockets o t  75, 76f 
properties of, 70, 70t 
structure of, 70-73, 71f-73f 
superantigen binding to, 350b 
T cell coreceptors and, 115-1 18, 

116f-117f 
T cell maturation and, 133-134, 153, 

155-160, 156f, l57t, 158f-159f 
T cell receptor and, 109, 1lOf-lllf 
viral antigens and, 261 

hlalaria, 359, 3G0, 361b, 362, 363 
B cell tumors and, 398b-399b, 463 

hlalnutrition, immunodeficiency in, 463, 
463t 

hIannose receptors, 88, 276, 278t, 281, 282f, 
346, 493 

Mannose-binding lectin (MBL), 282, 293, 
293f, 294, 327, 331-332, 346, 493 

Mantle cell lymphoma, bcl-1 gene in, 14% 
h l M  (mitogen-activated protein) kinases, 

494 
in T cell activation, 174, 175f, 180-181, 

18lf, 184, 186 
TNF receptors and, 250b 

hIarek's disease, 405 
Marginal zone, 31, 31f, 493 
Marginal zone B cells, 151 

polysaccharide antigens and, 212, 213 
Mast cells, 279-280, 436-437, 437t, 438f 

complement receptors on, 336 
cytokine(s) produced by 

IL-4 as, 266, 267, 306 
IL-5 as, 268 
TNF as, 247 

development of, in bone marrol\; 273 
Fc receptors on, 324b, 325b 
in allergic diseases, 448, 449, 450, 450f 
in bacterial infections, 451 
in complement-induced inflamma~ion, 

339-340 
in helminthic infections, 451 
in immediate hypersensitivity, 44, 

432-433, 433f, 434, 435, 436 
activation of, 436, 438f, 439-441, 440f 
genetics of; 447, 4481 
mediators derived from, 441-444, 442f, 

443t, 447. 448 
protective rules of, 451 

in innate immunity, 444, 451 
in intestinal mucosa, 33 
in T1,2 cell-associated inflammation, 313, 

314 
pharmacologic triggers for, 441 
subsets of, 436-437, 437t 

leukotrienes and, 443-444 
Maternal antibodies, 7, 63, 343-344, 3771, 

antibody-mediated diseases transferred by, 
413 

Uaternal immune system, 377, 388b 
Mature B cell stage, 146f, 149-150, 149f, 

494 
MBL (mannose-binding lectin), 282, 293, 

293f, 294, 327, 331-332, 346, 493 
MCA (methylcholanthrel~e), 392, 392f; 393, 

395 

hfCP (membl-ane cofacttor protein), 3361, 
337-338, 337f-338f 

hI-(SF (monocyte colon).stimulating fhctor) . 
272t, 273, 494 

Measles virus, i1nmunosuppressiol1ppressi b& 463 
Megakaryocytopoiesis, IL-11 in, 273 
hlelanocytes, 32 
hlelanoma 

cytokine therapy for, 406t, 407, 407t 
tumor antigens of, 394b-395b, 396, 397, 

400 
tumor-specific CTLs in, 401 
vaccines against, 404, 404t 

Melanoma antigen (hMGE) genes, 397 
cancer vaccines and, 404 

hlernbranr attack complex (hWC), 332, 
333f 334, 334t, 337, 338, 
339f-34Of, 346, 494 

t i ss~~e injury caused by, 34211 
hlembl-ane cofinctor prolein (hICP, CD4G), 

3361, 337-338, 337f-338f 
hlemory, immunologic, Yt, 10, IOf, 11, 

494 
Memory B lymphocytes, 10, IOf, 23, 241 

generation of, 29, 190, 206, 210 
in secondal-y response, 191, 191f; 319 

hlemory lymphocytes, 16, 23-24, 24t, 237, 
494 

hlenlory T lymphoc~tes, 10, 23-24, 24t 
accuniulatiorr of, 168 
activation of, 164, 167, 168 
differentiation into, 168 
growth factors for, IL-15 as, 262 
HIV reservoir in, 471, 472f 
inlegrins of, 122 
life span oC 152 
migration of 

to infection sites, 38 
to lymph nodes, 38 
to penpher): in absence of mfection, 

310, 311 
xu-riving number of, 167 

hleningococcus, splenic clearance of, 339 
hlesenchymal cclls, MHC class 11 expression 

by, 87 
hIesenteric lymph nodes, 33 
Messenger RNA, laboratory analysis oE 530, 

532 
Methotrexate, prophylactic, for GVHD, 

389 

ILIHC. Sre hlajor histocolnpatibility complex 
(hIHC); hlajor histocompatibility 
complex (hIHC) molecules. 

hlHC haplotype, 69 
RZHC restriction, 68, 75, 78, 83, 105 

(XI4 or CD8 and, 116 
definition of, 494 
y6 T cells and, 1 13 
selection for, 155-160, l56f, 14'it 
self restriction as, 82-83, 84f 
T cell receptor and, 109 

MHC tetrainers, l67b, 494 
Mice 

beige strain of, 4662 
CD2 ligand in, 110 
congeuic strains of, 66, 68b, 69 
IgG subtypes in, 51-52 
inbred straiils of, 66, 68, 68b, 69, 490 
intraepithelial lymphocytes in 

epidermal, 32 
Ulucosdl, 33 

knock-in, 534 
knockout, 532-534, 532f-533f 

definition of, 492 

Mice (Continued) 
lymphocyte maturation and, 130b-131b 
NF-KB and, 186b 

light chains in, isotypes of, 55 
lymphocyte of, 130b-131b. maturation 457 in, genetic blocks 

MHC genes in, 66-68, 67f, 69 
genomic organization of, 67f, 67b-68b, 

76, 77 
immunodominant epitopes and, 102, 

103 
nomenclature of, 67b-68b, 69 

MHC molecules in 
CD4 or CD8 and, 117 
costimulators and, 118 
in class I1 vesicle, 96, 96f 

moth-eaten strain of, 178b, 214 
autoantibodies in, 418b 

myelomas of, chromosomal translocations 
in, 142b 

NF-KB in. 186b 
NOD (nonobese diabetic), 222, 421b, 425, 

427, 428 
nude (athymic), 27, 151, 458, 495 
SCID strain of, 140, 457,499 

innate immunity and, 294-295, 351 
selectins in, 123b 
steel strain of, 272 
TCR complex in, 107t, 112 
transgenic. See Transgenic mice. 

Microbes. See also Bacteria; Fungi; Infection; 
Parasites; Viruses. 

extracellular, Hurnoral 6, 8f, immunity. 10, 14. See also 

innate immunily to, 263 
MHC expression and, 78 

immune responses to 
adaptive immunity and, 4-6 
general features of, 345-346 
innate immunity and, 4, 6, 6b, 14, 

276-277,277t, 278t 
in lymphocyte activation, 14, 15f 
internalization of, 94 
intracellular, 6-7, 8f, 9, 10, 11, 14. See also 

Cell-mediated immunity (CMI) . 
antigen processing and, 98,98f, 100 
humoral immunity to, 318 
IL-12 and, 255, 257, 259-260, 260f 
innate immunity to, 263-264,263f 
macrophages and, 26 
MHC expression and, 78 
Th l  cells and, 271, 304 
type I IFN and, 261, 261f 

pathogenic mechanisms of, 346t-347t 
portals of entry of, 31 
specialization against types of, 9t, 10, 11, 

346 
Microbial antigens. See also Viral antigens. 

dendritic cells and, 88-90, 93 
y6 T cells and, 113 
immunoassay for, 523-524 
measuring immunity with, 9 
superantigens as, 108, 350b 
transport of, to lymph nodes, 31 

Microbial toxins, 6, 7, 8, 43. See also 
Superantigens. 

neutralization of, 320-321, 321f 
of extracellular bacteria, 346, 349 
vaccines based on, 363 

Microchimerism, hematopoietic, 218 
Microglial cells, 25f. 26 
P&icioglobulin, 70, 71, 7if-72f, 494 

CD1 and, 77, 279 
deficiency of, in mice, 159 
gene for 

in humans, 76 



lndex 
lndex E C ~  

~p-Microglobulin (Continued) 
in mice, 77 
transcriptional regulation of, 79 

of neonatal Fc receptor, 343 
proteins associated with, 76-77 
synthesis of, 100 

MIF (migration inhibition factor), 270 
Migration inhibition factor (MIF), 270 
MIIC (MHC class I1 compartment), 96-97, 

96f, 494 
Milk, IgA in, 63, 343 
Mimicry, molecular, 429-430, 494 
Minor histocompatibility antigens, 375 
Minor histocompatibility genes, 66 
MIP-1 (macrophage inflammatory protein- 

I ) ,  441, 444 
Mitochondrial pathway, of apoptosis, 

227b-228b, 229b-230b. 231 
Mitogen-activated protein (MAP) kinases, 

494 
in T cell activation, 174, 175f, 180-181, 

181f, 184, 186 
TNF receptors and, 250b 

Mixed chimerism, 385, 386 
Mixed leukocyte reaction (MLR), 69, 494 
Mixed lymphocyte reaction (MLR) , 

375-376. 376f 
MMF (mycophenolate mofetil), 382, 382t, 

383 
Molecular genetic laboratory techniques, 

529-532, 531f 
Molecular mimicry, 429-430, 494 
Molecular patterns, in innate immunity, 276, 

277t, 278t 
Monoclonal antibodies, 494 

anti-tumor, 408-409, 409t 
applications of, 45, 47, 47b 
for allograft rejection, 382t, 383 
for identifying lymphocyte populations, 

20b, 47b, 412 
human, 47b 
humanized, 383, 408, 487 
production of, 45b-47b 

Monocyte colony-stimulating factor 
(M-CSF), 272t, 273, 494 

Monocytes, 25, 25f, 280, 494 
activation of, in cell-mediated immunity, 

31 1 
CC chemokines and, 254 
complement receptors on, 335 
development of, in bone marrow, 273 
Fc receptor(s) on, 325b 

