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THE ADAPTIVE IMMUNE

SYSTEM

Our adaptive immune system saves us from certain death by infection. An
infant born with a severely defective adaptive immunesystem will soon die
unless extraordinary measures are taken toisolate it from a host of infectious
agents, including bacteria, viruses, fungi, and parasites. Indeed, all multicellular
organisms need to defend themselves against infection by such potentially
harmful invaders, collectively called pathogens. Invertebrates use relatively
simple defense strategies that rely chiefly on protective barriers, toxic molecules,
and phagocytic cells that ingest and destroy invading microorganisms
(microbes) and larger parasites (such as worms). Vertebrates, too, depend on
such innate immune responeesasa first line of defense (discussed in Chapter
25), but they can also mount much more sophisticated defenses,called adaptive
immune responses. The innate responses call the adaptive immune responses
into play, and both work together to eliminate the pathogens (Figure 24-1).
Unlike innate immuneresponses, the adaptive responses are highly specific to
the particular pathogen that induced them. They can also provide long-lasting
protection. A person whorecovers from measles, for example, is protectedforlife
against measles by the adaptive immunesystem, although not against other
commonviruses, such as those that cause mumpsor chickenpox. In this chap-
ter, we focus mainly on adaptive immuneresponses, and, unless we indicate
otherwise, the term immune responses refers to them. We discuss innate
immuneresponsesin detail in Chapter 25.

The function of adaptive immune responses is to destroy invading
pathogens and any toxic molecules they produce. Because these responses are
destructive,it is crucial that they be madeonly in response to moleculesthatare
foreign to the host andnotto the molecules of the hostitself. The ability to dis-
tinguish what is foreign from whatis selfin this way is a fundamental feature of
the adaptive immune system. Occasionally, the system fails to make this dis-
tinction andreacts destructively against the host's own molecules. Such autoim-
mune diseases can befatal.

Of course, many foreign molecules that enter the body are harmless, andit
Would be pointless and potentially dangerous to mount adaptive immune
Tesponses against them. Allergic conditions such as hayfever and asthma are
&xamples of deleterious adaptive immune responses against apparently harm-
ess foreign molecules, Such inappropriate responses are normally avoided

use the innate immune system calls adaptive immuneresponsesinto play
Only when it recognizes molecules characteristic of invading pathogenscalled
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Figure 24~| Innate and adaptive immune responses.Innate Immune
responsesare activated directly by pathogens and defend all multicellular
organisms against Infection. In vertebrates, pathogens, together with the
innate immune responses theyactivate, stimulate adaptive immune
responses, which then helpfight the Infection.

pathogen-assoclated immunostimulants (discussed in Chapter 25). Moreover,
the innate immune system can distinguish between different classes of
pathogensandrecruit the mosteffective form of adaptive immuneresponse to
eliminate them,

Any substance capable ofeliciting an adaptive immuneresponseis referred
to as an antigen (antibody generator). Most of what we know about such
responses has comefrom studies in which an experimentertricks the adaptive
immunesystem of a laboratory animal (usually a mouse) into respondingto a
harmless foreign molecule, such as a foreign protein. Thetrick involvesinjecting
the harmless molecule together with immunostimulants (usually microbial in
origin) called adjuvants, whichactivate the innate immunesystem.This process
is called immunization.If administered in this way, almost any macromolecule,
as longasit is foreign to the recipient, can induce an adaptive immuneresponse
that is specific to the administered macromolecule. Remarkably, the adaptive
immunesystem can distinguish between antigens thatare very similar—such as
between two proteins thatdiffer in only a single amino acid, or between two
optical isomers of the same molecule.

Adaptive immuneresponses are carried out by white bloodcells called lym-
phocytes. There are two broad classes of such responses—antibody responses
andcell-mediated immuneresponses, and they are carried outby different classes
of lymphocytes, called B cells and T cells, respectively. In antibody responses,
B cells are activated to secrete antibodies, which are proteins called
immunoglobulins. The antibodies circulate in the bloodstream and permeate
the other bodyfluids, where they bind specifically to the foreign antigen that
stimulated their production (Figure 24-2). Binding of antibody inactivates virus-
es and microbial toxins (such as tetanus toxin or diphtheria toxin) by blocking
their ability to bind to receptors on hostcells, Antibody binding also marks
invading pathogensfor destruction, mainly by makingit easier for phagocytic
cells of the innate immunesystem to ingest them,

In cell-mediated immuneresponses,the second class of adaptive immune
response,activated T cells react directly against a foreign antigen that is pre-
sented to them on the surface ofa hostcell. The T cell, for example, mightkill a
virus-infected hostcell that hasviral antigens onits surface, thereby eliminating
the infectedcell before the virus has had a chanceto replicate (see Figure 24-2).
In other cases, the T cell producessignal molecules that activate macrophages
to destroy the invading microbesthat they have phagocytosed.

Webegin this chapter by discussing the general properties of lymphocytes.
We then consider the fictional and structural features of antibodies that
enable them to recognize and neutralize extracellular microbes and the toxins
they make. Next, we discuss how B cells can produce a virtually unlimited num-
berofdifferent antibody molecules. Finally, we consider the special features of
T cells and the cell-mediated immune responses they are responsible for.
Remarkably, T cells can detect microbes hiding inside hostcells and either kill
the infected cells or help othercells to eliminate the microbes.

LYMPHOCYTES AND THE CELLULAR BASIS OF
ADAPTIVE IMMUNITY

Lymphocytesare responsiblefor the astonishing specificity of adaptive immune
responses. They occur in large numbers in the blood and lymph(thecolorless
fluid in the lymphatic vessels that connect the lymph nodesin the body to each
other and to the bloodstream) and in lymphoid organs, such as the thymus,
lymph nodes,spleen, and appendix (Figure 24-3).
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Figure 24-2 The two main classes of
adaptive immuneresponses.
Lymphocytes carry out both classes of
responses, Here, the lymphocytes are
responding to a viral infection. In one class
of response, B cells secrete antibodies that
neutralize the virus, In the other, a
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In this section, we discuss the general properties of lymphocytes that apply
fo both B cells and T cells. We shall see that each lymphocyte is committed to
yespondto a specific antigen andthatits response duringits first encounter with
an antigen ensures that a morerapid and effective response occurs on subse-
Iguent encounters with the same antigen. We consider how lymphocytes avoid

1esFane to self antigens and how they continuously recirculate between the

iirradiated to kill most of their white blood cells, including lymphocytes, This
Then,by makes the animals unable to mount adaptive immune responses,
aicaptive immuneresponsesofirradiated animals, indicating that lymphocytes
ale required for these responses (Figure 24-4),
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Figure 24-3 Human lymphold
organs. Lymphocytes developin the
thymus and bone marrow(yellow), which
are therefore called central (or primary)
lymphoid organs. The newly formed
lymphocytes migrate from these primary
organs to peripheral (or secondary)
lymphoid organs(blue), where they can
react with foreign antigen, Only some of
the peripheral lymphoid organs and
lymphatic vessels are shown; many
lymphocytes, for example, are found in the
skin and respiratory tract.As we discuss
later, the lymphatic vessels ultimately
empty Into the bloodstream (not shown).

Figure 24-4 A classic experiment
showing that lymphocytes are
required for adaptive immune
responsesto foreign antigens. An
important requirementof all such
cell-transfer experimentsis that cells are
transferred between animals of the same
inbred strain, Members of an inbred strain

are genetically Identical,If lymphocytes are
transferred to a genetically different
animal that has been Irradiated, they react
agalnst the foreign” antigens of the host
and ean kill the animal, In the experiment
shown, the Injection of lymphocytes
restores both antibody and cell-mediated
adaptive immune responses, indicating that
lymphocytes are required for both types
of responses,

antigen

ADAPTIVE
aIMMUNE

RESPONSES
irradiated animal RESTORED
given lymphocytes
from a normal
animal

antigen

NO ADAPTIVE
IMMUNE
RESPONSESirradiated animal

given othercells
fram a normal
animal

SEEPEMENTY

1365

Lassen - Exhibit 1042, p. 6



Lassen - Exhibit 1042, p. 7

The Innate and Adaptive Immune Systems Work Together
As mentionedearlier, lymphocytes usually respondto foreign antigens only if
the innate immunesystem is first activated. As discussed in Chapter 25, the
innate immune responses to an infection are rapid. They depend on pattern
recognition receptors that recognize patterns of pathogen-associated molecules
(immunostimulants) that are not presentin the host organism,including micro-
bial DNA,lipids, and polysaccharides, and proteins that form bacterial flagella.
Someofthese receptors are present on the surface of professional phagocytic
cells such as macrophages and neutrophils, where they mediate the uptake of
pathogens, which are then delivered to lysosomes for destruction. Others are
secreted and bindto the surface of pathogens, marking them for destruction by
either phagocytes or the complementsystem.Still others are present on the sur-
face ofvarioustypesofhostcells and activate intracellular signaling pathways in
responseto the binding of pathogen-associated immunostimulants;this leads
to the productionof extracellular signal molecules that promote inflammation
and help activate adaptive immune responses.

Somecells ofthe innate immunesystem directly present microbial antigens
to T cells to initiate an adaptive immuneresponse. The cells that do this most
efficiently are called dendritic cells, which are presentin mostvertebratetissues.
They recognize and phagocytose invading microbes ortheir products at a site of
infection and then migrate with their prey to a nearby peripheral lymphoid
organ, There they act as antigen-presentingcells, which directly activateTcells
to respond to the microbial antigens, Once activated, some of the T cells then
migrate to thesite of infection, where they help other phagocytic cells, mainly
macrophages, destroy the microbes (Figure 24-5), OtheractivatedTcells remain

ACTIVATED T CELLS MIGRATE TO SITE OF
INFECTION TO HELP ELIMINATE RESIDUAL MICROBES

- ———_ ©©
 

 
 

BS
e ° remnants of microhe antigen- activated T cell
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8 cell |

dendritic cell immu . . ‘antigen costimulatory protein lymph node
MICROBES ENTER THROUGH DENDRITIC CELL MATURES ANTIGEN-PRESENTING CELL
BREAK IN SKIN AND ARE AND CARRIES MICROBIAL ACTIVATES T CELLS TO
PHAGOCYTOSED BY ANTIGENS TO LOCAL LYMPH RESPOND TO MICROBIAL
DENDRITIC CELL NODE TO BECOME AN ANTIGENS

ANTIGEN-PRESENTING CELL

(naMUNERESPONBE ADAPTIVE IMMUNE RESPONEE
Figure 24-5 One way in which the innate immunesystem helps activate the adaptive immune) —
system. Specialized phagocytic cells of the innate immune system,
dendritic calls ingest invading microbes or their products at the site of infection.The dendritic cells then!
mature and migrate in lymphatic vessels to a nearby lymph node, where they serve as antigen .
cells. The antigen-presenting cells activace T cells to respond to the microbial antigens that are displayed on
the presenting cells’ surface. The antigen-presenting cells also have special proteins on thei 4
costimulotory molecules) that help activate the T cells. Some of the activated T cells then migrate
infection where they either help activate macrophagesorkill infecce
microbes. As we discuss later, the costimulatory molecules appear on dendritic cells on
mature in response to invading microbes.

1366 Chapter 24: THE ADAPTIVE IMMUNE SYSTEM

including macrophages (not shown) nding

d cells, thereby helping to alimina

 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

 

  
 
 

 

 
-prasenting—

1 surface (called
co the Ip

re the %
ly after chese calls

Lassen - Exhibit 1042, p. 7



Lassen - Exhibit 1042, p. 8

   

 

 

    
   

 
 
 

Tcelt
precursor ‘ )

f CELL-MEDIATED

@) IMMUNERESPONSE
hemopoietic <|
stem calls @ ANTIBODY

bone marrow RESPONSE 
 lymphocyte

 
|

©

in the lymphoid organ andhelp B cells respond to the microbial antigens. The
activated B cells secrete antibodies that circulate in the body and coat the
microbes, targeting them forefficient phagocytosis.

Thus, innate immune responsesare activated mainlyatsites of infection,
whereas adaptive immune responses are activated in peripheral lymphoid
organs. The two types of responses work together to eliminate invading
pathogens,

B Lymphocytes Develop in the Bone Marrow;T Lymphocytes
Develop in the Thymus

T cells andBcells derive their names from the organs in which they develop, T
cells develop in the thymus, and B cells, in mammals, develop in the bone marrow
in adults or theliver in fetuses,

Despite their different origins, both T and B cells develop from the same
pluripotent hemopoietic stem cells, which give rise to all of the blood cells,
including red blood cells, white blood cells, and platelets, These stem cells (dis-
cussed in Chapter 22) are located primarily in hemopoietic tissues—mainly the

_ liver in fetuses and the bone marrow in adults. Tcells develop in the thymus
_ from precursor cells that migrate there from the hemopoietic tissues via the
| blood, In most mammals, including humans and mice, B cells develop from
| stem cells in the hemopoietic tissues themselves (Figure 24-6), Because they are
_ sites where lymphocytes develop from precursor cells, the thymus and

_ hemopoietic tissues are referred to as central (primary) lymphoid organs(see
_ Figure 24-3),

As we discuss later, most lymphocytes die in the central lymphoid organ
soonafter they develop, without ever functioning, Others, however, mature and
Migrate via the blood to the peripheral (secondary) lymphoid organs—mainly,
the lymph nodes, spleen, and epithelium-associated lymphoid tissues in the

_ §astrointestinal tract, respiratory tract, and skin (see Figure 24-3). As mentioned
_ Sarlier, it is in the peripheral lymphoid organs that T cells and B cells react with

foreign antigens (see Figure 24-6),
T and B cells become morphologically distinguishable from each other only

after they have been activated by antigen. Nonactivated T andB cells look very
Similar, even in an electron microscope. Both are small, only marginally bigger
than red blood cells, and containlittle cytoplasm (Figure 24-7A). Both are acti-
Vated by antigen to proliferate and mature into effector cells, Effector B cells
secrete antibodies. In thelr most mature form, called plasma cells, they arefilled
With an extensive rough endoplasmic reticulum (Figure 24-7B). In contrast,
effector T cells (Figure 24-7C) contain very little endoplasmic reticulum and do
Not secrete antibodies.