FceRI as, 435 
in delayed-type hypersensitivity, 308 
recruitment of, 280-281, 281f 

TNF in, 252, 263 
Monokines, 243, 494 
Mononuclear phagocytes, 11, 25-26, 25f, 

494. See also Macrophages; 
Monocytes; Phagocytes. 

antibody-mediated phagocytosis by, 
321-322, 322f 

CD4 on, 115 
complement receptors on, 336 
cytokine(s) and, 243, 246 

IFN-cc as, 260 
IL1  as, 252, 254 
IL-6 as, 262 
IL12 as, 257 
IL-15 as, 262 
TGF-P as, 270 
TNF as, 247,249, 252 

dendritic cells and, 85 
Fc receptors of, 324b 
in lymph nodes, 29 

Mononucleosis, infectious, 398b, 460 

Mouse. See Mice. 
MS (multiple sclerosis), 419-420, 420t, 42213, 

427t 
experimental therapies for, 430 
IFN-P for, 261 

MTOR (mammalian target of rapamycin), 
382 

y. heavy chains, 52, 53t 
alternative RNA splicing and, 203, 204f 
in B cell maturation, 57, 58, 58f, 148, 

148f, 149-150 
tails of, 55, 56f 

MUC-1, 400 
Mucins, as tumor antigens, 400, 403 
Mucosa-associated lymphoid tissue, 494 
Mucosal addressin cell adhesion molecule-1 

(MadCAM-l), 35, 36, 38, 122b 
Mucosal epithelium, as barrier to microbes, 

278-280 
Mucosal immune system, 26, 33-34, 33f, 

342-343,343f, 494 
addressin in, 35, 38 
antigen capture and, 90 
follicular dendritic cells in, 26 
high endothelial venules in, 34 
memory T cells in, 38, 168 

Mucosal mast cells, 436, 437t 
Mucosal secretions 

antibody(ies) in, 44, 63, 203 
IgA as, 205 

in immediate hypersensitivity, 435, 448, 
4495 450 

in parasite expulsion, 451 
Multilineage colony-stimulating factor 

(multi-CSF) , 272-273 
Multinucleate giant cells, 26, 313 
Multiple myeloma, 494. See also Myeloma 

cells. 
monoclonal antibodies in, 45 

Multiple sclerosis (MS), 419-420, 420t, 422b, 
427t 

experimental therapies for, 430 
IFN-P for, 261 

Multivalent antigens. See Polyvalent 
antigens. 

Myasthenia gravis, 414, 415t 
c-myc gene, 142b-143b, 482 

in B cell lymphomas, 39813-3991, 
Mycobacteria, 354b, 494 

atypical, 354b 
IL-12 receptor mutations and, 260 

y6 T cells and, 113 
intracellular survival of, 94 

Mycobacterium avium-intracellulare, 3541, 
Mycobacterium leprae, 352-353, 353f, 355 
Mycobacta'um tuberculosis, 35413. See also 

Tuberculosis. 
granulomatous inflammation and, 313, 

352, 420 
immunosuppression caused by, 463 
tuberculin reaction and. 307 

Mycophenolate 
383 

mofetil 

MyD88 adapter protein, 250b-251b, 
283b-284b 

Myelin antigens, multiple sclerosis and, 420, 
420t, 42213 

Myeloid dendritic cells, 25, 27, 85 
Myeloma cells. See also Multiple myeloma. 

growth factor(s) for, IL-6 as, 262 
in hybridoma technology, 45b-47b 

Myeloperoxidase, 287 
Myocarditis 

coxsackievirus B and, 423 
experimental autoimmune, 420t, 423 
in rheumatic fever, 349, 429 

N nucleotides, 144, 145f, 495 
B cell maturation and, 148 

N regions, 108 
Naive B lymphocytes 

activation of, 189-190 
antigen receptors of, 192, 192f 
in lymph nodes, 29, 30 
membrane antibodies of, 43 

Naive individuals, 7, 8, 17 
Naive lymphocytes, 7, 10, 11, 16, 495 

as small lymphocytes, 17, 19f 
characteristics of, 23, 24t 
population maintenance of, 21 
recirculation of, 34, 34f 

Naive T lymphocytes 
activation of, 163, 164, 164f 

by macrophages, 26 
clonal expansion and, 167 
costimulators and, 171-172 
in TCR transgenic mice, 166b 
interleukin-2 secretion and, 165 

differentiation of, 300, 301f-303f, 302-303 
into CD8+ CTLs, 302-303, 302f, 306 
into CD4+ subsets, 303-306, 304f-308f, 

304t 
FLIP in, apoptosis and, 230b 
in lymph nodes, 29-30 
T1,2 cells derived from, IL-4 and, 267-268 

Nasopharyngeal carcinoma, Epstein-Barr 
virus and, 397, 398b 

Native immunity. See Innate immunity. 
Natural antibodies, 150, 213, 279, 495 

in allograft rejection, 378, 38413 
in transfusion reactions, 386 
in xenograft rejection, 386 

Natural cytotoxicity receptors, 291b 
Natural immunity. See Innate immunity. 
Natural killer (NK) cells, 4, 11, 12f, 17, 19t, 

495. See also NK-T cells. 
complement receptors on, 336 
cvtokine(s) and, 246, 263-264, 263f, 

289-290 
IFN-Y as, 79, 79f, 257, 259, 260f, 262, 

IL2 as, 265, 267f ' 

IL-12 as, 255, 257, 259, 260, 260f, 264 
IL-15 as. 262. 263-264. 265-266 
IL18 as; 262' 
IL-21 as, 263 
TNF as, 247 
type I IFN as, 261 

deficiencies in 
in Ch6diak-Higashi syndrome, 461t, 462 
in X-linked SCID, 456 

effector functions of, 289f-290f, 290-291, 
293, 332 

evolution of, 7b, 358b 
Fc receptors on, 32313, 324b 
helper T cells and, 304 
HLA-G and, 76-77 
in ADCC, 325, 326f 
in bone marrow rejection, 388 
in graft-versus-host disease, 388 
in innate immunity, 263-264, 263f, 277, 

279t, 289-291, 293 
in tumor immunity, 401-402 

immunotherapy and, 405, 406, 408 
inhibition of, by class I MHC, 401 
intracellular bacteria and, 351, 351f 
markers of, on T cells. See NK-T cells. 
maturation of, 130 
receptors of, 112, 289-290, 290f, 

291b-292b 
uterine, 37713 

Natural killer (NK) cells (Continued) 
viral infection and, 355, 356, 356f, 357 

Necrosis 
caseous, 3541, 
vs. apoptosis, 14, 227b 

Negative selection, 134, 134f, 219, 495 
of B cells, 150, 234 
of T cells, 153, 155, 156, 156f, 158f, 160, 

220, 220f. 222 
activation-indlced cell death in, 231b 
autoimmune disease and, 427 

Neisseria 
antigenic variation in, 349, 349t 
complement-mediated cytolysis of, 340, 

341b, 346 
NEMO (NF-KB essential modulator), 

185b-186b 
Neoantigenic determinants, 59, 59f 

contact sensitivity and, 420 
Neonatal Fc receptor (FcRn) , 343, 495 
Neonatal immunity, 63, 343-344, 495 
Network hypothesis, 237-238, 488 
Neuritis, peripheral, 420t 
Neuropeptides, mast cell activation by, 441 
Neutral serine proteases, in mast cells, 441, 

442 
Neutralization, antibody-mediated, 320-321, 

321f, 322t, 342, 343 
extracellular bacteria and, 346, 349 
viral infection and, 356, 356f 

Neutrophilia, 28513 
Neutrophils, 495 

adhesion molecules and, 122b, 123b 
chemokines and, 254, 255 
complement proteins and, 293 
complement receptors on, 335, 336, 339, 

341b 

NF-KB (nuclear factor KB) (Continued) 
in T cell activation, 183f, 184, 186-187 
TNF receptors and, 249, 250b-251b 
Toll-like receptors and, 283b-2841, 

Nitric oxide, 495 
hemodynamic shock caused by, 

285b-28613 
histamine-stimulated synthesis of, 441, 447 
microbicidal activity of, 268 

in cell-mediated immunity, 312-313, 
312f 

in innate immunity, 287-288, 287f 
Nitric oxide synthase, 268, 28313, 287-288, 

287f, 495 
NK cells. See Natural killer (NK) cells. 
NK-T cells, 83, 110, 161, 279 
NOD (nonobese diabetic) mouse, 222, 

421b, 425, 427, 428 
Nonreactivity to self, 9t, 11 
Nonsteroidal anti-inflammatory drugs 

(NSAIDs), 28513, 443 
Northern blot hybridization, 524, 530 
NRAMPI gene, 35413 
Nuclear factor KB. See NF-KB (nuclear factor 

a ) .  
Nuclear factor of activated T cells (NFAT), 

183f, 184, 185b, 495 
cyclosporine and, 381 
in mast cells, 440 

Nucleic acid antigens 
antibody responses to, 212, 212t 
antigenic determinants of, 58, 59 
B cell tolerance toward, 234 

Nucleotide additions, to antigen receptor 
genes, 108, 144, 145f 

Nude mice, 27, 151,458,495 

defensins in, 278 
Fc receptors on, 32313, 324b, 325b 
fungal infection and, 355 
IFN-?/ and, 269 
in antibody-mediated diseases, 413-414, 

414f 
in cell-mediated immunity, 313 
in complement-induced inflammation, 

339-340 
in delayed-type hypersensitivity, 307-308 
in immediate hypersensitivity, 447 
in innate immunity, 4, 263, 264, 277, 279t, 