There are two main classes of T cells—cytotoxic Tcells and helperTcells.
Otoxic T cells kill infected cells, whereas helper T cells help activate

UMPHocyTEs AND THE CELLULAR BASIS OF ADAPTIVE IMMUNITY

Figure 24-6 The development and
activation of T and B cells. The

central lymphoid organs, where
lymphocytes develop from precursorcells,
are labeled In yellow boxes. Lymphocytes
respond to antigen in peripheral lymphoid
organs, such as lymph nodesorspleen.
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(A) resting T or B cell Lot 
macrophages,B cells, and cytotoxic T cells. Effector helper T cells secrete a vari-
ety of signal proteins called cytokines, which act as local mediators. Theyalso
display a variety of costimulatory proteins on their surface. By meansof these
cytokines and membrane-boundcostimulatory proteins, they can influence the
behaviorofthe variouscell types they help. Effector cytotoxic T cells kill infected
target cells also by meansofproteins that they either secrete or display on their
surface, Thus, whereasBcells can act over long distancesby secreting antibod-
ies that are distributed by the bloodstream,T cells can migrate to distantsites,
but there they actonly locally on neighboringcells.

The Adaptive Immune System Works by Clonal Selection

The most remarkable feature of the adaptive immune system is that it can
respondto millionsofdifferent foreign antigens in a highly specific way. B cells,
for example, make antibodies that react specifically with the antigen that
induced their production. How doBcells produce such a diversity of specific
antibodies? The answer began to emergein the 1950s with the formulation of the
clonal selection theory. Accordingto this theory, an animal first randomly gen-
erates a vast diversity of lymphocytes, and then those lymphocytes that can
react againstthe foreign antigensthat the animal actually encounters are specif-
ically selected for action. As each lymphocyte develops in a central lymphoid
organ, it becomes committedto react with a particular antigen before ever being
exposedto the antigen. It expresses this commitmentin the form ofcell-surface
receptor proteins that specifically fit the antigen. When a lymphocyte encoun-
ters its antigen in a peripheral lymphoid organ, the binding of the antigen to the
receptors activates the lymphocyte, causingit both to proliferate and to differ-
entiate into an effector cell. An antigen therefore selectively stimulates those
cells that express complementary antigen-specific receptors and are thus
already committed to respondto it. This arrangement is what makes adaptive
immuneresponsesantigen-specific.

The term “clonal” in clonal selection theory derives from the postulate that
the adaptive immunesystem is composed of millions of different families, or
clones, of lymphocytes, each consisting of T or B cells descended from a com-
monancestor, Each ancestralcell was already committed to make one particu-
lar antigen-specific receptor protein, andsoall cells in a clone have the same
antigen specificity (Figure 24-8). According to the clonal selection theory, then,
the immune system functions on the “ready-made” principle rather than the
“made-to-order” one,

1368 Chapter 24 : THE ADAPTIVE IMMUNE SYSTEM

(C) effectorT cell

 
Figure 24-7 Electron micrographs of
nonactivated andactivated

lymphocytes, (A)Aresting lymphacyte,
which could be aT cell or a B cell, as
these cells are difficult to distinguish
morphologically until they have been
activated to becomeeffectorcells, (B) An
effector B cell (a plasma call). It Is filled
with an extensive rough endoplasmic
reticulum (ER), which Is distended with
antibody molecules. (C) An effector T cell,
which has relatively JIttle rough ER butIs
filled with free ribosomes, Note that the
three cells are shown at the same

magnification. (A, courtesy of Dorothy
Zucker-Franklin; B, courtesy of Carlo
Grossi;A and B,from D. Zucker-Franklin
et al.,Aclas of Blood Calls: Funetion and

Pathology, 2nd edn, Milan, Italy: Edi. Ermes,
1988; C, courtesy of Stefanello de Petris,)
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There is compelling evidence to support the main tenets ofthe clonal selec-
tion theory. For example, when lymphocytes from an animal that has not been

| {mmunized are incubated in a test tube with a numberof radioactively labeled

}

t

antigens, only a very smal proportion (less than 0.01%) bind each antigen, sug-
gesting that only a few cells are committed to respondto these antigens. More-
over, when one antigen is made so highly radioactive that it kills any cell thatit
binds to, the remaining lymphocytes can no longer produce an immune
responseto that particular antigen, even though theycanstill respond normally
to other antigens. Thus, the committed lymphocytes must have receptors on

' their surface that specifically bind that antigen. Although most experiments of
this kind have involved B cells and antibody responses, other experiments indi-
cate that T cells, like B cells, operate by clonal selection.

How can the adaptive immunesystem produce lymphocytes that collectively
display such an enormousdiversity of receptors, including ones that recognize
synthetic molecules that never occur in nature? We shall see later that the anti-
gen-specific receptors on both T and B cells are encoded by genes that are
assembled from a series of gene segments by a unique form of genetic recom-
bination that occurs early in a lymphocyte’s development, before it has
encountered antigen. This assembly process generates the enormous diversity
of receptors and lymphocytes, thereby enabling the immune system to respond
to an almost unlimited diversity of antigens.

Most Antigens Activate Many Different Lymphocyte Clones
Mostlarge molecules, includingvirtuallyall proteins and manypolysaccharides,
Can serve as antigens, Those parts of an antigen that combinewith the antigen-
bindingsite on either an antibody molecule or a lymphocyte receptorare called
antigenic determinants (or epitopes), Most antigens haveavariety of antigenic
determinants that can stimulate the production of antibodies, specific T cell
Tesponses, or both. Some determinants of an antigen produce a greater
tesponse than others, so that the reaction to them may dominate the overall
Tesponse, Such determinants are said to be immunodominant.

The diversity of lymphocytes is such that even a single antigenic determi-
Nantis likely to activate many clones, each of which produces an antigen-bind-

a8 site with its own characteristic affinity for the determinant.Evenarelativelysimple structure, like the dinitrophenyl (DNP) group in Figure 24-9, can be
Ooked at” in many ways. Whenitis coupled to a protein, as shown in thefig-
Ure, it usually stimulates the production of hundreds of species of anti-DNP

LYMPHOCYTES ANDTHE CELLULAR BASIS OF ADAPTIVE IMMUNITY

Figure 24-8 The clonal selection
theory. An antigen activates only those
lymphocyte clones (represented here by
single cells) that are alraady committed to
respondto ic.A cell committed to
respond to a particular antigen displays
cell-surface receptors that specifically
recognize the antigen, andall cells within
a clone display the same receptor,Tha
Immune system |s thought to consist of
millions of different lymphocyte clones.
A particular antigen may activate hundreds
ofdifferent clones. Although only B cells
are shownhere,Tcells operate in a
slmilar way.

 lyalne
amino acid 

 
 

NO,

dinitrophenyl
group (DNP}

polypeptide
backbone of

Protein

Figure 24-9 The dinltropheny!
(DONP) group.AlthoughIt is too small to
induce an immune response onits own,
whenIt Is coupled covalently to a lysine
side chain on a protein,asIllustrated,
DNPstimulates the production of
hundreds ofdifferent species of antibodies
thatall bind specifically to It.
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antibodies, each madebya different B cell clone. Such responsesare said to be
polyclonal, Whenonly a few clonesare activated, the responseis said to be oligo-
clonal; and whenthe response involves only a single B or T cell clone,it is said
to be monocional. Monoclonal antibodies are widely usedastools in biology and
medicine, but they haveto be producedina special way(see Figure 8-6), as the
responses to most antigens are polyclonal.

Immunological Memory Is Due to Both Clonal Expansion
and Lymphocyte Differentiation

The adaptive immune system,like the nervous system, can rememberprior
experiences. This is why we develop lifelong immunity to many common
infectious diseases after ourinitial exposure to the pathogen, andit is why vac-
cination works. The same phenomenon can be demonstrated in experimental
animals. If an animal is immunized once with antigen A, an immuneresponse
{either antibody or cell-mediated) appearsafter several days, rises rapidly and
exponentially, and then, more gradually, declines. This is the characteristic
course of a primary immuneresponse, occurring on an animal's first exposure
to anantigen.If, after some weeks, months, or even years have elapsed,the ani-
malis reinjected with antigen A,it will usually produce a secondary immune
response that is very different from the primary response: the lag period is
shorter, and the responseis greater. These differences indicate that the animal
has “remembered”its first exposure to antigen A.If the animalis given a differ-
ent antigen (for example, antigen B) instead of a second injection of antigen A,
the responseis typical of a primary, and not a secondary, immuneresponse. The
secondary response must therefore reflect antigen-specific immunological
memory for antigen A (Figure 24-10).

The clonal selection theory provides a useful conceptual framework for
understanding the cellular basis of immunological memory, In an adult animal,
the peripheral lymphoidorgans contain a mixture ofcellsin at least three stages
of maturation: naive cells, effector cells and memory cells. When naive cells
encounterantigenforthefirst time, some of them are stimulated to proliferate
and differentiate into effector cells, which are actively engaged in making a
response(effector B cells secrete antibody, whileeffectorT cells kill infected cells
or help othercells fight the infection). Instead of becoming effector cells, some
naivecells are stimulated to multiply and differentiate into memory cells—cells
that are not themselves engaged in a response but are more easily and more
quickly induced to becomeeffector cells by a later encounter with the same
antigen. Memorycells, like naive cells, give rise to either effector cells or more
memory cells (Figure 24-11).

Thus, immunological memory is generated during the primary responsein
part because the proliferation of antigen-stimulated naive cells creates many
memory cells—a process known as clonal expansion—and in part because
memorycells are able to respond moresensitively and rapidly to the same
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Figure 24-10 Primary and secondary
antibody responses. The secondary
response Induced by a second exposure
to antigen A is faster and greater than the
primary response andis specific for A,
indicating that the adaptive immune
system has specifically remembered
encountering antigen A before. The same
type of immunological memoryis
observed in T-cell-mediated responses.  
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Figure 24-1 | A model for the cellular basis of immunological
memory. When naive lymphocytes are stimulated by thelr specific antigen,
they proliferate and differentiate, Most become effector cells which function
and then die, while others become long-lived memarycells. During a
subsequent exposure to the same antigen, the memory cells respond more
readily and rapidly than did the naive cells: they proliferate and give rise to
effector cells and to more memory cells, In the case ofT cells, memorycells
can also develop from effector cells (not shown),

antigen than do naive cells. And, unlike most effector cells, which die within
days or weeks, memory cells can live for the lifetime of the animal, thereby
providinglifelong immunological memory.

Acquired Immunological Tolerance Ensures That
Self Antigens Are Not Attacked

As discussed in Chapter 25, cells of the innate immune system recognize
molecules on the surface of pathogens that are not found in the host, The adap-
tive immune system hasa far moredifficult recognition task: it must be able to
respondspecifically to an almost unlimited numberofforeign macromolecules,
while avoiding responding to the large number of molecules made by the host
organism itself. How doesit do it? For one thing, self molecules do not induce
the innate immunereactions that are required to activate adaptive immune
responses. But even whenan infection triggers innate reactions, self molecules
still do not normally induce adaptive immuneresponses, Why not?

Oneansweris that the adaptive immunesystem “learns” nat to respond to
self antigens, Transplantation experiments provide oneline of evidenceforthis
learning process. Whentissues are transplanted from oneindividual to another,
as long as the twoindividuals are not identical twins, the immune system ofthe
recipient usually recognizes the donorcells as foreign and destroys them. (For
reasons wediscusslater, the foreign antigens onthe donorcells are so powerful
that they can stimulate adaptive immuneresponsesin the absenceofinfection
or an adjuvant.) If, however, cells from onestrain of mouse are introducedinto
a neonatal mouse ofanother strain, someofthese cells survive for most of the
recipient animal's life, and the recipientwill now accepta graft from theoriginal
donor, even thoughit rejects “third-party” grafts. Apparently, nonself antigens
can, in somecircumstances, induce the immune system to becomespecifically
unresponsive to them. This antigen-specific unresponsiveness to foreign anti-
gens is known as acquired immunological tolerance (Figure 24-12),

The unresponsiveness of an animal's adaptive immune system to its own
macromolecules (natural immunological tolerance) is acquired in the same way.
Normal mice, for example, cannot make an immune response against one of
their own protein components of the complementsystem called C5 (discussed
in Chapter25). Mutant mice, however, that lack the gene encoding C5 (but are
otherwise genetically identical to the normal mice) can make a strong immune
responseto this blood protein when immunizedwithit. Naturalimmunological
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Figure 24-12 Immunological
tolerance. The skin graft seen here,
transplanted from an adule brown mouse
to an adulc white mouse, has survived for
many weeks only because the white
mouse, at the timeofits birth, recelyed an
injection of cells from the brawn mouse

and therefore became immunologically
tolerant to them. Thecells from the
brown mouse persist in the adult white
mouse and continue to induce tolerance

In newly formed lymphocytes that would
otherwise react against the brownskin,
(Courtesy of Leslie Brene, fram I. Roite,
Essential Immunology, 6th edn. Oxford,
UK:Blackwell Scientific, 1988.)
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tolerance for a particular self molecule persists only for as long as the molecule
remains present in the body. If a self molecule such as C5 is removed, an animal
gains the ability to respondto it after a few weeks or months. Thus, the immune
system is genetically capable of respondingto selfmolecules but learns not to do
SO.