280-283, 281f-282f, 285-289, 2875 
294295 

intracellular bacteria and, 351, 351f 
intravascular thrombosis and, 253 
morphologic features of, 280 
phagocytosis by, 62 

antibody-mediated, 321, 32313 
production of, 280 

IL6  and, 262 
recruitment of, 280-281, 281f, 294-295 

GCSF in, 273 
lymphotoxin in, 270 
prostaglandin Dp in, 443 
TNF in, 252 

superoxide production by, 462 
tissue injury caused by, 28513-28613 

in serum sickness, 416 
NFAT (nuclear factor of activated T cells), 

183f, 184, 185b, 495 
cyclosporine and, 381 
in mast cells, 440 

NF-KB (nuclear factor KB), 185b-186b, 495 
IL-1 receptor and, 254 
in activated macrophages, 312 
in B cell activation, 194, 202 
in HIV reproduction, 468 
in mast cell activation, 440 

0 antigen, 380b 
Off-rate constant, 529 
OKT3, 383 
Oligoadenylate synthetase, type I IFN and, 

261 
Oncofetal antigens, 397t, 399-400, 495 
Oncogenes, 393, 396% 397t 

anti-tumor antibodies and, 408 
lymphoid tumors and, 140, 142b-143b, 

39913 
retroviral, 399 

On-rate constant, 529 
OPG (osteoprotegerin), 253 
OPG (osteoprotegerin) ligand, 423b 
Opportunistic infections 

fungal, 355 
in AIDS, 464, 470-471, 472, 473, 475 

Opsonin(s), 321, 495 
complement proteins as, 293, 338-339, 

340f 
Greactive protein as, 294 
mannose-binding lectin as, 294 
receptors for, 281-282 

Opsonization, 8, 26, 43, 282, 321-322, 322f, 
495 

by complement proteins, 335, 336, 338, 
339, 340f 

of antigens, in germinal centers, 341 
of cells, in antibody-mediated disease, 413, 

414f 
of encapsulated bacteria, 32 
of extracellular bacteria, 346 
of helminths, by IgE, 268, 313 
of T cells, in immunosuppressive therapy, 

383 
of viral particles, 356 

Opsonization (Continued) 
phagocytosis and, 322, 3225 325 

IFN-y in lymph and, nodes, 269, 269f 90 

in spleen, 32 
Oral antigens, immune responses to, 34 
Oral immunization, 34, 237, 356 
Oral tolerance, 237, 495 
Oral vaccines, 342 
Orchitis, after vasectomy, 430 
Orthotopic transplantation, 369 
Osteoclasts, 25f, 26 

in rheumatoid arthritis, 423b 
RANK on, 253 

Osteoprotegerin (OPG), 253 
Osteoprotegerin (OPG) ligand, 423b 
OX-40, TNF receptors and, 250b 
OX-40 ligand, 250b 

p38, in T cell activation, 181 
p53, cancer vaccines and, 404 
p150,95, 120b, 335t, 336 

deficiency of, 462 
P nucleotides, 108, 144, 145f, 495-496 
PAF (platelet-activating factor), 444, 445, 

447, 448, 497 
in asthma, 449 

PALS (periarteriolar lymphoid sheath), 31, 
31f, 32, 496 

Pancreatic islet p cells 
autoimmune destruction of, 419, 421b 
transgenes expressed in, 222-223, 226f 

Pancreatic islet grafts, 385 
Paracrine cytokine(s) factor as, (s) 245 

type I IFN as, 261 
definition of, 496 

Parasites, 359-360, 360t, 451. See also 
Helminths. 

immune evasion by, 362-363, 362f, 362t 
immunosuppression caused by, 463 
phagocytosis of, 87 
Thl  cells and, 304 
T1,2 cells and, 313 

Parathyroid glands, absent, in DiGeorge 
syndrome, 457 

Paroxysmal nocturnal hemoglobinuria, 
338 

Partial agonists, 187, 496 
Passive cell death, 227b-228b, 229b-231b 
Passive cutaneous anaphylaxis, 446 
Passive immunity, 7-8, 9f, 343, 496 
Passive immunization, 7, 365 

for agammaglobulinemia, 462 
Passive immunotherapy, for tumors, 

408-409, 408f, 409t 
Pathogenicity, definition of, 496 
Pattern recognition receptors, 276, 277t, 

278t, 496. See also Phagocytes, 
receptors of. 

soluble, 294 
PCR (polymerase chain reaction), 497, 

530-532, 531f 
for tissue typing, 384b 
RT-PCR adaptation of, 499, 532 

PD-1 (programmed death-l), 170b-171b 
Pemphigus vulgaris, 415t, 427t 
Penicillin, T cell recognition of, 82 
Pentraxins, 496 
Peptide antigens. See also Antigen 

processing; Antigen recognition, by 
T lymphocytes; Protein antigens. 

altered, 180, 187 



Peptide antigens (Continued) 
anchor residues of, 75, 75t 
binding of 

to MHC molecules, 71-72, 73-76, 74f, 
75t, 76f-77f, 103 

to T cell receptor, 109, 11 If 
from phagocytosed microbes, 286 
hapten-conjugated, 82 
in negative selection, 160 
in positive selection, 158-159, 159f 
synthetic 

for vaccines, 102 
in vaccines, 364 

T cell recognition of, 65, 66f, 82-83, 82t 
tumor-specific CTLs and, 394b-395b 

in vaccine therapy, 404 
viral, 356, 357, 358b, 359 

Peptide-binding cleft, 496 
Peptide-MHC complexes, T cell activation 

by, 163, 164, 173 
in CTL-mediated lysis, 314, 315 

Peptide-MHC tetramers, 167b, 494 
Percent reactive antibody (PRA), 3841, 
Perforin, 496 

of CTLS, 306, 315-316, 315f, 332, 334f 
of NK cells, 290, 332 

Periarteriolar lymphoid sheath (PALS), 31, 
31f, 32, 496 

Peripheral lymphoid organs, 16, 21f, 26, 
496. See also Cutaneous immune 
system; Lymph nodes; Mucosal 
immune system; Spleen. 

Peripheral neuritis, 420t 
Peripheral node addressin (PNAd), 35 
Peripheral tolerance, 160, 218, 219, 219f, 

220 
definition of, 496 
in B lymphocytes, 234235, 236f, 236t 
in T lymphocytes, 222-226, 223f-227f, 

231-233, 232f-233f, 233t, 236t 
Peritoneum 

B1 cells in, 150, 213, 279 
mast cells in, 451 

Pernicious anemia, 415t 
Peroxynitrite radicals, 288 
Peyer's patches, 33-34, 33f, 90, 496 

high endothelial venules in, 34, 35 
L-selectin ligand in, 35 

PGD, (prostaglandin D,) , 443, 444 
PGI, (prostacyclin), histamine and, 441, 

447 
PH (pleckstrin homology) domains, 178b, 

180 
PHA (phytohemagglutinin), 166b, 496-497 
Phage display technology, 47b 
Phagocyte oxidase, 268, 286-287, 288, 325 

mutations in gene for, 461t, 462 
Phagocytes. See also Macrophages; 

Mononuclear phagocytes; 
Neutrophils. 

deficiencies involving, 461-462, 461t 
evolution of, 6b, 7b 
in cell-mediated immunity, 6-7, 8, 8f, 9, 

11 
in innate immunity, 4, 277, 279t, 280-283, 

281f-282f, 286-289, 287f-288f 
intracellular bacteria and, 349, 351-353, 

3535 355 
receptors of, 281-283, 282f, 286, 287f 
T cell-mediated activation of, 298-299, 

299f, 306, 307f 
Phagocytosis, 62, 285-288, 287f 

antibody activation of, 6 
antigen presentation and, 87, 90 
class I MHC pathway and, 98, 98f 
definition of, 496 

Phagocytosis (Continued) 
early research on, 8-9 
IFN-y and, 268, 269 
in spleen, 32 
in transfusion reactions, 386-387 
mannose-binding lectin and, 294 
of apoptotic cells, 227b 
of cells, in antibody-mediated disease, 413 

414f 
of extracellular bacteria, 346, 349 
of fungi, 355 
of immune complexes, 335, 335t, 

340-341, 415, 417 
of opsonized microbes, 322, 322f, 325 

complement activation and, 335, 335t, 
336, 338, 339, 340f 

IFN-y and, 269, 269f 
in lymph nodes, 90 
in spleen, 32 
viral, 356 

of protozoa, 359 
Phagolysosomes, 94, 98, 268, 281, 285-288, 

287f 
antibody-mediated phagocytosis and, 325 
escape from, 352 
susceptibility to mycobacteria and, 354b 

Phagosomes, 94, 98, 98f, 285, 287f, 496 
antibody-mediated phagocytosis and, 

325 
cell-mediated immunity and, 298-299, 

2995 313 
escape from, 300, 352 

Pharyngeal tonsils, 34, 90 
Philadelphia chromosome, 143b 
Phosphatases, 496 

specific for tyrosine residues, 178b, 180 
in CD45 cytoplasmic domain, 118 
JAK deactivation by, 25913 

Phosphatidylinositol 4,5-bisphosphate 
(PIP,), 182, 182f, 193 

in mast cells, 439, 440f 
Phosphatidylinositol-3 (PI-3) kinase, 180 

costimulation and, 170b, 186, 187 
in B cell signaling, 195 
in IL2R signaling, 265 

Phosphatidylinositol triphosphate (PIP,), 
178b, 180 

antibody feedback and, 213f, 214 
Phospholipase A, (PLA,), 439-440, 440f 
Phospholipase C (PLC) 

in mast cells, 439 
in phagocytes, 286 

Phospholipase Cy (PLCy) , 496 
Phospholipase Cyl (PLCyl), 179f, 180, 

182-183, 182f 
Phospholipase Cy2 (PLCy2), 192-193, 214 
Phospholipids 

antigenic determinants of, 58, 59 
C-reactive protein and, 294 

Phosphotyrosine-binding (PTB) domains, 
180 

Phytohemagglutinin (PHA) , 166b, 496-497 
PI-3 (phosphatidylinositol-3) kinase, 180 

costimulation and, 170b, 186, 187 
in B cell signaling, 195 
in IL-2R signaling, 265 

PIAS (protein inhibitors of activated STAT), 
259b 

Pig, human antibodies directed at, 386 
Pilin genes, variation of, 349 
PIP, (phosphatidylinositol 4,5- 

bisphosphate), 182, 182f, 193 
in mast cells, 439, 440f 

PIP3 (phosphatidylinositol triphosphate), 
178b, 180 

antibody feedback and, 213f, 214 

PKC (protein kinase C), 498 
in B cell activation, 194 
in mast cell activation, 439, 440f 
in phagocyte activation, 286 
in T cell activation, 174, 175f, 182-183, 

182f, 184 
PLA, (phospholipase A,), 439-440, 440f 
Placenta, Fc receptor in, 63 
Plants, immune mechanisms of, 275, 

280 
Plaque-forming cells, 193b 
Plasma cells, 23, 23f, 203, 319, 497 

in bone marrow, 23, 27, 38, 191f, 203 
in intestinal mucosa, 33 
in lymph nodes, 29 
in spleen, 31 
neoplastic. See Myeloma cells. 