The learning process that leadsto self-tolerance can involvekilling the self-
reactive lymphocytes (clonal deletion), functionally inactivating them (clonal
anergy or inactivation), stimulating the cells to produce modified receptors that
no longer recognize the self antigen (receptor editing), or the suppression ofself-
reactive lymphocytesby a special type of regulatory T cell. The process begins in
the central lymphoid organs when newly formedself-reactive lymphocytesfirst
encountertheir self antigen. Instead of being activated by binding antigen, the
immature lymphocytesare inducedto either alter their receptors or die by apop-
tosis. Lymphocytes that could potentially respondtoself antigens that are not
presentin the central lymphoid organsoften die orare either inactivated or sup-
pressed after they have matured and migrated to peripheral lymphoid organs.

Whydoesthe bindingofself antigen lead to tolerance rather than activation?
As wediscuss later, for a lymphocyte to be activated in a peripheral lymphoid
organ, it must not only bindits antigen but must also receive a costimulatory
signal. The latter signal is provided by a helper T cell in the case of a B lympho-
cyte and by an antigen-presenting cell in the case of a T lymphocyte. The pro-
duction of costimulatory signals usually depends on exposure to pathogens, and
so a self-reactive }ymphocyte normally encounters its antigen in the absence of
such signals, Without a costimulatory signal, an antigen tends to kill or inacti-
vate a lymphocyte ratherthan activate it (Figure 24-13),

Tolerance to self antigens sometimes breaks down, causing T or B cells (or
both) to react against the organism's own tissue antigens. Myasthenia gravis is an
example of such an autoimmunedisease. Affected individuals make antibodies
against the acetylcholine receptors on their own skeletal muscle cells. These
antibodies interfere with the normal functioning of the receptors so that the
patients become weak and may die because they cannot breathe, The mecha-
nisms responsible for the breakdown oftoleranceto self antigens in autoim-
munediseases are unknown,It is thought, however, that activation of the innate
immune system by infection may help trigger certain anti-self responses in
genetically susceptible individuals.

Lymphocytes Continuously Circulate Through
Peripheral Lymphoid Organs

Pathogens generally enter the body through an epithelial surface, usually
throughthe skin, gut, or respiratory tract. How do the microbjal antigenstravel
from these entry points to a peripheral lymphoid organ, such as a lymph node
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Figure 24-13 Induction of
immunological toleranceto self
antigens in central and peripheral |
lymphoid organs. Whena self-reactiye |
immature lymphocyte bindsits self antigen |
{n the central lymphoid organ wherethe
cell is produced, it may be induced to alter
the receptor it makes so tharIt is no
longer self-reactive. This process s called
receptor editing and seems to occur only
in developing B cells. Alternatively, the cell
may die by apoptosis, a processcalled
clonal deletion. Whena self-reactive naive
lymphocyte escapes tolerance in the
central lymphoid organ and bindsits self
antigen in a peripheral lymphoid organ, It
may elther die by apoptosis or be
inactivated, as the binding usually occurs In
the absence of a costimulatorysignal.
Although not shown, some self-reactive
cells survive and are suppressed by speclal
regulatory T cells,

When a naive lymphocyte binds a
foreign antigen in a peripheral lymphold
organin the presence of a costimulatory
signal, It Is sclmulated to proliferate and
differentiate Into an effector or memory

cell. As microbes are usually responsible
for inducing costimulatory signals, most
adaptive immune reactions normally occur
only in response to microbes.
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or the spleen, where lymphocytesare activated (see Figure 24-6)? The route and
destination depend onthesite of entry. Antigens that enter through the skin or
respiratory tract are carried via the lymphto local lymph nodes; those that enter
through the gut end up in gut-associated peripheral lymphoid organs such as
Peyer's patches; and thosethat enter the blood arefiltered out in the spleen. In
most cases, dendritic cells carry the antigen from the site of infection to the
peripheral lymphoid organ, where they become antigen-presentingcells (see
Figure 24-5), specialized for activating T cells (as we discusslater).

But the lymphocytes that can recognize a particular microbial antigen in a
peripheral lymph organare only a tiny fraction of the total lymphocyte popula-
tion. How do these rare cells find an antigen-presenting cell displaying their
antigen? The answeris that they continuously circulate between the lymph and
blood until they encounter their antigen. In a lymph node, for example, lym-
hocytes continually leave the bloodstream by squeezing out between special-

ized endothelial cells lining small veins called postcapillary venules. After perco-
lating through the node, they accumulate in small lymphatic vessels that leave
the node and connect with other lymphatic vessels that pass through other
lymph nodes downstream (see Figure 24-3). Passing into larger and larger ves-
sels, the lymphocytes eventually enter the main lymphatic vessel (the thoracic
duct), which carries them back into the blood (Figure 24-14). This continuous
recirculation between the blood and lymph endsonlyif a lymphocyte encoun-
ters its specific antigen (and a costimulatory signal) on the surface of an antigen-
presenting cell in a peripheral lymphoid organ. Now the lymphocyteis retained
in the peripheral lymphoid organ, where it proliferates and differentiates into
effector cells. Someof the effector T cells then leave the organ via the lymph and
migrate through the bloodto thesite of infection (see Figure 24-5).

Lymphocyte recirculation depends on specific interactions between the
lymphocyte cell surface and the surface of the specialized endothelial cells lin-
ing the postcapillary venulesin the peripheral lymphoid organs. Manycell types
in the blood comeinto contact with these endothelial cells, but only lymphocytes
adhere and then migrate out of the bloodstream, The lymphocytesinitially
adhere to the endothelial cells via homing receptors that bind to specific ligands
(often called counterreceptors) on the endothelial cell surface. Lymphocyte
migration into lymph nodes, for example, depends on a homingreceptor pro-
tein called L-selectin, a member of the selectin family of cell-surface lectins
discussed in Chapter 19. This protein bindsto specific sugar groups on a coun-
terreceptor that is expressed exclusively on the surface of the specialized
endothelial cells in lymph nodes, causing the lymphocytes to adhere weaklyto
the endothelial cells andto roll slowly along their surface, Therolling continues
until another, much stronger adhesion system is called into play by chemo-
attractant proteins (called chemokines; see below) secreted by endothelialcells.
This strong adhesion is mediated by membersofthe integrin family ofcell adhe-
sion molecules (discussed in Chapter 19), which becomeactivated on the lym-
phocyte surface. Now the lymphocytes stop rolling and craw! out of the blood
vessel into the lymph node (Figure 24-15).

basa
lami

—

" ejejeele)elee|
eee postcapillary

. venule
lymphocyte i chemokine

 

 specialized
endothelial call
of postcapillaryvenule

chemokine —»

LYMPHOCYTES AND THE CELLULAR BASIS OF ADAPTIVE IMMUNITY

 
 
 

 

afferent
lymphatic
vessel

efferent
lymphaticposteapillary ~~ vesselvenule

  
thoracic
duct

 
Figure 24-14 The path followed by
lymphocytes as they continuously
circulate between the lymph and
blood.Thecirculation through a lymph
node is shown here. Microbiat antigens are
carried into the lymph node by dendritic
cells, which enter via afferent lymphatic
vessals draining an infected tissue. T and B
cells, by contrast, enter the lymph node
via an artery and migrate out of che
bloodstream through postcapillary
venules. Unless they encounter their
antigen, the T andBcells leave the lymph
node via efferent lymphatic vessels, which
eventually join the thoracic duct. The
thoracic duct empties into a large veln
carrying bload to the heart.A typical
circulation cycle cakes about 12-24 hours.

Figure 24-I5 Migration of a
lymphocyte out of the bloodstream
into a lymph node.Acirculating
lymphocyte adheres weakly to the surface
of the specialized endothelial cells fining a
postcapillary venule in a lymph noda, This
Initial adhesion is mediated by L-selectin
on the lymphocyte surface. The adhesion
Is sufficiently weak to enable the
lymphocyte to roll along the surface of
the endothelial cells, pushed along by the
flow ofblood, Stimulated by chemokines
secreted by the endothelialcells, the
lymphocyte rapidly activates a stronger
adhesion system, mediated by anintegrin.
This strong adhesion enables the cell to
stop rolling and migrate out of the venule
between the endothellal cells. The

subsequent migration of the lymphocytes
in the lymph node also depends on
chemokines, which are produced within
the node. The migration of other white
blood cells out of the bloodstream into

sites of Infection occurs in a similar way.
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Chemokines are small, secreted, positively charged proteins that have a
central role in guiding the migrations of various types of white bloodcells. They
are all structurally related and bind to the surface of endothelial cells, and to
negatively charged proteoglycans of the extracellular matrix in organs. By bind-
ing to G-protein-linked receptors (discussed in Chapter 15) on the surface of
specific blood cells, chemokinesattract these cells from the bloodstream into an
organ, guide them to specific locations within the organ, and then help stop
migration. (The AIDS virus (HIV) also binds to chemokine receptors, which
allows thevirus to infect white bloodcells.) T andBcells initially enter the same
region of a lymph node butare then attracted by different chemokines to sepa-
rate regions of the node—Tcells to the paracortex and B cells to lymphoidfolli-
cles (Figure 24-16). Unless they encountertheir antigen, both types of cells soon
leave the lymph node via lymphatic vessels. If they encounter their antigen,
however, they remain in the node,proliferate, and differentiate into either effec-
tor cells or memory cells. Mostof the effector cells leave the node, expressing
different chemokine receptors that help guide them to their new destinations—
T cellsto sites of infection andB cells to the bone marrow,

Summary

Innate immune responses are triggered at sites of infection by micrabe-specific
molecules associated with invading pathogens. In addition to fighting infection
directly, these responses help activate adaptive immune responses in peripheral
lymphoid organs. Unlike innate immuneresponses, adaptive responses provide spe-
cific and long-lasting protection against the particular pathogen that induced
them.

The adaptive immunesystem is composed ofmillions oflymphocyte clones, with
the cells in each clone sharing a uniquecell-surface receptor that enables them to
bind a particular antigen. The bindingofantigen to these receptors, however, is usu-
ally not sufficient to stimulate a lymphocyte to proliferate and differentiate into an
effector cell that can help eliminate the pathogen. Costimulatory signals provided by
anotherspecializedcell in a peripheral lymphoid organ are also required. Helper T
cells provide such signalsfor B ceils, while antigen-presenting dendritic cells usually
provide themforTcells, Effector B cells secrete antibodies, which can act over long
distances to help eliminate extracellular pathogens andtheirtoxins. Effector Tcells,
by contrast, act locally at sites of infection to either kill infected hostcells or help
other cells to eliminate pathogens. As part of the adaptive immune response, some
lymphocytes proliferate and differentiate into memory cells, which are able to
respondfaster and more efficiently the next time the same pathogen invades. Lym-
phocytes that would react against self molecules are either induced to alter their
receptors, inducedto kill themselves, inactivated, or suppressed, so that the adaptive
immune system normally reacts only againstforeign antigens, Both B andTcells
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Figure 24-16 A sim fi /
a human lymph node.Batt :
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ultimately empties into the bloods
allowing the lymphocytes to begin
cycle of clrculation through a second
lymphold organ (see Figure 24-14),
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circulate continuously between the blood and lymph. Only if they encounter their
specific foreign antigen in a peripheral lymphoid organ do they stop migrating,
proliferate, and differentiate into effector cells or memory cells.

p CELLS AND ANTIBODIES

vertebrates inevitably die of infection if they are unable to make antibodies.
Antibodies defendusagainst infection by binding to viruses and microbialtox-
ins, thereby inactivating them (see Figure 24-2). The binding of antibodies to
jnvading pathogensalso recruits various types ofwhite blood cells and a system
of bloodproteins, collectively called complement (discussed in Chapter 25). The
white blood cells and activated complement components work together to
attack the invaders.

Synthesized exclusively by B cells, antibodies are producedin billions of
forms, each with a different amino acid sequence anda different antigen-bind-
ing site. Collectively called immunoglobulins (abbreviated as Ig), they are
among the most abundantprotein componentsin the blood, constituting about
20% of the total protein in plasma by weight. Mammals makefiveclasses ofanti-
bodies, each of which mediates a characteristic biological response following
antigen binding. In this section, we discuss the structure and function ofanti-
bodies and howtheyinteract with antigen,

B Cells Make Antibodies as Both Cell-Surface Receptors
and Secreted Molecules

As predicted bytheclonal selection theory, all antibody molecules made by an
individual B cell have the same antigen-bindingsite. Thefirst antibodies made
by a newly formedBcell are not secreted, Instead, they are inserted into the
plasrna membrane, where they serve as receptors for antigen. Each B cell has
approximately 105 such receptors in its plasma membrane.As wediscusslater,
each of these receptors is stably associated with a complex of transmembrane
proteinsthat activate intracellular signaling pathways whenantigen bindsto the
receptor.

EachBcell producesa single species of antibody, each with a uniqueanti-
gen-bindingsite. Whenanaive or memoryBcell is activated by antigen (with the
aid of a helperT cell), it proliferates and differentiates into an antibody-secret-
ing effector cell. Such cells make and secrete large amounts of soluble (rather
than membrane-bound)antibody, which has the same unique antigen-binding

_ site as the cell-surface antibody that servedearlier as the antigen receptor (Fig-
_ ure 24-17), Effector B cells can begin secreting antibody while theyarestill small

lymphocytes, but the end stage of their maturation pathwayis a large plasma
cell (see Figure 24~7B), which continuouslysecretes antibodies at the astonish-

ing rate of about 2000 molecules per second. Plasmacells seem to have com-
mitted so much oftheir protein-synthesizing machinery to making antibody
that they are incapable of further growth anddivision. Although manydie after
Several days, somesurvive in the bone marrow for months oryears and continue
to secrete antibodies into the blood.