Plasma proteins. See also Complement 
system. 

in inflammatory response, 252, 254, 277, 
28513, 295 

of innate immunity, 279t, 282, 294 
Plasmapheresis, for immunologic diseases, 

430 
Plasmid DNA vaccines, 364, 365 
Plasmodium. See Malaria. 
Platelet (s) 

autoantibodies against, 418b 
deficiency of, IL-11 for, 273 
in allograft rejection, 378 
P-selectin in, 123b 

Platelet-activating factor (PAF), 444, 445, 
447,448,497 

in asthma, 449 
PLC. See Phospholipase C (PLC) . 
Pleckstrin homology (pH) domains, 178b, 

180 
PMNs (polymorphonuclear leukocytes). See 

Neutrophils. 
PNAd (peripheral node addressin), 35 
Pneumococcal vaccine, 21 1-212, 363 
Pneumococcus, capsular polysaccharide of, 

211-212, 213, 339 
Pneumocystis can'nii infection, in X-linked 

hyper-IgM syndrome, 311, 459 
PNP (purine nucleoside phosphorylase) 

deficiency, 455f, 456t, 457 
Poly-A tails, 148, 153 
Polyarteritis nodosa, 417t 
Polyclonal activators, 497 

of B lymphocytes, 193b 
of T lymphocytes, 166b 

in tumor immunotherapy, 407 
Polyclonal antibodies, 45 
Poly-Ig receptor, 343, 343f, 497 
Polymerase chain reaction (PCR) , 497, 

530-532, 531f 
for tissue typing, 38413 
RT-PCR adaptation of, 499, 532 

Polymorphism, 66, 497 
of Ig molecules, 54b 
of MHC genes, 69, 76, 77, 103 

Polymorphonuclear leukocytes (PMNs) . See 
Neutrophils. 

Polysaccharide antigens. See also 
Carbohydrate antigens; 
Lipopolysaccharide (LPS) . 

antibody responses to, 190, 196, 204, 210, 
211-213, 212t 

by B1 cells, 279 
bacterial toxins as, 346 
genetic variation in, 349 
of bacterial capsules 

of pneumococcus, 211-212, 213, 339 
phagocytic clearance and, 339, 349 

tolerance toward, 234 

Polysaccharide antigens (Continued) 
vaccines composed of, 363 

Polyvalent antigens, 58, 497 
B cell tolerance toward, 234 
binding of, 60-61, 60f 
T cell-independent, 212 

Positive selection, 133-134, 134f, 497 
of B cells, 134f, 150 
of T cells, 133-134, 155, 156, 156f, 

157-160, 157t, 158f-159f 
Poxviruses, cytokine-binding proteins of, 

357, 359 
PPD (purified protein derivative), 307, 352, 

35413 
PRA (percent reactive antibody), 3841, 
Pre-B cell, 133, 133f, 134, 146f, 148-149, 497 

heavy chains in, 57, 58f 
Pre-B cell receptor, 148, 148f, 497 

signal transduction defect and, 457 
Pre-cytolytic T lymphocyte (pre-CTL), 497 
Pre-T cell, 133, 133f, 153-155, 497 
Pre-T cell receptor, 148f, 153-154, 497 
Pre-Ta protein, 153, 497 
Primary immune response, 10, 10f, 191, 

19lf, 191t, 497 
affinity in, 62 

Primary immunodeficiency, 497. See also 
Immunodeficiency diseases, 
congenital. 

Pro-B cell stage, 146, 146f, 497 
Professional antigen-presenting cells 

(professional APCs) , 85, 497-498 
Programmed cell death, 228b, 230b-231b. 

See also Apoptosis. 
definition of, 498 
of neutrophils, 280 

Programmed death-1 (PD-l), 170b-171b 
Promoters, 185b, 498 
Properdin, 329, 329t 

deficiency of, 341b 
Prostacyclin (PGI,), histamine and, 441, 447 
Prostaglandin Prostaglandins, D2 498 (PGD,), 443, 444 

fever and, 28513 
TNFinduced, 252 

from activated macrophages, 313 
in immediate hypersensitivity, 441, 443, 

444, 445 
Pro-T cell stage, 151f, 153, 498 
Protease(s), 498 

in antigen processing, 94, 96 
in mast cells, 436 
of HIV, 464,468 

Protease inhibitors, for HIV infection, 
474475 

Proteasome, 76, 80, 98-99, 98f, 498 
IFN-y and, 268 

Protein antigens, 82. See also Antigen 
processing; Peptide antigens. 

allograft rejection and, 378 
as allergens, 434435 
B cell activation and, 190-191, 19lt  
delayed-type hypersensitivity and, 307-308 
denatured 

antibody binding to, 59, 59f 
T cell recognition of, 82, 83t 

determinants of, 58-59, 59f, 82 
extracellular vs. intracellular, 101, 102f 
y6 T cell recognition of, 113 
immunogenicity of, 101-103, 103f 
laboratory techniques with, 524, 525f-526f 
MHC genes and, 67f, 68 
of extracellular bacteria, 346, 349 
secondary antibody responses to, 210 
T cell-dependent response to, 196-197, 

197t, 198f 

Protein antigens (Continued) 
early events in, 197-206, 199f-202f, 

204f-205f, 207f 
late events in, 197, 198f, 206-210, 

208f-211f 
T cell-independent response to, 196, 

211-213, 212t 
thymus-dependent nature of, 190 
tolerance to, 232-233, 233t 

B lymphocytes and, 234 
with foreign antigens, 235, 237 

tumor-specific CTLs and, 39413-395b 
Protein kinase A, in mast cells, 439 
Protein kinase C (PKC), 498 

in B cell activation, 194 
in mast cell activation, 439, 440f 
in phagocyte activation, 285 
in T cell activation, 174, 175f, 182-183, 

182f, 184 
Protein synthesis, by activated lymphocytes, 

22 
Protein tyrosine kinases (PTKs), 177b-178b, 

498 
in B cell signaling, 192 
in T cell signaling, 113, 117, 175, 179f, 

180- 
- 

Protein tyrosine phosphatases (PTPs), 178b, 
180, 181 

JAK deactivation by, 259b 
of CD45 cytoplasmic domain, 118 

Protein vaccines, 363-364 
Protein-calorie malnutrition, 463, 463t 
Proteoglycans, of mast cells, 436, 442-443 
Proteolytic enzymes. See Endosomes; 

Lysosomes; Proteasome. 
proto-oncdgenes, 142b-143b 
Protozoan parasites, 359-360, 360t, 361b, 

362, 362f, 362t, 445, 498 
Provirus 

definition of, 498 
of HIV, 467, 498 

P-selectin (CD62P), 37, 123, 123b, 310 
complement activation and, 340 
Lewis antieens and. 380b " 

Psoriasis, 430 
PTB (phosphotyrosine-binding) domains, 

180 . 
PTKs (protein tyrosine kinases), 177b-178b, 

498 
in B cell signaling, 192 
in T cell signaling, 113, 117, 175, 179f, 

180 
PTPs (protein tyrosine phosphatases), 178b, 

180, 181 
JAK deactivation by, 259b 
of CD45 cytoplasmic domain, 118 

Purified antigen vaccines, 363-364, 363t, 
498 

Purified protein derivative (PPD), 307, 352, 
35413 

Purine nucleoside phosphorylase (PNP) 
deficiency, 455f, 456t, 457 

Pyrogen(s), 285b 
TNF as, 252 

Pyogenic bacteria, 346, 498 
innate immune response to, 263, 264 

R 

Rac protein, 181, 186, 187, 498 
Radiation, thymocyte sensitivity to, 15.~ 
Radioimmunoassay (RIA), 193b, 498, 

523-524, 523f 
in monoclonal antibody production, 

45b 

RANK (receptor activator of NF-KB), 250b, 
253, 4231, 

RANK ligand, in rheumatoid arthritis, 423b 
Rapamycin, 382, 382t, 383 
Ras, mutations 498-499 of, in tumors, 404 

Ras-MAP kinase pathways 
IL-2 receptor signaling and, 25813, 265 
in B lymphocytes, 192 
in mast cells, 439, 440f 
in T lymphocytes, 174, 175f, 180-181, 

181f, 186 
RCA (regulators of complement activity), 

336 
Reactive oxygen intermediates (ROIs), 268, 

499 
complement activation and, 340 
defective production of, in CGD, 461t, 

462 
extracellular, tissue injury by, 325 
fungicidal, 355 
in antibody-mediated phagocytosis, 325 
in cell-mediated immunity, 312-313, 312f 
in granulomatous inflammation, 35415 
in innate immunity, 285, 287, 287f, 288 

Reagin, 446, 499 
Receptor editing, 150, 234, 235f, 499 
Receptor interacting protein (RIP), 250b 
Recipient, 369 
Recirculation of lymphocytes, 3438,  35f-37f 
Recognition phase, 12-13, 13f-14f. See also 

Antigen recognition. 
Recombination 

antibody diversity and, 61 
in Ig superfamily, 51b 
somatic, 132, 133, 135, 138-140, 139f-142f 

B cell maturation and, 146-148, 
146f-147f, 149 

mechanisms of diversity in, 140, 142t, 
144, 144f-145f, 146 

T cell maturation and, 153-155, 1 5 4  
in y6 thymocytes, 160-161 

Recombination signal sequences, 139, 140f, 
499 

Recombination-activating (RAG) genes, 141, 
144, 145f, 499 

in receptor editing, 150, 234 
mutations in, 457 
thymic expression of, 153, 155 

Red pulp, 31, 31f, 32, 499 
Regulators of complement activity (RCA), 

336 
Regulatory T lymphocytes, 11, 160, 499 

autoimmune disease and, 427 
differentiation into, 219, 220f, 222 
IL2 and, 266 
of uterine decidua, 37713 
termination of immune responses and, 

237 
TGF-P produced by, 270 
tolerance induced by, 231-232, 232f-233f, 

235 
Rejection. See Graft rejection. 
Re1 homology domain, 185b-186b 
Renal cell carcinoma, cytokine therapy for, 

407, 407t 
Renal transplantation, 369, 378, 378f, 382 

donor matching for, 383-385, 384b 
prophylactic transfusion and, 385 

Respiratory burst, 285b, 286, 287, 499 
complement activation and, 340 

Respiratory tract. See also Asthma; Lung; 
Mucosal immune system. 

alveolar macrophages of, 25f, 26 
as portal of entry, for antigens, 88, 88f 
dendritic cells in, 85-86 
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Respiratory tract (Continued) 

epithelial barrier of, 278-280 
viral entry into, 356 

Restriction fragment length polymorphism 
(RFLP) ,530 

Reticular dysgenesis, 457 
Retroviruses. See also Human 

immunodeficiency virus (HIV) . 
tumors caused by, 399 

Reverse transcriptase, 464, 468, 473, 499 
Reverse transcriptase inhibitors, 474, 475 
Reverse transcriptase-polymerase chain 

reaction (RT-PCR) , 499, 532 
Rh antigens, 380b, 387, 499 
Rheumatic fever, 349, 415t, 429 
Rheumatoid arthritis, 420, 420t, 423b, 427t, 

499 
oral antigen administration for, 430 
soluble TNF receptor for, 42313, 430 
TNF and, 252 

Rheumatoid factors, 54b, 423b 
Rhinitis, allergic, 448, 450 
Rhinovirus, 357 
RIA (radioimmunoassay), 193b, 498, 

523-524, 523f 
in monoclonal antibody production, 45b 

Ricin, 409 
RIP (receptor interacting protein), 250b 
RNA 

messenger, laboratory analysis of, 530, 532 
viral 

cytokine secretion induced by, 246 
innate immunity and, 276, 278t 
Toll-like receptors and, 283b 
type I interferons induced by, 260-261, 

355 
RNA splicing, 135 
RNA tumor viruses, 399 
RNase protection assay, 499, 530 
ROIs. See Reactive oxygen intermediates 

(ROIs) . 

S protein, 338, 339f 
SAA (serum amyloid A), 252, 28513, 500 
Sandwich assay, 523, 523f, 528 
SAP (stress-activated protein) kinase, 181 
Scavenger receptors, 281, 346, 499 
Schistosoma mamoni,  360, 360t, 362 
SCID (severe combined immunodeficiency), 

455-457, 4555 456t, 500 
in mice, 140, 457, 499 

innate immunity in, 294-295, 351 
Second signals, 14, 15f, 118 

for B cells, 194195, 195f, 201, 214 
from complement system, 338 

for T cells, 164, 169. See also 
Costimulators/costimulation. 

from innate immune response, 295-296 
Secondary immune response, 10, 10f, 23, 

191, 191f, 191t, 319 
affinity increase in, 62 
CD4' helper T cells and, 210 
definition of, 499 

Secondset rejection, 370, 370f, 499-500 
Secretory component, of poly-Ig receptor, 

343,500 
Secretory immunity, 342 
Selectins, 34-35, 36, 36f-37f, 37, 38, 

122-123, 122b-123b, 500. See also 
E-selectin (CD62E); L-selectin 
(CD62L); P-selectin (CD62P). 

effector T cells and, 309-310 
helper T cells and, 304, 304f 

Selectins ( Continued) 
leukocyte recruitment and, 280, 281f 
Lewis antigens and, 380b, 462 
TNF and, 252 

Selection 
of B lymphocytes, 133-134, 134f, 150 

in germinal centers, 210, 211f 
of T lymphocytes, 133-134, 155-160, 156f, 

157t, 158f-159f 
Selective IgA deficiency, 458-459, 459t, 

500 
Selective IgG subclass deficiencies, 459, 459t, 

500 
Self antigens. See also Autoimmune 

disease (s) ; Self-tolerance. 
antibody-mediated diseases and, 413-414, 

413f 
as tumor antigens, 396 
B cell maturation and, 150 
cross-reaction with, 61 
displayed by MHC molecules, 7475,  97, 

100 
epitope spreading and, 422b, 424 
Ig molecules as, 54b 
in immune complexes, 414 
lymphocyte maturation and, 134, 134f 
lymphocyte survival and, 21, 159 
mimicry of, by microbes, 429-430 
on allogeneic MHC, 373 
sequestered, autoimmunity and, 430 
T cell maturation and, 21, 153, 155-157, 

156f, 159-160 
T cells specific for, in immunologic 

disease, 419 
tolerogenicity of, 233 
viral mimicry of, 357 

Self MHC restriction, 82-83, 84f, 500 
selection for, 155-160, 156f 

Self-limitation, 9t, 10-11, 10f 
Self/nonself discrimination, 217, 218 

by innate immune system, 276 
Self-tolerance, 9t, 11, 216-220, 219f 

costimulators and, 172, 187 
definition of, 500 
failure of, 424, 425f See also Autoimmune 

disease (s) . 
in B lymphocytes, 234 

central, 234, 2355 236t 
complement system and, 341b 
peripheral, 234235, 236f, 236t, 325b 

in T lymphocytes, 220 
autoimmune diseases and, 427 
central, 220, 220f, 222, 236t 
peripheral, 222-226, 223f-227f, 

231-233, 232f-2335 233t, 236t 
superantigen model of, 350b 

receptor editing and, 150 
T cell maturation and, 156, 160 
transgenic mouse models of, 221b 

Sensitization, of mast cells, 433 
Sensitization phase, of DTH, 307, 310f 
Sepsis, 28513 
Septic shock, 285b-28613, 349, 500 

IL12 and, 253, 259 
TNF and, 252, 253, 253f 

Seroconversion, 500 
Serology, 44, 500 
Serosal cavities, defenses of, 278-280 
Serotonin, mast cell release of, 441 
Serotype, 500 
Serpentine receptors, 247, 248f 
Serum, 44, 500 
Serum amyloid A (SAA), 252, 28513, 500 
Serum sickness, 415-417, 417f, 417t, 500 
Serum transfer, passive immunity and, 7, 8, 

9f 

Seven-transmembrane a-helical receptors, 
247, 248f, 255 

in innate immunity, 282-283, 286 
Severe combined immunodeficiency (SCID) , 

455-457, 455f, 456t, 500 
in mice, 140, 457, 499 

innate immunity in, 294295, 351 
x-linked, 130, 131b-132b, 266, 455-456, 

455f, 456t 
SH2 (Src homology 2) domains, 178b, 501 

in T cell activation, 113, 180 
SH3 (Src homology 3) domains, 178b, 501 

in T cell activation, 180 
SHBcontaining phosphatase-1 (SHP-l), 

178b, 180 
CD22 and, 214 
JAK deactivation by, 259b 
NK cell receptors and, 291b 

SH2-containing phosphatase-2 (SHP-2), 
178b, 180 

NK cell receptors and, 291b 
SHIP (SH2-domain-containing inositol 

phosphatase), 178b, 180 
antibody feedback and, 213-214, 213f 
in mast cell regulation, 441 

Shock. See also Septic shock. 
anaphylactic, 448 
in transfusion reactions, 387 
superantigens and, 350b 
TNF and, 252, 253, 253f 

Shwartzman reaction, 500 
Sialic acid 

bacterial defenses and, 349 
complement regulation and, 338 

Sialomucins 
in peripheral lymphoid tissues, 35 
in tumor antigen masking, 403 

Sialyl Lewis X, 461t, 462 
Signal sequences 

endoplasmic reticulum and, 137 
recombination and, 139, 141f 

Signal transducers and activators of 
transcription (STATs), 25913, 500. 
See also JAK/STAT signaling. 

in activated macrophages, 312 
in CD4+ T cell differentiation, 304, 305, 

305f 
Signal transduction. See also Protein tyrosine 

kinases (PTKs) ; Protein tyrosine 
phosphatases (PTPs); Transcription 
factors. 

by complement receptors, 335, 340 
by cytokine receptors, 246-247, 248t 

deficient, in X-linked SCID, 456 
by Fc receptor(s), 322,32313,32413,325, 

32513 
FceRI as, 435-436, 439, 440f 

by IL-2 receptor, 265 
by I L 4  receptor, 267 
by IL12 receptor, 257, 259 
by JAWSTAT pathway, 25713-259b 

IL12 and, 257 
by TNF receptors, 249, 250b-251b 
by Toll-like receptors, 283b-28413 
in B lymphocytes, 192-195, 192f, 

194f-195f, 196, 202 
in antibody feedback, 213-214, 213f 
in T cell-independent responses, 212 

in lymphocyte maturation, 130b, 131 b, 
133 

in macrophages, 31 1 
in NK cells, 112, 289, 291b-292b 
in T lymphocytes, 105-106, 106f, 107t, 

110, 112-113, 173-174, 174f-175f 
accessory molecules in, 114, 115, 1 l5t. 

See also speczjic molecule. 