A Typical Antibody Has TwoIdentical Antigen-Binding Sites
‘The simplest antibodies are Y-shaped molecules with two identical antigen-
bindingsites, one at the tip of each arm ofthe Y (Flgure 24-18). Because oftheir
‘Wo antigen-bindingsites, they are described as bivalent. As long as an antigen

as three or more antigenic determinants, bivalent antibody molecules can
_ Sross-link it into a large lattice (Figure 24-19). Thislattice can be rapidly phago-
Cytosed and degraded by macrophages. Theefficiency of antigen binding and
*ross-linking is greatly increased byaflexible hinge region in mostantibodies,

pitch allowsthe distance between the two antigen-bindingsites to vary (Figure©4~20),
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Figure 24-17 B cell activation. When
naive or memoryBcells are activated by
antigen (and helperT cells—not shown),
thay proliferate and differentiate into
effector calls. The effector cells produce
and secrete antibodies with a unique
antigen-binding site, which is the same as
that of thelr original membrane-bound
antlbedies that served as antigen
receptors.
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Figure 24~18 A simple
representation of an antibody
molecule. Note that Its two

antigen-binding sites are identical.
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Figure 24-19 Antibody-antigen interactions. Because antibodies have
twoidentical antigen-binding sites, they can cross-link antigens. The types of
antibody-antigen complexes that form depend on the numberofantigenic
determinants on the anelgen. Here a single species of antibody (a monoclonal
antibody) is shown binding to antigens containing one, two,or three copies
of a single type of antigenic determinant. Antigens with two antigenic
determinants can form small cyclic complexes or linear chalns with antibody,
while antigens with three or more antigenic determinants can form large
three-dimensionallattices that readily precipitate our of solution. Most
antigens have manydifferent antigenic determinants (see Figure 24-29A), and
different antibodies that recognize different determinants can cooperatein
cross-linking the antigen (not shown).

The protective effect of antibodies is not due simply to their ability to bind
antigen. They engagein a variety of activities that are mediated by the tail of the
Y-shaped molecule. As wediscusslater, antibodies with the same antigen-bind-
ing sites can have any oneofseveral differenttail regions. Each typeoftail region
gives the antibodydifferent functional properties, such as the ability to activate

the complementsystem, to bind to phagocytic cells, or to cross the placentafrom motherto fetus.

An Antibody Molecule Is Composed of Heavy and Light Chains

The basic structural unit of an antibody molecule consists of four polypeptide
chains, two identical light (L) chains (each containing about 220 amino acids)
and twoidentical heavy (H) chains (each usually containing about 440 amino
acids). The four chains are held together by a combination of noncovalent and
covalent (disulfide) bonds. The molecule is composed of two identical halves,
each with the same antigen-binding site. Both light and heavy chains usually
cooperate to form the antigen-binding surface (Figure 24~21).

There Are Five Classes of Heavy Chains, Each With
Different Biological Properties

In mammals, there are five classes of antibodies, IgA, IgD, IgE, IgG, and IgM, each
with its own class of heavy chain—o, 6, €, y, and u, respectively. IgA molecules
have o chains, IgG molecules have y chains, and so on.In addition, there are a
numberof subclasses of IgG and IgA immunoglobulins; for example, there are
four human IgG subclasses (IgG1, IgG2, IgG3, and IgG4), having 71, y2, Ya, andy4
heavy chains, respectively. The various heavy chains give a distinctive confor-
mation to the hinge andtail regions of antibodies, so that each class (and sub-
class) has characteristic properties of its own.

IgM, which has ut heavy chains, is always thefirst class of antibody made by
a developing B cell, although many B cells eventually switch to making other
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classes of antibody (discussed below). The immediate precursor of a B cell,
called a pre-Bcell, initially makes ,. chains, which associate with so-called sur-
rogate light chains (substituting for genuine light chains) and insert into the
plasma membrane. The complexes of » chains and surrogatelight chains are
required for the cel] to progress to the next stage of development, where it makes
bonafide light chains. The light chains combine with the p chains, replacing the
surrogate light chains, to form four-chain IgM molecules (each with two p
chains and twolight chains), These molecules then insert into the plasma mem-
brane, where they function as receptors for antigen. At this point, thecell is
called an immature naive B cell. After leaving the bone marrow, the cell starts to
producecell-surface IgD molecules as well, with the same antigen-bindingsite
as the IgM molecules.It is now called a mature naive B cell. It is this cell that can
respond to foreign antigen in peripheral lymphoid organs (Figure 24-22),

TgM is notonlythefirst class of antibody to appear on the surface of a devel-
oping B cell. It is also the major class secretedinto the bloodin the early stages
ofa primary antibody response, on first exposure to an antigen. (Unlike IgM,IgD
molecules are secreted in only small amounts and seem to function mainly as
cell-surface receptors for antigen.) In its secreted form, IgM is a pentamer com-
posed offive four-chain units, giving it a total of 10 antigen-binding sites. Each
pentamer contains one copy of another polypeptide chain,called a J Goining)
chain. The J chain is produced by IgM-secreting cells and is covalently inserted
between two adjacenttail regions (Figure 24-23).

The bindingof an antigen to a single secreted pentameric IgM molecule can
activate the complementsystem. As discussed in Chapter 25, when the antigen
is on the surface of an invading pathogen,this activation of complement can
either mark the pathogen for phagocytosis orkill it directly.

p chain H ensurrogate L oa
Lchain a jm aNZysiad

>
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Figure 24-21 A schematic drawing of
a typical antibody molecule.It Is
composed of four polypeptide chalns—
two identical heavy chains and two
Identical light chains. The two antigen-
binding sites are Identical, each formed
by the N-terminal region of a light chain
and the N-terminal region of a heavy
chaln. Both the tall (Fe) and hinge reglon
are formed by the two heavy chains.

Figure 24-22 The main stages in
B cell development.All of the stages
shown occur independently of antigen.
Whenthey are activated by thelr specific
forelgn antigen and helper T cells in
peripheral lymphoid organs, mature naive
B cells proliferate and differentiate into
effector or memory cells (not shown).
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The major class of immunoglobulin in the blood is IgG, which is a four-
chain monomer produced in large quantities during secondary immune
responses. Besides activating complement, the tail region of an IgG molecule
bindsto specific receptors on macrophages and neutrophils. Largely by means
of such Fe receptors (so-named because antibody tails are called Fe regions),
these phagocytic cells bind, ingest, and destroy infecting microorganismsthat
have becomecoatedwith the IgG antibodies producedin responseto the infec-
tion (Figure 24-24).

IgG moleculesare the only antibodies that can pass from motherto fetus via
the placenta.Cellsof the placenta that are in contact with maternal blood have
Fe receptors that bind blood-borne IgG molecules and direct their passage to
the fetus. The antibody molecules boundto the receptors arefirst taken into the
placental cells by receptor-mediated endocytosis, They are then transported
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Figure 24-23 A pentameric Ipny
molecule. The five subunits are held
togetherby disulfide bonds (red). A 51
J chain, which has a structure einige oe
that of a single Ig domain (discussag S ie
Is disulfide-bonded betweenthe oa 4
two }t heavy chains.The J chain is f
for pentamer formation,The addition of —
each successive four-chain IgM bund
requires a J chain, which Is then discardeg:
exceptfor the last one, which is retaj ied, 3
Notethat IgM molecules do not have
hinge regions.

Figure 24-24 Antibody-
actlvated phagocytosis. (A) An
IgG:antibody-coaced bacterium is
efficiently phagocytosed by a
macrophage or neutrophil, which

the tail (Fe) region of IgG
molecules, The binding of the
antibody-coated bacterlum to these
Fe receptors activates the
phagocytic process. Thetall of an
antibody molecule Is called an Fe
region because, when antibodies are
cleaved with the proteolytic enzyme
papain, the fragments containing the’
tail region readily crystallize,
(B) Electron micrograph of a
neutrophil phagocycosing an
tgG-coated bacterium, which is In
the process ofdividing. (B, courcesy
of Dorothy F Bainton,from
R.C. Williams, Jr. and
H.H. Fudenberg, Phagocytic
Mechanismsin Health and Disease.
New York: Intercontinental Book
Corporation, £971.)
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Figure 24-25 A highly schematized diagram of a dimeric IgA
molecule found in secretions. In addition to the two IgA monomers,
there is a single J chain and an additional polypeptide chain called che
secretory component, which is thought to protect the IgA molecules from
digestion by proteolytic enzymes in secretions.

across thecell in vesicles and released by exocytosis into the fetal blood (a pro-
cess called transcytosis, discussed in Chapter 13). Because other classes of
antibodies do not bind to these particular Fc receptors, they cannot pass across
the placenta. IgG is also secreted into the mother's milk andis taken up from the
gut of the neonate into the blood, providing protection for the baby against
infection.

IgA is the principal class of antibody in secretions, including saliva, tears,
milk, and respiratory and intestinal secretions. Whereas IgA is a four-chain
monomerin the blood,it is an eight-chain dimerin secretions (Figure 24-25). It
is transported through secretory epithelial cells from the extracellularfluid into
the secreted fluid by another type of Fe receptor that is unique to secretory
epithelia (Figure 24-26). This Fc receptorcan also transport IgM into secretions
(butless efficiently), which is probably why individuals with a selective IgA defi-
ciency, the most common form of antibody deficiency, are only mildly affected
by the defect.

Thetail region of IgE molecules, which are four-chain monomers, binds
with unusually high affinity (K, ~ 10° liters/mole) to yet another class of Fe
receptors. These receptors are located on the surfaceof mast ceils in tissues and
of basophils in the blood. The IgE molecules bound to them function as passive-
ly acquired receptors for antigen. Antigen binding triggers the mast cell or
basophil to secrete a variety of cytokines and biologically active amines, espe-
cially histamine (Figure 24-27). These molecules cause blood vessels to dilate
and becomeleaky, which in turn helps white blood cells, antibodies, and com-
plement componentsto entersites of infection. The same molecules are also
largely responsible for the symptomsof such allergic reactions as hay fever,
asthma,andhives. In addition, mast cells secrete factors that attract and activate
white bloodcells called eosinophils. Thesecells also have Fe receptors that bind
IgE molecules and can kill various types of parasites, especially if the parasites
are coated with IgE antibodies,

In addition to the five classes of heavy chains found in antibody molecules,
higher vertebrates have two types oflight chains, x and 4, which seem to be
functionally indistinguishable. Either type oflight chain may be associated with
any of the heavy chains. An individual antibody molecule, however, always con-
tains identical light chains and identical heavy chains: an IgG molecule, for

|
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Figure 24-26 The mechanism of
transport of a dimeric IgA molecule
across an epithelial cell. The IgA
molecule, as a j-chain-containing dimer,
binds to a transmembrane receptor
protein on the nonlumenal surface of a
secretory epithelial cell. The receptor—lgA
complexes are ingested by receptor-
mediated endocytosis, transferred across
the epithelial cell cytoplasm in vesicles,
and secreted into the |umen on the

opposite side of the cell by exocytosis.
Whenexposed to the lumen, the part of
the Fe receptor protein that Is bound to
the IgA dimar (the secretory component) is
cleaved from its transmembranetall,

thereby releasing the antibody in che form
shownin Figure 24-25, The J chain Is noc
shown.
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instance, may haveeither « or 4 light chains, but not one ofeach, As a result of
this symmetry, an antibody's antigen-binding sites are always identical. Such
symmetry is crucial for the cross-linking function of secreted antibodies (see
Figure 24-19),

The properties of the various classes of antibodies in humans are summa-
rized in Table 24-1.

The Strength of an Antibody—Antigen Interaction Depends on
Both the Numberand the Affinity of the Antigen-Binding Sites

The binding of an antigen to antibody, like the binding of a substrate to an
enzyme,is reversible. It is mediated by the sum of manyrelatively weak non-
covalent forces, including hydrogen bonds and hydrophobic van der Waals
forces, and ionic interactions, These weak forces are effective only when the
antigen molecule is close enoughto allow someofits atomstofit into comple-
mentary recesses on the surface of the antibody. The complementary regions of
a four-chain antibody unit are its two identical antigen-bindingsites; the corre-
sponding region on the antigen is an antigenic determinant(Figure 24-28). Most
antigenic macromolecules have manydifferent antigenic determinants and are
said to be multivalent; if two or more of them areidentical (as in a polymer with
a repeating structure), the antigen is said to be polyvalent (Figure 24-29).