Signal transduction (Continued) 
altered peptide ligands in, 180, 187 
anergy and, 224 
calcium-calcineurin pathway in, 174, 

175f, 182-183, 182f 
costimulators and, 170b-171b, 172, 184, 

186-187 
early membrane events in, 174-175, 

176f-177f, 179f, 180 
gene expression and, 173, 174f 
immature, tolerance and, 220 
immunologic synapse and, 109 
integrins and, 121b, 122 
protein kinase C pathway in, 174, 175f, 

182-183, 182f 
Ras-MAP kinase pathway in, 174, 175f, 

180-181, 181f 
transcription factors and, 181, 182, 

183-184,183f, 185b-186b, 186 
Signaling lymphocyte activation molecule 

(SLAM), 460 
Simian immunodeficiency virus (SIV) , 464, 

475, 500 
Simian virus 40 (SV40), 397, 399, 403 
Single-positive thymocytes, 155, 155f, 

157-158,500 
SIRS (systemic inflammatory response 

syndrome), 285b-286b, 295,501 
Skin. See also Cutaneous immune system; 

Epithelium(a) . 
antimicrobial peptides of, 278 
as barrier to microbes, 278-280, 278f 
as portal of entry, for antigens, 88, 88f 
dendritic cells in, 32, 32f, 85-86, 87f 
effector T cells in, adhesion molecules of, 

310 
y6 T cells in, in mice, 113 
in immediate hypersensitivity 

allergic diseases and, 448, 450-451 
wheal and flare reaction and, 441, 444, 

445-447, 4465 448 
lymphatic capillaries of, 31 
mast cells in, 437, 441 
squamous cell carcinoma of, in allograft 

patients, 383 
Skin grafts 

in mice, 66, 67f, 68b 
rejection of, 369-370, 370f 

SLAM (signaling lymphocyte activation 
molecule), 460 

SLE (systemic lupus erythematosus), 417, 
, 417t, 418b, 501-502 
genetic susceptibility to, 42213, 426, 426f, 

427t 
glomerulonephritis in, 416f 
hormonal influences on, 430 
therapies for, 430 

Slow-reacting substance of anaphylaxis 
(SRSA) , 444 

SLP-65 (SH2-binding leukocyte 
phosphoprotein of 65 kD), 192,193 

SLP-76 (SH2-binding leukocyte 
phosphoprotein of 76 kD), 180, 
187 

SMAC (supramolecular activation cluster), 
176f-177f. See also Immunologic 
synapse. 

SMAD transcription factors, in TGF-P 
receptor signaling, 270 

Small lymphocytes, 17, 19f 
Smallpox, 3, 4, 363, 500 
SOCS (suppressors of cytokine signaling), 

258b-25913 
SOCS box, 258b 
Somatic hypermutation, 207, 209-210, 209f, 

211f, 501 

Somatic mutation, of Ig genes, 62, 207, 
209-210, 209f, 211f 

Somatic recombination, 130-131, 133, 135, 
138-140, 139f-141f 

definition of, 501 
mechanisms of diversity in, 143-144, 143t, 

144f-145f, 146 
Sos (Ras GTP/GDP exchange factor), 181, 

181f, 192 
Southern blot hybridization, 501, 524, 

529-530 
of antigen receptor gene rearrangements, 

138, 139f 
Specialization, against different microbes, 

9t, 10, 11, 346 
Specific granules, of neutrophils, 280 
Specific immunity, 5. See also Adaptive 

immunity. 
Specific opsonins, 282, 321 
Specificity, 501. See also Antigen receptor 

genes. 
of adaptive immunity, 8, 9-10, 9t, 10f, 11, 

13 
of antibody structures, 61 
of cytokine response, 245-246 
of innate immunity, 4 
of T cell receptors, 74, 74f, 75, 109 

Spleen, 26, 31-32, 501. See also Germinal 
centers; Lymphoid follicles. 

blood-borne antigens sampled in, 32, 34, 
88, 88f, 90 

clearance of bacteria in, phagocytic, 339 
clearance of immune complexes in, 335 
CXCR5 and, 30 
follicular dendritic cells in, 26 
hematopoiesis in, 26 
lymphocyte recirculation through, 36 
lyrnphotoxin and, 30 
morphology of, 31-32, 31f 

Splenectomy, immunosuppression caused by, 
463t, 464 

Splicing, RNA, 135 
Sponges, graft rejection in, 6b 
Squamous cell carcinoma, of skin, in 

allograft patients, 383 
Src homology 2 (SH2) domains, 178b, 501 

in T cell activation, 113, 180 
Src homology 3 (SH3) domains, 178b, 501 

in T cell activation, 180 
Src kinase family, 177b-178b 

in BCR complex signaling, 192, 195 
SRS-A (slow-reacting substance of 

anaphylaxis), 444 
Staphylococcal enterotoxins, 350b 
Staphylococcus aureus, enterotoxins of, 

350b 
STATs (signal transducers and activators of 

transcription), 259b, 500. See also 
JAK/STAT signaling. 

in activated macrophages, 312 
in CD4+ T cell differentiation, 304, 305, 

305f 
Stem cell antigen-1 (Sca-1), 26 
Stem cell factor (c-Kit ligand), 272, 272t, 

48 1 
Stem cells 

definition of, 501 
embryonic, in mouse gene knockouts, 

532f-533f, 534 
hematopoietic, 20, 21f, 26, 27, 27f, 130, 

487 
cytokines and, 271, 271f 

Steric hindrance 
by antibodies, 320 
of immune complex interactions, by 

complement, 340 

Streptococcal infections, late sequelae of, 
349, 429 

Stress-activated protein (SAP) kinase, 181 
Subtractive hybridization, 107b 
Subunit vaccines, 363-364, 363t, 498 
Superantigens, 349, 350b, 501 

apoptosis of T cells induced by, 226, 231 
binding site for, 108 
polyclonal activation by, 166b 
V region families and, 137 

Superfamily, definition of, 50b 
Superoxide anion, 462 
Superoxide radicals, 287, 288 
Suppressor T lymphocytes, 501. See also 

Regulatory T lymphocytes. 
Supramolecular activation cluster (SMAC) , 

176f-177f. See also Immunologic 
synapse. 

Surfactants, in lung, 294 
Surrogate light chains, 57, 148, 148f, 501 
Survival stimuli, 237 

loss of, 227b-228b,231b 
SV40 (simian virus 40), 397, 399, 403 
Switch recombination, 206, 207f, 501 
Switch regions, 206 
Syk tyrosine kinases, 177b-178b 

in B lymphocytes, 192, 193 
in mast cells, 439 
in NK cells, 291b 
in T lymphocytes, 175 

Syngeneic graft, 371, 501 
Syngeneic mice, 66, 501 
Synthetic antigen vaccines, 364, 501 
Systemic inflammatory response syndrome 

(SIRS), 28513-28613, 295, 501 
Systemic lupus erythematosus (SLE), 417, 

417t, 418b, 501-502 
genetic susceptibility to, 422b, 426, 4265 

427t 
glomerulonephritis in, 416f 

hormonal therapies for, influences 430 
on, 430 

T cell antagonism, 187 
T cell receptor (TCR), 105, 106f, 502. See 

also Signal transduction, in T 
lymphocytes; T cell receptor (TCR) 
complex. 

ap,  477 
antigen recognition by, 109-1 10, 

1lOf-lllf 
genes for, 106, 107b 
structure of, 106, 108, 108f, 109t 

antigen recognition by, 43, 44t, 58, 65, 
66f, 75 

of alloantigens, 372-373, 374f 
coreceptors of. See CD4; CD8. 
discovery of, 106, 107b 
dual expression of, on  same cell, 155 
expression of. See T lymphocytes, 

maturation of. 
$3, 107t, 113, 486. See also y6 T 

lymphocytes. 
genes for. See Antigen receptor genes. 
in thymocytes, 153-155, 154f, 220 
intraepithelial, limited diversity of, 33 
molecular structure of, 50b, 51b 
monoclonal, 166b 
mutations affecting, 458f, 459t, 460 
polyclonal activators of, 166b 
signals induced by. See also Signal 

transduction, in T lymphocytes. 
integrin avidity and, 121-122, 121f 



T cell receptor (TCR) (Continued) 
structure of, compared with Ig structure, 

108, 109t 
superantigen binding to, 350b 
transgenic, 166b, 167b 

T cell receptor (TCR) complex, 105, 106, 
107t, 108, 110-113, lllf-112f, 502. 
See also Signal transduction, in T 
lymphocytes; T cell receptor 
(TCR) . 

mutations affecting, 458f, 459t, 460 
T lymphocytes, 5f, 6, 8f, 17, 19t, 502. See also 

Cell-mediated immunity (CMI); 
Cytolytic T lymphocytes (CTLs); 
Effector T lymphocytes; Helper T 
lymphocytes; Lymphocytes; 
Memory T lymphocytes; Naive T 
lymphocytes; Regulatory T 
lymphocytes. 

accessory molecules of, 105-106, 106f, 
109, 113-114, 114f, 115t. See also 
sperijic molecule. 

activation of, 11, 22-24, 22f, 163-165, 
164f-165f. See also 
Costimulators/costimulation; 
Signal transduction. 

alloreactive, 375-377, 376f 
by adjuvants, 85, 364 
by macrophages, 26, 313 
by peptide-MHC complexes, 97 
by superantigens, 350b 
eosinophilic inflammation and, 268 
HIV infection and, 468, 470, 472 
IL-2 receptor and, 265, 266f 
in lymph nodes, 36, 90 
lymphotoxin production and, 270 
methods for study of, 166b-167b 
MHC class I1 expression caused by, 79 
partial, 187 
second signal for, 118 
termination of 

by CTLA-4, 1 18 
by phosphatases, 181 
ILlO in, 262 

activation of macrophages by, 26 
antigens recognized by, 81-83, 82t, 83t 

nonpeptide, 82 
apoptosis of, 169 

activation-induced, 225-226, 227f, 231 
chemokine receptors on, 255 
chemokines produced by, 255 
classes of, 11, 12f 
clonal expansion of, 167-168, 171b, 302, 