The reversible binding reaction between an antigen with a single antigenic
determinant(denotedAg) anda single antigen-binding site (denoted Ab) can be
expressed as

Ag + Ab @ AgAb
The equilibrium point depends both on the concentrations ofAb and Ag and on
the strength oftheir interaction, Clearly, a larger fraction ofAb will becomeasso-
ciated with Ag as the concentration of Ag increases. The strength of the interac-
tion is generally expressed as the affinity constant (K,) (see Figure 3-44), where

Ka = 7
(the square brackets indicate the concentration of each componentatequilibrium),

TABLE24-| Properties of the Major Classes ofAntibodies in Humans 

 

CLASS OF ANTIBODY

PROPERTIES IgM IgD IgG IgA IgE

Heavy chains p 6 ¥ o &
Light chains Korda K«ordX xordX Kora Korda
Numberof four-chain units 5 1 1 lor2 1

Percentageoftotal Ig.in blood 10 <1 75 15 <l
Activates complement +++ - ++ - -

Crosses placenta - “ + - -
Binds to macrophages - - + - -

and neutrophils
Binds to mast cells and basophils - - = = +nee
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Figure 24-27 The role of IgE in
histamine secretion by mastcells,
A mastcell (ora basophil) binds Igé
molecules after they are Secreted by
activated B calls. The soluble IgE
antibodies bind to Fe receptor proteins on:
the mast cell surface thatspecifically
recognize the Fe region of these

antibodies. The bound |gE molecules serve
as cell-surface receptors for antigen. Thus,
unlike B cells, each mastcell (and basophil)
has a set of cell-surface antibodies with a
wide variety of antigen-bindingsites.When
an antigen molecule binds to these
membrane-boundIgE antibodiesso as to |
cross-link them to thelr neighbors,it i"
signals the mastcell to release its

histamine and other local mediators by
exocytosis,  

antigenle
determinant 
 

 
 

antigen-binding
site of antibody lightmolecule chaln

Figure 24-28 Antigen binding to
antibody. tn this highly schemacized
dlagram, an antigenic determinant on 4
macromolecule is shown interacting with
the antigen-binding site of two differant
antibody molecules, one ofhigh affinity
and oneof low affinity.The antigenic
determinantIs held in the binding site by;
various weak noncovalent forces, and the
site wich the betterfit co the antigen
hasa greater affinity. Note that both the
light and heavy chains of the antlbody
molecule usually contribute to the
antigen-bindingsite.  
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Figure 24~29 Molecules with multiple antigenic determinants. (A)
(A} A globular protein is shown with a numberof different antigenic
determinants. Different regions of a polypeptide chain usually come together
In the folded structure to form each antigenic determinant on the surface of
the protein. (B) A polymeric structure Is shown with many identical antigenic
determinants.

The affinity constant, sometimes called the association constant, can be
determined by measuring the concentrationof free Ag required tofill half of the multiple different antigenic determinants
antigen-binding sites on the antibody. When half the sites are filled, [AgAb] = {a multivalent antigen)
[Ab] and Ka = 1/[Ag]. Thus,the reciprocal of the antigen concentration that pro-

 
duces half the maximum bindingis equal to the affinity constant of the antibody _‘(®)
for the antigen. Commonvalues range from as low as 5 x 10‘to as high as 10!liters/mole. aThe affinity of an antibody for an antigenic determinant describes the
strength of binding of a single copy of the antigenic determinantto a single anti-
gen-binding site, and it is independentof the number ofsites. When, however, a multiple identical antigenic determinants
polyvalentantigen, carrying multiple copiesof the sameantigenic determinant, (2 polyvalentantigen)
combines with a polyvalent antibody, the binding strength is greatly increased
because all of the antigen-antibody bonds must be broken simultaneously
before the antigen and antibody can dissociate. As a result, a typical IgG
molecule can bind at Jeast 100 times more strongly to a polyvalent antigen if
both antigen-bindingsites are engaged than if only onesite is engaged, Thetotal
binding strengthofa polyvalent antibody with a polyvalent antigenis referred to
as the avidity of the interaction,

If the affinity of the antigen-binding sites in an IgG and an IgM moleculeis
the same, the IgM molecule (with 10 binding sites) will have a muchgreater
avidity for a multivalent antigen than an IgG molecule (which has two binding

_ sites). This difference in avidity, often 104-fold or more, is important because
antibodies produced early in an immuneresponse usually have much lower
affinities than those producedlater. Because ofits high total avidity, IgM—the

_ major Ig class producedearly in immune responses—can function effectively
even when eachofits binding sites has only a lowaffinity.

So far we have considered the general structure and function of antibodies.
Next we look at the details of their structure, as revealed by studies of their
amino acid sequence and three-dimensional structure.

Light and Heavy Chains Consist of Constant
and Variable Regions

Comparison of the amino acid sequences of different antibody molecules
_ leveals a striking feature with important genetic implications. Both light and

heavy chains have a variable sequence at their N-terminal ends but a constant
sequence at their C-terminal ends. Consequently, when the amino acid
Sequences of manydifferent k chains are compared, the C-terminal halves are
the same or show only minordifferences, whereas the N-terminalhalvesareall
very different. Light chains have a constant region about 110 aminoacids long

_ and a variable region of the samesize. The variable region of the heavy chains
{at their N-terminus) is also about 110 amino acids long, but the heavy-chain
constant region is about three or four times longer (330 or 440 amino acids),
dependingon the class (Figure 24-30). LIGHT CHAIN . .

varlable constant Figure 24-30 Constant and variable
region region (x type or A type) regions of Immunoglobulin chains.

—SS Both light and heavy chains of an antibody
1-aaaCOOH molecule have distinct constant and

HEAVY CHAIN variable regions.
Hoha~COOH
bf
variable region constant region

(a, 8, €, % or p type)
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variable region hypervariable regions Figure 24-31 Antibody hypery,‘ arith

of heavy chain of heavychain ragions. Highly schematized drawing aj

NG hypervariable how the three hyparvariable regions a] 4
ew $sp

varlable % S-S
reglon of
light chain

regions antigen-binding each light and haavy chain Cogather fo
the antigen-binding site of an antibog,
molecule. ¥

It is the N-terminal endsofthe light and heavy chains that cometogetherto
form the antigen-binding site (see Figure 24-21), and the variability of their
amino acid sequencesprovides the structural basis for the diversity of antigen-
bindingsites. Thediversity in the variable regions of both light and heavy chains
is for the most part restricted to three small hypervariable regions in each
chain; the remaining parts of the variable region, known as framework regions,
are relatively constant. Only the 5-10 aminoacids in each hypervariable region
form the antigen-bindingsite (Figure 24-31). As a result, the size of the antigenic
determinant that an antibody recognizes is generally comparably small. It can
consist of fewer than 25 amino acids on the surface of a globular protein, for
example.

 
  hypervarlable

regions of
light chain

IThe Light and Heavy Chains Are Composed of
Repeating lg Domains

Both light and heavy chains are made up of repeating segments—each about
110 amino acids long and each containing one intrachain disulfide bond. These
repeating segments fold independently to form compactfunctionalunits called
immunoglobulin (Ig) domains. As shown in Figure 24-32, a light chain consists
of one variable (VL) and one constant (C;) domain (equivalent to the variable |
and constant regions shown in the top half of Figure 24-30). These domainspair
with the variable (Vy) and first constant (Cy1) domain of the heavy chain to D
form the antigen-binding region. The remaining constant domainsof the heavy y
chains form the Fc region, which determinesthe other biological properties of
the antibody. Most heavy chains have three constant domains (Cy1, Cy2, and 4
Cy3), but those of IgM andIgE antibodies have four.

—iol

Figure 24-32 Immunoglobulin a
domains, The Iight and heavy chains In af
antibody molecule are each folded Into
repeating domains chat are similar to on®
another,The varlable domains (shaded in
blue) of the light and heavy chains (VL and
Vx) make up the antigen-binding sites,
while the constant domainsof the heavy”
chains (mainly Cy2 and Cy43) decerming
the otherbiological properties of the
molecule. The heavy chains of IgM and lee
antibodies do not have a hinge region @n©
have an extra constant domain (C4):
Hydrophobic interactions between
domains on adjacent chalns have an
Importantrole in halding the chains
togetherin tha antibody molecule:Vi
binds to Vy, Cy binds to CHI, and s© of
(see Figure 24—34).
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constant region of heavy chain

The similarity in their domains suggests that antibody chains arose during
evolution by a series of gene duplications, beginning with a primordial gene
codingfor a single 110 amino acid domain of unknown function. This hypothe-
sis 1s supported by the finding that each domain of the constant region of a
heavy chain is encoded by a separate coding sequence (exon) (Figure 24-33).

An Antigen-Binding Site Is Constructed From
Hypervariable Loops

Anumberof fragments of antibodies, as well as intact antibody molecules, have
been studied by x-ray crystallography. From these examples, we can understand
the wayin whichbillionsof different antigen-bindingsites are constructedori a
commonstructural theme.

Asillustrated in Figure 24-34, each Ig domain has a very similar three-
dimensional structure based on whatis called the immunoglobulin fold, which
consists of a sandwichoftwof sheets held togetherby a disulfide bond. We shall
see later that manyotherproteins on the surface oflymphocytes and othercells,
many of which function as cell-cell adhesion molecules (discussed in Chapter
19), contain similar domains and hence are members of a very large
immunoglobulin (Ig) superfamily of proteins.

The variable domains of antibody molecules are uniquein that each has its
particular set of three hypervariable regions, which are arranged in three hyper-
variable loops (see Figure 24-34). The hypervariable loops of both the light and

 
"A, hypervariable

\ Joop

8 CELLS AND ANTIBODIES

Figure 24-33 The organization of the
DNAsequencesthat encode the
constant region of an antibody heavy
chain. The coding sequences (exons) for
each domain and for the hinge region are
separated by noncoding sequences
(introns), The Intron sequencesare
removedby splicing the primary RNA
transcripts to form mRNA.The presence
of introns in the DNAis thought to have
facilitated accidental duplications of DNA
segments that gave rise to the antibody
genes during evolution (discussed in
Chapter 7).The DNA and RNA sequences
that encode the variable region of the
heavy chain are not shown.

Figure 24-34 The folded structure of
an bgG antibody molecule, based on
x-ray crystallography studies. The
structure of the whole protein is shown in
the middle, while the structure of a
constant domain is shown on the left and

of a variable domain on the right. Both
domains consist of two B sheets, which
are joined by a disulfide bond (not
shown). Notethat all the hypervariable
regions (red) form loopsat the far end of
the variable domain, where they come
together to form part of the antigen-
bindingsite,
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Figure 24-35 Antigen-binding altes of antibodies. Tha hypervariable
loopsof different V_ and V4 domains can combine to form a large variety of
binding surfaces. The antigenic determinants and the antigen-binding site of
the antibodies are shownIn red, Only one antigen-binding site is shown for
each antibody.

heavy variable domainsare clustered together to form the antigen-bindingsite.
Because the variable region of an antibody molecule consists of a highly con-
servedrigid framework, with hypervariable loops attached at one end, an enor-
mousdiversity of antigen-binding sites can be generated by changing only the
lengths and amino acid sequences of the hypervariable loops, The overall three-
dimensional structure necessary for antibody function remains constant.

X-ray analyses of crystals of antibody fragments bound to an antigenic
determinant reveal exactly how the hypervariable loopsof the light and heavy
variable domains cooperate to form an antigen-binding surface in particular
cases, The dimensions and shapeof each different site vary depending on the
conformations of the polypeptide chain in the hypervariable loops, which in
turn are determinedby the sequences ofthe aminoacidside chains in the loops.
The shapes of bindingsites vary greatly—from pockets, to grooves, to undulat-
ing flatter surfaces, and even to protrusions—depending on the antibody (Fig-
ure 24-35). Smaller ligands tend to bind to deeper pockets, whereas larger ones
tend to bind to flatter surfaces. In addition, the binding site can alter its shape
after antigen bindingto betterfit the ligand.

Nowthat we have discussed the structure and functions of antibodies, we
are ready to considerthe crucial question that puzzled immunologists for many
years—what are the genetic mechanismsthat enable each of us to make many
billions of different antibody molecules?

Summary

Antibodies defend vertebrates against infection by inactivating viruses and micro-
bial toxins and by recruiting the complement system and various types of white
blood cell to kill the invading pathogens. A typical antibody molecule is Y-shaped,
withtwoidentical antigen-bindingsites at the tips of the Y and bindingsitesfor
complement components and/orvarious cell-surface receptors on the tail ofthe Y.

Each B cell clone makes antibody molecules with a unique antigen-bindingsite.
Initially, duringB cell development in the bone marrow, the antibody molecules are
inserted into the plasma membrane, where they serve as receptors for antigen, In
peripheral lymphoid organs, antigen binding to these receptors, together with cos-
timulatory signals provided by helperT cells, activates the B cells to proliferate and
differentiate into either memory cells or antibody-secretingeffectorcells. The effec-
tor cells secrete antibodies with the same unique antigen-binding site as the mem-
brane-bound antibodies.

A typical antibody molecule is composedoffourpolypeptide chains, twoidenti-
cal heavy chains and two identicallight chains, Parts ofboth the heavy andlight
chains usually combine to form the antigen-bindingsites. There are five classes of
antibodies (IgA, IgD, IgE, IgG, and IgM), each with a distinctive heavy chain (o, 6, &, ¥,
and p, respectively). The heavy chains alsoform the tail (Fc region) ofthe antibody,
which determines whatother proteins will bind to the antibody and therefore what
biological properties the antibody class has. Either type oflight chain (kor A) can be
associated with any class ofheavy chatn, butthe type oflight chain does not seem to
influence the properties ofthe antibody, otherthan tts specificityfor antigen.

Each light and heavy chain is composed ofa number ofIg domains—f sheet
structures containing about 110 amino acids. A light chain has one variable (Vi)
and one constant (C,) domain, while a heavy chain has one variable (Vy) and three
orfour constant (Cy) domains. The amino acid sequence variation in the variable
domains ofboth light and heavy chainsis mainly confined to several small hyper-
variable regions, which protrude as loops at one end of the domains to form the
antigen-bindingsite.