303, 303f 
IL-2 and, 264 

complement receptors on, 335 
cytokine(s) produced by, 246, 264, 

270-271 
hematopoietic, 27 
IFN-y as, 257, 263 
IL-2 as, 264-266, 266f-267f 
IL-6 as, 262 
IL-10 as, 262 
lymphotoxin as, 270, 299 
TGF-8 as, 269-270 
TNF as, 247, 299 

cytokine(s) stimulated by, type I IFN as, 
261 

deficiencies of, 454, 454t 
in activation and function, 458, 458f, 

459, 459t, 460 
in maturation, 455, 455f, 456-458, 456t 
in other inherited diseases, 460-461 

diseases caused by, 412, 412t, 419-420, 
419f, 420t, 421b-423b, 423-424 

genetic susceptibility and, 425-426, 427 

T lymphocytes (Continued) 
infections and, 429,429f 
therapies for, 430 

effector molecules of, 124 
evolution of, 7b 
functional responses of, 165, 165f, 

167-169 
inhibition of, 170b, 171b, 173, 187 

in allograft rejection, 69, 379f, 380-381 
immunosuppressive therapy and, 

381-383 
tolerance induction and, 385 

in graft-versus-host disease, 388 
in lymph nodes, 28f-29f, 29-30, 31 
in mucosal immune system, 33, 34 
in skin, 32, 32f 
in spleen, 31, 31f, 32, 36 
in tumor immunity, 392, 392f, 393, 

400-401, 401f-402f 
antigen types and, 393, 39413-39513, 395, 

396-397, 396f, 400 
in xenograft rejection, 386 
lipid antigen-specific, 110 
maturation of, 21, 21f, 27-28, 28f, 

151-161. See also Somatic 
recombination. 

y6 subset in, 152f, 153, 160-161 
checkpoints in, 133, 133f 
genetic blocks in, 131b-132b 
M gene and, 11 7 
MHC expression and, 83, 87 
selection in, 133-134, 155-160, 156f, 

157t, 158f-159f 
stages of, 129-131, 130f, 133-135, 151f, 

153-155, 154f-155f 
thymic environment and, 151-153, 

152f 
MHC restricted, 83 
monoclonal populations of, 166b 
mucosal mast cells and, 436, 437, 437t 
NK-T cells as, 83, 110, 161, 279 
non-MHC restricted, 83 
passive immunity conferred by, 7, 8, 9f 
proliferation of, inhibited by TGF-8, 270 
receptors of. See T cell receptor (TCR) . 
recirculation of, 34-38, 35f-37f 
signal transduction in. See Signal 

transduction, in T lymphocytes. 
surveillance by, for foreign antigens, 100, 

lO1f 
tolerance in, 220 

central, 220, 220f, 222, 236t 
failure of, 424 
peripheral, 222-226, 223f-227f, 

231-233, 232f-233f, 233t, 236t 
transgenic mouse models of, 221b 

TALI gene, in T cell acute leukemias, 
142b-143b 

TAP (transporter associated with antigen 
processing), 98f, 99-100, IOOf, 
503 

block of, by herpes simplex viruses, 35813 
deficiency of, in mice, 159, 159f 
genes for, 76, 78f, 80, 99 

mutations in, 459t, 460 
IFN-y and, 268 

TAPA-1 (target of antiproliferative antibody- 
I ) ,  195, 335 

Tapasin, 99, 100 
T-bet transcription factor, 304, 305f, 435 
TCR. See T cell receptor (TCR) . 
TCR transgenic mice, 166b, 167b 
T-dependent antigens, 190, 502 
Tec kinase family, 177b-178b 

in PLCyl activation, 182 
Teichoic acids, 276 

Terminal deoxyribonucleotidyl transferase 
(TdT), 144,145f 

B cell maturation and, 148 
Testes, immune privilege in, 231b, 430 
Tetanus toxoid, 363 
T,1 T cells. See Helper T lymphocytes, TI,l 

subset of. 
T,2 T cells. See Helper T lymphocytes, Th2 

subset of. 
Thalidomide, for graft-versus-host disease. 

388 
Theophylline, for asthma, 450, 451f 
Thoracic duct, 30f, 31 
Thrombocytopenia, in SLE, 418b 
Thrombocytopenic purpura, autoimmune, 

413, 415t 
Thrombomodulin, inhibition of, in sepsis, 

253, 286b 
Thrombosis, intravascular 

complement-induced, 34213 
in allograft rejection, 378, 379f 
in sepsis, 285b, 28613 
in xenograft rejection, 386 
TNF-induced, 252-253 

in tumors, 402 
Thy-1, 51b 
Thymidine, in hybridoma technique, 45b 
Thymocytes, 28, 28f, 152-153, 502. See also T 

lymphocytes, maturation of. 
T cell receptors of, 153-155, 154f, 220 

Thymus, 27-28, 28f, 502 
defective development of, 457-458, 461 
epithelial cells of, 152, 153, 157, 158, 160, 

502 
T cell maturation in, 21, 21f, 26, 87, 

151-153, 152f 
CD4 and CD8 in, 135 
interleukin-7 and, 132 
negative selection in, 220, 220f, 222 
positive selection in, 133-134 

Th~mus-dependent antigens, 190, 196, 
211-213, 212t 

Thymus-independent (TI) antigens, 190, 
196,211-213,212t, 502 

TILs (tumor-infiltrating lymphocytes), 401, 
402,408, 503 

Tissue factor, stimulation of 
by LPS, 286b 
by TNF, 252-253 

Tissue injury. See also Immunologic diseases. 
antibody-mediated, 325, 413-414, 

413f-414f, 415t 
autoimmune disease caused by, 424, 425f, 

430 
by complement system, 34213 
by eosinophil granule proteins, 444 
by extracellular bacteria, 346 
by immune complexes, 340 
by T lymphocytes, 357, 419, 419f, 423-424 
host response causing, 346 
in cell-mediated immunity, 313, 352, 420 

to parasitic infection, 360 
in immediate hypersensitivity, 441, 442, 442f 
in mycobacterial infection, 354b 
inflammation-induced, 295, 346 

in immunologic diseases, 413f, 414, 
414f, 419, 419f 

lipopolysaccharide-induced, 295 
lysosomes and, 288, 313 
neutrophil-induced, 285b 

Tissue remodeling, macrophages and, 
288-289, 288f 

Tissue typing, 384, 38413, 502 
Titer, of antibody, 44 
TLRs (Toll-like receptors), 88, 251b, 282, 

283b-284b, 502-503 

TLRs (Toll-like receptors) (Continued) 
extracellular bacteria and, 346 
viral infection and, 355 

TNF. See Tumor necrosis factor (TNF); 
Tumor necrosis factor (TNF) 
receptors. 

TNF-a (tumor necrosis factor-a), 247. See 
also Tumor necrosis factor (TNF) . 

TNF-P (tumor necrosis factor-P) . See 
Lymphotoxin (LT, TNF-P) . 

TNF receptor-associated death domain 
(TRADD), 229b, 250b-251b 

TNF receptor-associated factors (TIWFs) , 
249, 250b-251b, 502 

CD40 and, 202, 203 
EBV infection and, 39813 
Toll-like receptors and, 283b-28413 

TNF-related apoptosis-inducing ligand 
(TRAIL), 250b 

Tolerance. See also Self-tolerance. 
definition of, 216, 502 
induction of 

donor-specific, 385-386 
for xenografts, 386 

therapeutic induction of, 217, 220 
by blocking costimulators, 225 

to foreign an&ens, 217-218, 218f, 222, 
235. 237 

T cell anergy in, 222, 225f-226f 
to oral antigens, 34 
to tumor antigens, 403 

Tolerogenic antigens, 216, 222,225f, 502 
determining factors for, 232-233, 233t 
foreign proteins as, 235, 237 

Toll-like receptors (TLRs), 88, 251b, 282, 
283b-28413,502-503 

extracellular bacteria and, 346 
viral infection and, 355 

Toxic shock syndrome (TSS), 350b, 503 
Toxins, microbial, 6, 7, 8, 43. See also 

Superantigens. 
neutralization of, 320-321, 321f 
of extracellular bacteria, 346, 349 
vaccines based on, 363 

Toxoids, 363 
TRADD (TNF receptor-associated death 

domain), 229b, 250b-251b 
TRAFs (TNF receptor-associated factors), 

249, 250b-251b, 502 
CD40 and, 202,203 
EBV infection and, 398b 
Toll-like receptors and, 283b-28413 

TRAIL (TNF-related apoptosis-inducing 
ligand) , 250b 

Trans-acting factors, 185b 
Transcription factors, 185b. See also Signal 

transduction. 
as oncoproteins, 143b 
in activated macrophages, 312 
in B cell activation, 194, 202, 203 
in HIV reproduction, 468 
in lymphocyte maturation, 130, 130b, 

131b 
in mast cell activation, 440 
in T cell activation, 181, 182, 183-184, 

183f, 185b-186b, 186 
cyclosporine and, 381 

in T cell differentiation, 304, 305, 305f 
in TGF-P receptor signaling, 270 
STATs as, 257b-259b 

IFN-y and, 268 
IL12 and, 257 

TNF receptors and, 249, 250b-251b 
Transforming growth factor-p (TGF-P), 264t, 

269-270,503 
immune privilege and, 377b 

Transforming growth factor-p (TGF-P) 
( Continued) 

isotype switching and, to IgA, 205-206, 
343 

oral immunization and, 237 
regulatory T cells and, 232, 233f 
tumor-secreted, 403 

Transfusion, 369, 386-387, 503 
HLA antigens and, 68-69 
to reduce transplant rejection, 385 

Transfusion reactions, 386-387, 503 
hemolytic mechanism in, 413 

Transgenic mice, 503 
as models 

of autoimmunity, 221b, 418b 
of diabetes, 421b 
of known Ig specificity, 193b 
of tolerance, 221b, 222-223, 225f-226f, 

234, 235f 
technology of, 532, 534 

Transgenic pigs, 386 
Transplantation, 503. See also Graft rejection. 

allogeneic, 371-377, 372f, 374f, 376f 
donor selection for, 383-385, 384b, 385f 
historical perspective on, 369-370, 370f 
HLA antigens and, 68-69 
terminology of, 369, 371 
tolerance induction for, 385-386 
tolerance induction in, by costimulator 

antagonists, 225 
Transporter associated with antigen 

processing. See TAP (transporter 
associated with antigen 
processing). 