1384 Chapter 24: THE ADAPTIVE IMMUNE SYSTEM
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THE GENERATION OF ANTIBODY DIVERSITY

Even in the absenceof antigen stimulation, a human can probably make more
than 10! different antibody molecules—its preimmune antibody repertoire.
Moreover, the antigen-binding sites of many antibodies can cross-react with a
variety of related but different antigenic determinants, making the antibody
defense force even more formidable. The preimmunerepertoire is apparently
large enough to ensure that there will be an antigen-bindingsite to fit almost
any potential antigenic determinant, albeit with low affinity. After repeated
stimulation by antigen, B cells can make antibodies that bind their antigen with
muchhigheraffinity—-a processcalled affinity maturation. Thus, antigen stim-
ulation greatly increases the antibody arsenal.

Antibodies are proteins, and proteins are encodedbygenes. Antibodydiver-
sity therefore poses a special genetic problem: how can an animal make more
antibodies than there are genes in its genome? (The human genome,for exam-
ple, contains fewer than 50,000 genes.) This problem is not quite as formidable
as it might first appear. Recall that the variable regions of both thelight and
heavy chainsof antibodies usually form the antigen-binding site. Thus, an ani-
mal with 1000 genes encoding light chains and 1000 genes encoding heavy
chains could,in principle, combine their products in 1000 x 1000 different ways
to make 10° different antigen-binding sites (although,in reality, not every light
chain can combine with every heavy chain to make an antigen-bindingsite).
Nonetheless, the mammalian immune system has evolved unique genetic
mechanismsthat enableit to generate an almost unlimited numberofdifferent
light and heavy chains in a remarkably economical way, by joining separate gene
segments together before they are transcribed. Birds andfish use very different
strategies for diversifying antibodies, and even sheep and rabbits use somewhat
different strategies from mice and humans. Weshall confine our discussion to
the mechanisms used by mice and humans.

We begin this section by discussing the mechanismsthatB cells use to pro-
duce antibodies with an enormousdiversity of antigen-binding sites. We then
consider how aBcell canalter the tail region of the antibody it makes, while
keeping the antigen-binding site unchanged. This ability allows the B cell to
switch from making membrane-bound antibody to making secreted antibody,
or from making oneclass of antibody to making another, all without changing
the antigen-specificity of the antibody.

Antibody Genes Are Assembled From Separate Gene
Segments During B Cell Development
Thefirst direct evidence that DNAis rearranged during B cell development came
in the 1970s from experiments in which molecular biologists compared DNA
from early mouse embryos, which do not make antibodies, with the DNA of a
mouse B cell tumor, which makes a single species of antibody molecule, The
specific variable (V)-region and constant (C)-region coding sequences that the
tumor cells used were present on the same DNArestriction fragment in the
tumor cells but on two different restriction fragments in the embryos. This
showedthat the DNA sequences encoding an antibody moleculeare rearranged
at somestage in B cell development(Figure 24-36).

We now knowthat each type of antibody chain—x«light chains, A light
chains, and heavy chains—has a separate pool of gene segments and exons
from whicha single polypeptide chain is eventually synthesized. Each poolis on
a different chromosomeand contains a large numberof gene segments encod-
ing the V region of an antibody chain and, as we saw in Figure 24-33, a smaller
numberof exons encoding the C region. During the developmentof aBcell, a
complete coding sequencefor each of the two antibody chainsto be synthesized
is assembled bysite-specific genetic recombination (discussed in Chapter 5). In
addition to bringing together the separate gene segments and the C-region
exons of the antibody gene, these rearrangements also activate transcription
from the gene promoter through changes in the relative positions of the
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enhancers andsilencers acting on the promoter. Thus, a complete antibody
chain can be synthesized only after the DNA has been rearranged. As we shall
see, the process ofjoining gene segments contributes to the diversity ofantigen-
binding sites in several ways.

Each Variable Region Is Encoded by More Than
One Gene Segment

When genomic DNA sequences encodingV andC regions werefirst analyzed,it
was foundthata single region of DNA encodesthe C region of an antibody chain
(see Figure 24-33), but two or more regions of DNA have to be assembled to
encodeeachVregion. Eachlight-chain V region is encoded by a DNA sequence
assembledfrom two gene segments—a long Vgene segmentandashortjoining,
or J gene segment(not to be confused with the protein J chain (see Figure
24-23), which is encoded elsewherein the genome). Figure 24-37illustrates the
genetic mechanisms involved in producing a human«light-chain polypeptide
from a C-region exon and separate V and J gene segments,

Each heavy-chain V region is encoded by a DNA sequence assembled from
three gene segments—a V segment, a J segment, and a diversity segment, or D
gene segment. Figure 24-38 shows the number and organization of the gene
segments used in making human heavy chains,

The large numberofinherited V;J, and D gene segments available for encod-
ing antibody chains makes a substantial contribution on its own to antibody
diversity, but the combinatorial joining of these segments (called combinatorial
diversification) greatly increases this contribution. Any of the 40 V segments in
the humanxlight-chain gene-segmentpool, for example, can be joined to any
of the 5 J segments (see Figure 24-37), so that at least 200 (40 x 5) different
k-chain V regions can be encodedby this pool. Similarly, any of the 51 V seg-
ments in the human heavy-chain pool can be joined to any of the 6 J segments
and any of the 27 D segments to encode at least 8262 (51 x 6 x 27) different
heavy-chain V regions.
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The combinatorial diversification resulting from the assembly of different
combinationsof inherited V; J, and D gene segments just discussed is an impor-

| tant mechanism fordiversifying the antigen-bindingsites of antibodies. By this
mechanism alone, a human can produce 287 differentV, regions (200 k and 116
4) and 8262 different Vy regions. In principle, these could then be combinedto
make about2.6 x 10° (316 x 8262) different antigen-bindingsites. In addition, as
we discuss next, the joining mechanism itself greatly increases this number of
possibilities (probably more than 108-fold), making it much greater than the
total numberofB ceils (about 1014) in a human.
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Figure 24-38 The human heavy-chain gene-segmentpool. There are
51 V segmants, 27 D segments, 6 / segments, and an ordered cluster of
C-region exons, each cluster enceding a different class of heavy chain. The
D segment(and part of the / segment) encodes amino acids In the third
hypervariable region, which is the most variable part of the V region. The
figure Is not drawn to seale: the total length of the heavy chain locus is over
2 megabases. Moreover, many details are omitted. For Instance, each C region
{s encoded by multiple exons (see Figure 24-33); there are four clusters of
Cyregion exons (Cy, Cy, Cya, and Cy), and the Vy gene segments are
clustered on the chromosomeIn groups of homologousfamilies.The genetic
mechanismsInvolved In producing a heavy chain are the sameas those
shown In Figure 24-37forlight chains except that two DNA rearrangement
steps are required instead of one.First a D segment joins to a J segment, and
then a V segment joins to the rearranged Dj segment.

E GENERATION OF ANTIBODYDIVERSITY

Figure 24-37 The V-J joining process
involved in making a humanxIlght
chain.In the “germ-line” DNA (where
the antibody genes are not being
expressed and are therefore not
rearranged), the cluster offive J gene
segmentsis separated from the C-region
exon by a short intron and from the
40 V gene segments by thousands of
nucleotide pairs. During the development
of a B cell, the randomly chosen V gene
segment (V3 In this case) is movedtolie
precisely next to one of the j gene
segments (/3 in this case). The “extra”
j gene segments (j4 and j5) and the intron
sequence are transcribed (along with the
Joined V3 and J3 gene segments and the
C-region exon) and then removed by
RNA splleing to generate mRNA
molecules in which the V3, {3, and
C sequences are contiguous. These
mRNAsare then translated IntoKlight
chains.A J gene segment encodes the
C-terminal [5 or so amino acids of the

V region, and the V-J segment junction
coincides with the third hypervariable
region of the light chain, which is the most
variable part of the V region.
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imprecise Joining of Gene Segments Greatly
Increases the Diversity ofV Regions

During B cell development, the Vand J gene segments (for the light chain) and
the V, D, andJ gene segments (for the heavy chain) are joined together to form a
functional V- orVy-region coding sequence by a processofsite-specific recom-
bination called V(D)J joining. Conserved DNA sequencesflank each gene seg-
ment andserve as recognition sites for the joining process, ensuring that only
appropriate gene segments recombine. Thus, for example, a V segment will
always join to aJor D segmentbut not to another Vsegment.Joining is mediated
by an enzyme complex called the V(D)J recombinase. This complex contains
two proteins that are specific to developing lymphocytes, as well as enzymes
that help repair damaged DNAin all ourcells.

The lymphocyte-specific proteins of the V(D)J recombinase are encoded by
two closely linked genes called rag-1 and rag-2 (rag = recombination activating
genes). The RAG proteins introduce double-strand breaks at the flanking DNA
sequences, andthis is followed by a rejoining process that is mediated by both
the RAG proteins and the enzymes involved in general DNA double-strand
repair (discussed in Chapter 5). Thus,if both rag genesareartificially expressed
in a fibroblast, the fibroblast is now able to rearrange experimentally introduced
antibody gene segments just as a developing B cell normally does. Moreover,
individuals who are deficient in either rag gene or in one of the general repair
enzymesare highly susceptible to infection because they are unable to carry out
V(D)J joining and consequently do not have functional B or T cells. (T cells use
the same recombinase to assemble the gene segments that encodetheir anti-
gen-specific receptors.)

In most cases of site-specific recombination, DNA joining is precise. But
during the joining of antibody (and T cell receptor) gene segments, a variable
numberofnucleotides are often lost from the ends of the recombining gene seg-
ments, and one or more randomly chosen nucleotides mayalso be inserted. This
random loss and gain of nucleotidesat joining sites is called junctional diversi-
fication, and it enormously increases the diversity ofV-region coding sequences
created by recombination, specifically in the third hypervariable region. This
increased diversification comes at a price, however. In manycases,it will result
in a shift in the reading frame that produces a nonfunctional gene. Because
roughly two in every three rearrangements are “nonproductive” in this way,
many developing B cells never makea functional antibody molecule and conse-
quently die in the bone marrow. B cells making functional antibody molecules
that bind strongly to self antigens in the bone marrow are stimulated to re-
express the RAG proteins and undergo a second round of V(D)J rearrangements,
thereby changing the specificity of the cell-surface antibody they make—a pro-
cess referred to as receptorediting. Self-reactive B cells that fail to changetheir
specificity in this way are eliminated through the processof clonal deletion (see
Figure 24-13).

Antigen-Driven Somatic Hypermutation Fine-Tunes
Antibody Responses

As mentionedearlier, with the passage of time after immunization, there is usu-
ally a progressive increase in the affinity of the antibodies produced against the
immunizing antigen. This phenomenon, known asaffinity maturation, is due
to the accumulation of point mutations specifically in both heavy-chain and
light-chain V-region coding sequences. The mutations occurlongafter the cod-
ing regions have been assembled, whenBcells are stimulated by antigen and
helper T cells to generate memory cells in a lymphoidfollicle in a peripheral
lymphoid organ (see Figure 24-16). They occur at the rate of about one perV-
region codingsequencepercell generation. Becausethisis aboutamillion times
greater than the spontaneous mutation rate in other genes, the processis called
somatic hypermutation. The molecular mechanismis still uncertain, butit is
believed to involve some form of error-prone DNArepair process targeted to the
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rearranged V-region coding sequence by specific regions of DNA brought
together by V(D)J joining. Surprisingly, an enzymeinvolved in RNA editing (dis-
cussed in Chapter 7) is required, butits function in the hypermutation process
is unknown.

Only a small minority of the altered antigen receptors generated by hyper-
mutation have an increased affinity for the antigen. The few B cells expressing
these higher-affinity receptors, however, are preferentially stimulated by the
antigen to survive and proliferate, whereas most other B cells die by apoptosis.
Thus, as a result of repeated cycles of somatic hypermutation, followed by anti-
gen-driven proliferation of selected clones of memoryBcells, antibodies of
increasingly higheraffinity become abundantduring an immuneresponse, pro-
viding progressively better protection against the pathogen.

The main mechanismsof antibody diversification are summarized in Figure
24-39.

The Control ofV(D)J Joining Ensures That B Cells
Are Monospecific

As the clonal selection theory predicts, B cells are monospecific. Thatis, all the
antibodies that any one B cell produces have identical antigen-bindingsites.
This property enables antibodies to cross-link antigens into large aggregates,
thereby promoting antigen elimination (see Figure 24-19). It also meansthat an
activated B cell secretes antibodies with the samespecificity as that ofthe mem-
brane-bound antibody on theB cell that wasoriginally stimulated.

The requixement of monospecificity means that each B cell can make only
one type of V;, region and onetype of Vy region. Since B cells, like most other
somatic cells, are diploid, each cell has six gene-segment pools encoding anti-
body chains: two heavy-chain pools (one from each parent) and four light-chain
pools (one x and one 4 from each parent). If DNA rearrangements occurred
independently in each heavy-chain pool and eachlight-chain pool, a single cell
could make upto eight different antibodies, each with a different antigen-bind-
ingsite,

In fact, however, each B cell uses only two ofthe six gene-segmentpools: one
of the two heavy-chain pools and oneofthe four light-chain pools, Thus, each B
cell must choose not only between its x and 2 light-chain pools, but also
betweenits maternal and paternal light-chain‘and heavy-chain pools. This sec-
ond choice is called allelic exclusion, and it also occurs in the expression of
genes that encodeTcell receptors, For most other proteins that are encoded by
autosomal genes, both maternal and paternal genesin a cell are expressed about
equally.

Allelic exclusion and « versus / light-chain choice during B cell development
depend on negative feedback regulation of the V(D)J joining process. A func-
tional rearrangementin one gene-segment pool suppresses rearrangements in
all remaining pools that encode the same type of polypeptide chain (Figure
24-40). In B cell clones isolated from transgenic mice expressing a rearranged 1-
chain gene, for example, the rearrangement of endogenous heavy-chain genesis
usually suppressed. Comparableresults have been obtainedforlight chains, The
suppression does notoccurif the product of the rearranged genefails to assem-
ble into a receptor that inserts into the plasma membrane.It has therefore been
Proposedthat either the receptor assembly processitself or extracellular sig-
Nals that act on the receptor are involved in the suppression of further gene
rearrangements,

Although nobiological differences between the constant regionsof x and
A light chains have been discovered,there is an advantage in having two sepa-
Tate pools of gene segments encodinglight chain variable regions. Having two

Figure 24-39 The four main mechanisms of antibody
diversification. Those shaded in green occur during B cell developmentin
the bone marrow (orfetal liver), while the mechanism shaded in red occurs
whenBcells are stimulated by foreign antigen and helperT cells in
peripheral lymphoid organs to produce memoryBcells,
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Figure 24-40 Antibody gene-pool selection in B cell development.
To produce antibodies with only one type ofantigen-bindingsite, a
developing B cell must use only one L-chaln gene-segment pool and one
H-chaln pool. Although the choice between maternal and paternal poolsis
thoughtto be random, the assembly of V-reglon coding sequencesin a
developing B cell proceeds in an orderly sequence, one segmentat a time,
usually beginning with the heavy-chain pool.in this pool, D segments first join
to Je segments on both parental chromosomes; then Vij to Dfy joining
occurs on one of these chromosomes(not shown).If this rearrangement
producesa functional gene, the resulting production of complete 1 chains
(alwaysthe first heavy chains made) leads to their expression on the cell
surface in association with surrogate light chains. The cell now shuts downail
further rearrangements ofV}j-region-encoding gene segments andinitiates V;,
rearrangement, Although not shown, V; rearrangement usually occursfirst in
a K gene-segment pool, and onlyif that fails does it occur in the other «
pool orin the A pools,If, at any point, “in-phase” V|-to-j; Jolning leads to the
production oflight chains, these combine with preexisting [ chains to form
IgM antibody molecules, which insert into the plasma membrane. The IgM
cell-surface receptors are thought to enable the newly formed B cell to
receive extracellular signals that shut downall further V(D)J joining, by
turning off the expression of the rag-/ and rag-2 genes. If a developing B cell
makes a receptor that recognizes a self-antigen, it is stimulated to re-express
the rog genes and undergo another round of V(D)f joining {called receptor
editing), thereby changing the specificity of its receptor (not shown). If a cell
fails to assemble both a functional V}y-region and a functional V_-reglon
coding sequence,it is unable to make antibody molecules and dies by
apoptosis (not shown).

separate pools increases the chance that a pre-B cell that has successfully
assembled a Vy-region coding sequence will go on to assemble successfully a
V,-region coding sequence to becomeaBcell. This chanceis further increased
because, before a developing pre-B cell produces ordinary light chains, it makes
surrogatelight chains (see Figure 24-22), which assemble with 1 heavy chains.
The resulting receptors are displayed on the cell surface and allow the cell to
proliferate, producing large numbersof progeny cells, some of which are likely
to succeed in producing bonafide light chains.

WhenActivated by Antigen, a B Cell Switches From
Making a Membrane-Bound Antibody to Making
a Secreted Form of the Same Antibody

Wenowturn from the genetic mechanismsthat determine the antigen-binding
site of an antibody to those that determine its biological properties—that is,
those that determine what form of heavy-chain constantregion is synthesized.
The choiceofthe particular gene segments that encode the antigen-bindingsite
is a commitmentforthelife of a B cell and its progeny, but the type of Cy region
that is made changes duringB cell development. The changesare of two types:
changes from a membrane-boundform to a secreted form of the same Cy region
and changesin the class of the Cy region made.

All classes of antibody can be made in a membrane-boundform, as well as
in a soluble, secreted form. The membrane-bound form serves as an antigen
receptor onthe B cell surface, while the soluble form is madeonly afterthe cell
is activated by antigen to becomean antibody-secreting effector cell (see Figure
24-17). The sole difference between the two formsresides in the C-terminus of
the heavy chain. The heavy chains of membrane-bound antibody molecules
have a hydrophobic C-terminus, which anchors them in thelipid bilayer of the
B cell’s plasma membrane. The heavy chainsof secreted antibody molecules, by
contrast, have instead a hydrophilic C-terminus, which allows them to escape
from the cell. The switch in the characterofthe antibody molecules made occurs
becausethe activation of B cells by antigen (and helperTcells) induces a change
in the way in which the H-chain RNAtranscripts are made and processedin the
nucleus (see Figure 7-93).
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B Cells Can Switch the Class of Antibody They Make

DuringBcell development, manyB cells switch from making oneclassof anti-
body to making another—aprocesscalled class switching. All B cells begin their
antibody-synthesizing lives by making IgM molecules and inserting them into
the plasma membraneasreceptorsfor antigen. After the B cells leave the bone
marrow, but before they interact with antigen, they switch and make both IgM
and IgD molecules as membrane-boundantigen receptors, both with the same
antigen-binding sites (see Figure 24-22). On stimulation by antigen and helper
T cells, someof these cells are activated to secrete IgM antibodies, which domi-
nate the primary antibody response.Later in the immuneresponse, the combi-
nation of antigen and the cytokines that helper T cells secrete induce many B
cells to switch to making IgG, IgE, or IgA antibodies. These cells generate both
memory cells that express the corresponding classes of antibody molecules on
their surface andeffectorcells that secrete the antibodies. TheIgG, IgE, and IgA
molecules are collectively referred to as secondary classes of antibodies, both
because they are produced only after antigen stimulation and because they
dominate secondary antibody responses. As we sawearlier, each different class
of antibodyis specialized to attack microbes in different ways and in different
sites.

The constant region of an antibody heavy chain determinestheclass of the
antibody. Thus, the ability of B cells to switch the class of antibody they make
without changing the antigen-binding site implies that the same assembled
Vu-region coding sequence (which specifies the antigen-binding part of the
heavy chain) can sequentially associate with different Cy-coding sequences.
This has important functional implications. It means that, in an individual ani-
mal, a particular antigen-binding site that has been selected by environmental
antigens can be distributed amongthe various classes of antibodies, thereby
acquiring the different biological properties of each class.

Whena B cell switches from making IgM and IgD to one of the secondary
classes of antibody, an irreversible change at the DNA level occurs—a process
called class switch recombination. It entails deletion of all the Cy4-coding
sequences between the assembled VDJ-coding sequence and the particular
Cy-coding sequence thatthecell is destined to express (Figure 24-41). Switch
recombinationdiffers from V(D)Jjoining in several ways:(1) it involves noncod-
ing sequences only and therefore leaves the coding sequence unaffected; (2) it
uses different flanking recombination sequences and different enzymes;(3)it
happensafter antigen stimulation; and (4) it is dependent on helper T cells.
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Figure 24-41 An example of the
DNArearrangement that occursIn
class switch recombination.ABcell

making an IgM antibody from an
assembled VDj DNA sequenceis
stimulated by antigen and the cytokines
made byhelperT calls to switch to
making an lgA antibody,In the process,it
deletes the DNA between the VDj
sequence and the Cy-cading sequence,
Specific DNA sequences (switch sequences)
located upstream of each Cy-coding
sequence recombine with each other to
delete the Intervening DNA. Class switch
recombination Is thought to be mediated
by a switch recombinase, which is directed
to the appropriate switch sequences when
these become accessible under the

influence of cytokines, as we discusslater,
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Summary

Antibodies are produced from three pools ofgene segments and exons. One pool
encodes«light chains, one encodes A light chains, and and one encodes heavy
chains. In each pool, separate gene segments that code for different parts of the
variable region of the light or heavy chains are brought together by site-specific
recombination during B cell development. The light-chain pools contain one or
moreconstant- (C-) region exons and sets ofvariable (V) and joining (J) gene seg-
ments. The heavy-chain pool contains sets ofC-region exons and sets ofV, diversity
(D), andJgene seginents.

To make an antibody molecule, a V, gene segment recombines with aJ,gene seg-
mentto produce a DNA sequence codingfor theVregion ofa light chain, and a Vy
gene segment recombines with a D and a Jy gene segment to produce a DNA
sequence codingfor the V region ofa heavy chain. Each of the assembled V-region
coding sequences is then cotranscribed with the appropriate C-region sequence to
produce an RNA molecule that codesfor the complete polypeptide chain. Cells mak-
ingfunctional heavy andlight chains turn off the V(D)J joining process to ensure
that each B cell makes only anespecies ofantigen-bindingsite.

By randomly combining inherited gene segments that code for V, and Vy
regions, humans can make hundredsofdifferent light chains and thousandsofdif-
ferent heavy chains. Because the antigen-binding site is formed where the hyper-
variable loops of the V, and Vy come together in thefinal antibody, the heavy and
light chains can pair toform antibodies with millions ofdifferent antigen-binding
sites, This numberis enormously increased by the loss andgain ofnucleotides at the
site ofgene-segmentjoining, as well as by somatic mutations that occur with very
high frequency in the assembled V-region coding sequences after stimulation by
antigen and helperT ceils.

All B celts initially make IgM antibodies, and most then make IgD as well. Later
many switch and make antibodies ofother classes but with the same antigen-bind-
ing site as the original IgM and IgD antibodies. Such class switching depends on
antigen stimulation and helperT cells, andit allows the same antigen-binding sites
to be distributed among antibodies with varied biological properties.

T CELLS AND MHC PROTEINS

The diverse responsesof T cells are collectively called cell-mediated immune
reactions. This is to distinguish them from antibody responses, which, of course,
also depend on cells (B cells). Like antibody responses, T cell responses are
exquisitely antigen-specific, and they are at least as important as antibodiesin
defending vertebrates against infection. Indeed, most adaptive immune
tesponses, including antibody responses, require helper T cells for their initia-
tion. Most importantly, unlike B cells, T cells can help eliminate pathogens that
reside inside host cells, Much oftherestof this chapter is concerned with how T
cells accomplish this feat.

T cell responses differ from B cell responses in at least two crucial ways.
First, T cells are activated by foreign antigen to proliferate and differentiate into
effector cells only whenthe antigen is displayed on the surface of antigen-pre-
sentingcells in peripheral lymphoid organs. TheT cells respond in this manner
because the form of antigen they recognize is different from that recognized by
B cells. WhereasBcells recognize intact antigen, T cells recognize fragments of
protein antigens that have been partly degraded inside the antigen-presenting
cell. The peptide fragmentsare thencarried to the surface of the presentingcell
on special molecules called MHC proteins, which present the fragments to T
cells, The seconddifference is that, once activated, effector T cells act only at
short range, either within a secondary lymphoid organorafter they have migrat-
ed into a site of infection. They interact directly with anothercell in the body,
whichthey eitherkill or signal in some way(weshall refer to such cells as target
cells). Activated B cells, by contrast, secrete antibodies that can act far away.

There are two main classes of T cells—cytotoxic T cells and helperT cells.
Effector cytotoxic T ceils directly kill cells that are infected with a virus or some
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other intracellular pathogen. Effector helper T ceils, by contrast, help stimulate
the responsesof other cells—mainly macrophages,B cells, and cytotoxic T cells.

In this section, we describe these two classes of T cells and their respective
functions, We discuss how they recognize foreign antigens onthe surface of anti-
gen-presenting cells and target cells and consider the crucial part played by
MHCproteinsin the recognition process. Finally, we describe how T cells are
selected during their developmentin the thymusto ensure that only cells with
potentially useful receptors survive and mature. We begin by considering the
nature of the cell-surface receptors thatT cells use to recognize antigen.

T Cell Receptors Are Antibodylike Heterodimers

BecauseT cell responses depend on direct contact with an antigen-presenting
cell or a target cell, the antigen receptors made byT cells, unlike antibodies
made byB cells, exist only in membrane-bound form andare notsecreted, For
this reason,T cell receptors weredifficult to isolate, and it was not until the 1980s
that they were first identified biochemically. On both cytotoxic and helper T
cells, the receptors are similar to antibodies, They are composedoftwodisul-
fide-linked polypeptide chains (called « and 8), each of which contains two
Ig-like domains, one variable and one constant (Figure 24-42A). Moreover, the
three-dimensional structure of the extracellular part ofaT cell receptor has been
determined by x-ray diffraction, and it looks very much like one arm of a Y-
shaped antibody molecule (Figure 24~42B).

The pools of gene segments that encodethe o and 8 chainsare located on
different chromosomes. Like antibody heavy-chain pools, the T cell receptor
pools contain separate V, D, andJgene segments, which are brought together by
site-specific recombination during T cell developmentin the thymus. With one
exception,all the mechanisms used by B cells to generate antibodydiversity are
also used by T cells to generate T cell receptor diversity. Indeed, the same V(D)J
recombinaseis used, including the RAG proteins discussed earlier. The mecha-
nism that does not operate in T cell receptordiversification is antigen-driven
somatic hypermutation. Thus,the affinity of the receptors remains low (K, ~
105.10’liters/mole), even late in an immuneresponse. Wediscuss later how var-
ious co-receptors and cell-cell adhesion mechanisms greatly strengthen the
binding of aT cell to an antigen-presenting cell or a targetcell, helping to com-
pensate for the low affinity of the T cell recepiors.