Trauma 
autoimmunity caused by, 430 
mast cell degranulation caused by, 447 

Trypanosoma, 360t, 362, 362f, 362t, 363 
molecular mimicry in, 429 

Tryptase, in mast cells, 436, 441-442, 443 
Tryptophan, immune responses to fetus 

and, 377b 
TSS (toxic shock syndrome), 350b, 503 
TSTAs (tumor-specific transplantation 

antigens), 394b, 395-396, 503 
Tuberculin reaction, 307, 308, 354b 
Tuberculosis, 308, 313, 354b, 420. See also 

Mycobacterium tuberculosis. 
Tumor(s) 

immune responses to, 391-393, 3925 
400-402, 401f, 503 

evasion of, 402-403, 402f 
immunodeficiency associated with, 454 

cancer therapy and, 463-464, 463t 
in AIDS, 464, 470, 471 
in ataxia-telangiectasia, 461 
in common variable immunodeficiency, 

460 
immunotherapy for, 403-409 

nonspecific, 407-408 
passive, 408-409, 408f, 409t 
with cytokines and costimulators, 

405-407, 406f, 407t 
with vaccines, 85, 404-405, 404t, 405f 

in allograft patients, 383 
lymphoid. See also Lymphoma(s). 

chromosomal translocations in, 140, 
142b-143b, 39813 

clonality determination of, 144, 146 
NK-mediated killing of, 290, 291b, 29213, 

293 
transplantation of, 66, 68b, 392, 392f, 

394b, 399,403 
Tumor antigens, 391,393, 395-397, 399-400 

classification of, 393, 396f, 397t 
in class I MHC pathway, 98 

Index 

Tumor antigens ( Continued) 
loss of, 402f, 403 
recognition of, 90 
techniques for identification of, 

394b-395b 
tolerance to, 403 
vaccination with, 404, 404t, 405f 

Tumor escape, 402-403, 402f 
Tumor necrosis factor (TNF), 247, 249, 

249t, 252-253,2535 503 
antagonists of, for rheumatoid arthritis, 

420, 42310 
apoptosis induced by, 246, 252 
chemokines induced by, 255 
gene for, 76 
I L l  and, 252, 253, 254 
IL6 and, 262 
IL12 and, 259 
in DTH reactions, 308 
in graft rejection, 383 
in innate immunity, 263, 263f, 280 

mast cells and, 451 
in mast cells, 444 
in mycobacterial infections, 354b 
lymphoid follicles and, 30 
MHC expression and, 78, 79 
systemic effects of, 252-253, 253f, 

285b-286b, 349 
tumor killing by 

in clinical therapy, 406, 407t 
mechanism of, 402 

Tumor necrosis factor (TNF) receptors, 
246-247, 248f, 249, 250b-251b, 
252f, 503 

death domain of, 228b, 229b, 250b-251b 
soluble, for rheumatoid arthritis, 423b, 

430 
Tumor necrosis factor-a (TNF-a) , 247. See 

also Tumor necrosis factor (TNF) . 
Tumor necrosis factor-8 (TNF-P) . See 

Lymphotoxin (LT, TNF-P) . 
Tumor suppressor genes, 393, 396f, 397t 
Tumor-infiltrating lymphocytes (TILs), 401, 

402, 408, 503 
Tumorspecific antigens, 503 
Tumor-specific transplantation antigens 

(TSTAs) , 39413, 395-396, 503 
Twelve/twenty-three rule, 139 
Two-photon microscopy, 528 
Twosignal hypothesis, 14, 15f, 118, 295-296. 

503-504. See also Second signals. 
Tyrosinase, in melanoma, 396, 400, 404 
Tyrosine kinases, 177b-178b, 498. See also B 

cell tyrosine kinase (Btk) . 
in in T B cell cell signaling, signaling, 192 113, 117, 175, 179f, 

180 
Tyrosine phosphatases, 178b, 180, 181 

JAK deactivation by, 259b 
of CD45 cytoplasnlic domain, 118 

Ubiquitination, 98, 99, 504 
in IKB proteolysis, 184, 1851, 

Ulcerative colitis, 420 
Universal donor, 387 
Universal recipient, 387 
Urticaria, 448, 450-451, 504 
Uterus, immune privilege and, 377b 
Uveitis, post-traumatic, 430 

V gene segments, 504. See also Somatic 
recombination. 



V gene segments (Continued) 
of Ig loci, 135, 136f, 137 

somatic mutation of, 207, 209-210, 
209f, 211f 

of TCR loci, 137, 138f 
V (variable) regions, 504 

of antibodies, 48f-49f, 49, 50b-51b, 51. 
See also Antigen-binding site (s) . 

allotopes in, 54b 
isotype switching and, 63 
rotation of, 54 
structure-function relationships of, 

61-62, 62f 
of T cell receptor, 108, 108f, 109, 109t, 

l l l f ,  113 
Vaccination. See also Immunization. 

effectiveness of, 4, 4t 
historical origin of, 3-4 

Vaccines, 504. See also Adjuvants. 
against HIV, 475 
against malaria, 361b 
as tumor therapy, 85, 404405, 404t, 405f 
immunogenicity of peptides for, 75, 102 
mechanisms of action of, 363 
neutralization by, 321, 322t 
types of, 363-365, 363t 

Vanishing bile duct syndrome, 381 
Variable regions. See V (variable) regions. 
Vascular cell adhesion molecule-1 (VCAM-1) , 

119b, 121,280 
in experimental autoimmune 

encephalomyelitis, 42213 
Vascular endothelial cells. See Endothelial 

cells. 
Vasculitis 

ANCA-induced, 415t 
immune complexes causing, 342b, 357, 

360, 413f, 416, 417 
in rheumatoid arthritis, 423b 
in SLE, 418b 

in acute rejection, 380 
Vasoactive amines, pas t  cell release of, 441, 

442f, 443t 
Vav protein, 181, 186, 187 
V(D)J recombinase, 139, 141, 504. See also 

Somatic recombination. 
allelic exclusion and, 149 
chromosomal translocations and, 

142b-143b 
Vertebrates, immune systems of, 6b-7b 
Viral antigens 

antibodies against, 356, 356f 
as superantigens, 350b 

Viral antigens ( Continued) 
cross-presentation of, 356 
cytokine secretion induced by, 246 
immunodominant epitopes of, 102, 103 
presentation of, 90, 91f 

on class I MHC molecules, 261, 356 
processing of 

in class I pathway, 98, 98f, 99, 100 
in class I1 pathway, 95 
viral inhibition of, 357, 357t, 358b 

tumor vaccines based on, 404405 
Viral vaccines 

against virally induced tumors, 404405 
attenuated, 363, 363t 

Viral vectors, live, 364 
Viruses, 6-7, 11, 347t-348t, 355-357, 504. 

See also Cytolytic T lymphocytes 
(CTLs); Microbes, intracellular. 

antibody response to, 204 
autoimmune disease and, 428, 429 
CD4' T cells and, 95 
CD8+ T cells and, 78, 90, 91f, 300 

clonal expansion of, 22, 303, 303f 
tissue injury caused by, 423 

cytopathic effect of, 483 
diabetes mellitus and, 421b 
extracellular stage of, 356 
immune evasion by, 357, 357t, 35813, 359 

in HIV infection, 357, 358b, 474 
immunodeficiency and, after bone 

marrow transplant, 389 
immunosuppressive therapy and, 383 
innate immunity to, 263-264, 355-356, 

356f 
IL12 in, 257 
IL-15 in, 262, 263-264 
NK cells in, 289-291, 289f-290f 
type I interferons in, 260-261, 261f, 263 

oncogenic, 392. See also Epstein-Barr virus 
(EBV) . 

immunodeficiencies and, 454 
in AIDS, 471 
tumor antigens encoded by, 396f, 397, 

397t, 399 
tumor vaccines against, 404-405 

pathogenic mechanisms of, 347t-348t, 355 
Vitronectins, integrin binding to, 119 
VLA (very late activation) integrins, 

Il9b-120b, 121, 280 
in eosinophil recruitment, 444 
in experimental autoimmune 

encephalomyelitis, 42213 
on effector T cells, 310-311 

Weak agonists, 187 
Weibel-Palade bodies, P-selectin in, 

123b 
Western blotting, 504, 524, 526f 
Wheal and flare reaction, 441, 444, 445-447, 

446f, 504 
urticaria as, 450-451 

White blood cell count, 17t 
White pulp, 31, 31f, 504 
Wiskott-Aldrich syndrome, 461, 462, 504 

Xenoantigens, 371,504 
Xenogeneic transplantation, 386 
Xenograft, 371, 504 
Xenopus, antibodies in, 7b 
Xenoreactive antibodies, 371, 504 
Xid (X-linked immunodeficiency), 149 
X-linked agammaglobulinemia ( X U ) ,  

130b, 149, 454, 455f, 456t, 457, 
462, 504 

X-linked hyper-IgM syndrome, 201, 31 1, 
4585 459, 459t, 504505 

X-linked lymphoproliferative disease, 459t, 
460 

X-linked severe combined immunodefi- 
ciency, 130, 13113-132, 266, 
455-456, 455f, 456t 

gene therapy for, 463 

ZAP-70 (<-associated protein of 70 kD) 
kinases, 113, 175, 177b-178b, 179f, 
180, 505 

in NK cells, 291h 
in PLCyl activation, 182, 182f 
in Ras activation, 181, 181f 
mutations in gene for, 460 < chain, 105, 106f, 107t, 108, 110-113, 

lllf-112f, 505. See also T cell 
receptor (TCR) complex. 

in thymocyte development, 153, 154, 
155 

tyrosine phosphorylation of, 175, 179f, 
180, 187 

Zone of equivalence, 60, 61f 
Zymogens, in complement activation, 326 
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