Asmall minority ofT cells, instead of making o and f chains, make a differ-
ent butrelated type of receptor heterodimer, composed ofy and 6 chains. These
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Figure 24-42 AT cell receptor
heterodimer.(A) Schematic drawing
showing that the receptor is composed of
an o and a [3 polypeptide chain. Each chain
is about 280 amino acids long and has a
large extracellular pare that is folded Into
two lg-like domains—one variable (V) and
one constant (C). The antigen-binding site
is formed by aVq and aVg domain (shaded
In biue). Unlike antibodies, which have two
binding sites for antigen,T cell receptors
have only one. The a8 heterodimeris
noncovalently associated with a large set
of invarlant membrane-bound proteins
(not shown), which heip activate the T cell
when the T cell receptors bind to antigen.
A typical T cell has about 30,000 such
receptor complexes on Its surface. (B) The
three-dimensional structure of the

extracellular part of aT ceil receptor. The
antigen-binding site is formed by the
hypervariable loops of both the Vo, and Vg
domalns(red), and It Is similar in its overall
dimensions and geometry to the antigen-
binding site of an antibody molecule,
(B, based on K.C, Garela etal., Sclence
274:209-219, 1996.)
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cells arise early in development and are found mainly in epithelia (in the skin
and gut, for example). Their functions are uncertain, and we shall not discuss
them further.

As with antigen receptors on B cells, the T cell receptorsare tightly associated
in the plasma membrane with a numberof invariant membrane-bound pro-
teins that are involved in passing the signal from an antigen-activated receptor
to the cell interior. We discuss these proteins in moredetail later. First, however,
we need to consider how cytotoxic and helper T cells function and the special
ways in which they recognize foreign antigen.

Antigen-Presenting Cells Activate T Cells

Before cytotoxic or helper T cells can kill or help their target cells, respectively,
they must be activated to proliferate and differentiate into etfector cells. This
activation occurs in peripheral lymphoid organs on the surface of antigen-pre-
sentingcells that display foreign antigen complexed with MHCproteinson their
surface.

There are three main types of antigen-presenting cells in peripheral lym-
phoid organsthat can activate T cells—dendritic cells, macrophages, and B cells.
The most potentof these are dendritic cells (Figure 24-43), whose only known
function is to present foreign antigens to T cells. Immature dendritic cells are
located in tissues throughoutthe body,includingthe skin, gut, and respiratory
tract. When they encounter invading microbes atthese sites, they endocytose
the pathogensor their products and carry them via the lymphto local lymph
nodes or gut-associated lymphoid organs. The encounter with a pathogen
induces the dendritic cell to mature from an antigen-capturingcell to an anti-
gen-presenting cell that can activate T cells (see Figure 24-5),

Antigen-presenting cells display three types of protein molecules on their
surface that have a role in activating aT cell to becomeaneffectorcell: (1) MHC
proteins, whichpresentforeign antigen to the T cell receptor, (2) costimulatory
proteins, which bind to complementary receptors on the T cell surface, and
(3) cell-cell adhesion molecules, which enable a T cell to bind to the antigen-
presenting cell for long enough to becomeactivated (Figure 24—44).

Before discussing the role of MHC proteins in presenting antigento T cells,
weconsiderthe functions of the two majorclasses of T cells.

Effector Cytotoxic T Cells Induce Infected Target
Cells to Kill Themselves

Cytotoxic T cells provide protection against intracellular pathogens such as
viruses and some bacteria and parasites that multiply in the host-cell cyto-
plasm, where they are sheltered from attack by antibodies. They provide this
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Figure 2443 Immunofluorescence
micrographof a dendritle call In
culture. These crucial antigen-prasent)
cells derive their name from thelr long.
processes, or “dendrites.” Thecall haw
beenlabelled with a Monoclonal antibo

these cells. (Courtesy of David Karz.)

Figure 24-44 Three types of proteins
on the surface of an antigen-
presenting cell invalved in activating
aT cell. The invariant polypeptide chains
that are stably associated with the T cell
receptor are not shown.
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protection by killing the infected cell before the microbes can proliferate and
escape from the infected cell to infect neighboringcells.

Once a cytotoxicTcell has been activated by an infected antigen-presenting
cell to becomean effector cell, it can kill any targetcell infected with the same
pathogen. WhentheeffectorTcell recognizes a microbial antigen on the surface
of an infected targetcell, it focuses its secretory apparatus on the target, We can
observe this behavior by studying effector T cells boundto their targets: when
labeled with anti-tubulin antibodies, the T cell centrosomeis seen to be oriented
toward the point of contact with the targetcell (Figure 24-45). Moreover,anti-
body labeling shows that talin and other proteins that help link cell-surface
receptorsto cortical actin filaments are concentrated in the cortex of the T cell
at the contact site. The aggregation of T cell receptors at the contact site appar-
ently leadsto a local alteration in the actin filaments in the cell cortex. A micro-
tubule-dependent mechanism then moves the centrosome andits associated
Golgi apparatus toward the contactsite, focusing the killing machinery on the
target cell. A similar cytoskeletal polarization is seen when an effector helper T
cell interacts functionally with a target cell.

Once boundtoits target cell, a cytotoxic T cell can employat least twostrate-
gies to kill the target, both of which operate by inducing the target cell to kill
itself by undergoing apoptosis (discussed in Chapter 17). In killing an infected
target cell, the cytotoxic T cell usually releases a pore-forming protein called
perforin, which is homologous to the complement component C9 (see Figure
25-42) and polymerizesin the target cell plasma membraneto form transmem-
brane channels, Perforin is stored in secretory vesicles of the cytotoxicTcell and
is released by local exocytosis at the point of contact with the target cell. The
secretory vesicles also contain serine proteases, which are thought to enter the
target cell cytosol through the perforin channels. One of the proteases, called

  
Meh

10 um

Figure 24-45 Effector cytotoxic T cells killing target cells in culture. (A) Electron micrograph
showing an effactor cytotoxic T cell binding to the target cell. The cytotoxic T cells were obtained from mice
immunized with the targetcells, which are foreign tumorcells, (B) Electron micrograph showing a cytotoxic
T cell and a tumorcell that the T cell has killed. In an animal, as opposed to in a tissue culture dish, the killed
target cell would be phagocytosed by neighboring cells long before It disintegrated in the way thatit has
here. (C) Immunofluorescence micrograph of aT cell and tumorcell after staining wich anti-cubulin
antibodies. Note that the centrosome In the T cell and the microtubules radiating from it are oriented
toward the point ofcell-cell contact with the target cell, See also Figure 16—-97A,(A and B,from D.Zagury,
J. Bernard, N.Thierness, M. Feldman, and G, Berke, Eur. . immunol, 5:818-822, 1975; C, reproduced from
B. Geiger, D. Rosen, and G.Berke,J. Cell Biol, 95:137-]43, !982,@The Rockefellar University Press.)
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granzymeB, cleaves, andthereby activates, one or more members of the caspase
family of proteases that mediate apoptosis. These caspases then activate other
caspases, producinga proteolytic cascade that helpskill the cell (discussed in
Chapter 17) (Figure 24-46A). Mice in whichthe perforin geneis inactivated can-
not generate microbe-specific cytotoxic T cells and show increased susceptibility
to certain viral and intracellular bacterial infections.

In the second killing strategy, the cytotoxic T cell also activates a death-
inducing caspase cascade in the target cell but does it less directly. A
homotrimeric protein on the cytotoxic T cell surface called Fas ligand binds to
transmembrane receptor proteins on the target,cell called Pas. The binding
alters the Fas proteins so that their clustered cytosolictails recruit procaspase-8
into the complex via an adaptorprotein. The recruited procaspase-8 molecules
cross-cleave and activate each other to begin the caspase cascadethat leadsto
apoptosis (Figure 24-46B). CytotoxicTcells apparently use this killing strategy to
help contain an immune response onceit is well underway, bykilling excessive
effector lymphocytes, especially effectorTcells: if the gene encoding either Fas
or Fas ligand is inactivated by mutation, effector lymphocytes accumulate in
vast numbers in the spleen and lymph nodes, which become enormously
enlarged.

Effector Helper T Cells Help Activate Macrophages,
B Cells, and Cytotoxic T Cells
In contrast to cytotoxicTcells, helperT cells are crucial for defense against both
extracellular and intracellular pathogens. They help stimulate B cells to make
antibodies that help inactivate or eliminate extracellular pathogens andtheir
toxic products. They activate macrophagesto destroy any intracellular pathogen
multiplying within the macrophage’s phagosomes,and they help activate cyto-
toxic T cells to kill infected target cells.

Once a helper T cell has been activated by an antigen-presenting cell to
becomeaneffectorcell, it can then help activate othercells. It does this both by
secreting a variety of cytokines and by displaying costimulatory proteins onits
surface. When activated by an antigen-presenting cell, a naive helper T cell can
differentiate into either of two distinct types of effector helper cell, called Ty1
and Ty2. TJ cells mainly help activate macrophages and cytotoxic T cells,
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Figure 24-46 Two strategies by ‘
whicheffector cytotoxic T cells kill
their targetcells. (A) The cytotoxic
T cell (Tc) releases perforin and ‘

proteolytic enzymes onto the surface of |
an Infected targetcell by localized

exocytosis. The high concentration of Cate
in the extracellular fluid causes the
perforin to assemble Into transmembran,
channels, which are thoughtto allow tha _
proteolytic enzymes to enter the targer
cell cytosol. One of the enzymes, :
granzyme B, cleaves and activatesspecifie
procaspases, therebytriggering the
proteolytic caspase cascade leading to
apoptos's. (B) The hometrimeric Fas ligand
on the cytotoxic T cell surface binds to
and activates Fas receptor protein on tha
surface of a target cell. The cytosolic tall of
Fas contains a death domain, which, when
activated, binds to an adaptorprotein,
which In turn recruits a specific
procaspase (procaspase-8). Clustered
procaspase-8 molecules then cleave one
another to produce active caspase-8
molecules thatinitiate the proteolytic
caspase cascade leading to apoptosis.
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whereas Ty2 cells mainly help activate B cells (Figure 24~47), As we discusslater,
the nature of the invading pathogen andthetypesof innate immuneresponses
it elicits largely determine which type of helper T cell develops. This, in turn,
determinesthe nature of the adaptive immuneresponses mobilized to fight the
invaders.

Before discussing how helperT cells function to activate macrophages, cyto-
toxic T cells, or B cells, we need to consider the crucial role of MHC proteins in
T cell responses,

T Cells Recognize Foreign Peptides Bound to MHC Proteins

Asdiscussedearlier, both cytotoxic T cells and helperT cells are initially activated
in peripheral lymphoid organs by recognizing foreign antigen on the surface of
an antigen-presenting cell, usually a dendritic cell. The antigen is in the form of
peptide fragments that are generated by the degradationofforeign proteinanti-
gensinside the antigen-presentingcell. The recognition process dependson the
presencein the antigen-presenting cell of MHCproteins, which bindthesefrag-
ments, carry them to the cell surface, and present them there, along with a co-
stimulatory signal, to the T cells. Once activated, effector T cells then recognize
the same peptide-MHC complex on the surfaceof the targetcell they influence,
which may bea B cell, a cytotoxic T cell, or an infected macrophagein the case
of a helper T cell, or a virus-infectedcell in the case of a cytotoxic T cell.

MHCproteins are encoded by a large complex of genes called the major
histocompatibility complex (MHC). There are two main structurally and func-
tionally distinct classes of MHCproteins: class J] MHCproteins, which present
foreign peptides to cytotoxic T cells, and class If MHC proteins, which present
foreign peptides to helper cells (Figure 24-48).

 
 

 
 

T cell receptor

claes | fragment class Il fragment
MHC of foreign MHC of foreign
protein protein protein protein

antigen-presentingcell
or targetcell
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Figure 24-47 Differentiation of naive
helper T cells into either Ty! or Ty2
effector helpercells in a peripheral
lymphoid organ.The antigen-presenting
cell and the characteristics of the

pathogenthatactivated it mainly
determine which type of effector helper
cell develops.

Figure 24-48 Recognition by T cells
of foreign peptides bound to MHC
proteins. Cytotoxic T calls recognize
foreign peptides in association withclass|
MHCproteins, whereashelperT cells
recognize foreign peptides in association
with class Il MHC proteins. In both cases,
the peptide-MHC complexes are
recognized on the surface of an antigen-
presenting cell or a targetcell.
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Before examining the different mechanisms by which protein antigens are
processed for display to the two main classes of Tcells, we must look more
closely at the MHCproteins themselves, which have such an importantrole in T
cell function.

MHC Proteins Were Identified in Transplantation
Reactions Before Their Functions Were Known

MHCproteins were initially identified as the main antigens recognized in trans-
plantation reactions. When organ grafts are exchanged betweenadult individu-
als, either of the same species (allografts) or of different species (xenografts),
theyare usually rejected.In the 1950s, skin grafting experiments betweendiffer-
ent strains of mice demonstrated that graft rejection is an adaptive immune
response to the foreign antigens on the surface of the grafted cells. Rejectionis
mediated mainly by T cells, which react against genetically “foreign” versions of
cell-surface proteins called histocomparibility molectles ( from the Greek word
histos, meaning “tissue”). The MHCproteins encoded by the clustered genes of
the major histocompatibility complex (MHC) are by far the most important of
these. MHC proteins are expressed on the cells of all higher vertebrates. They
werefirst demonstrated in mice, where they are called H-2 antigens (histocom-
patibility-2 antigens). In humans they are called HLA antigens (human-leuco-
cyte-associated antigens) because they were first demonstrated on leucocytes
(white blood cells).

Three remarkable properties of MHC proteins baffled immunologists for a
long time, First, MHC proteins are overwhelmingly the preferred antigens rec-
ognized in T-cell-mediated transplantation react ions. Second, an unusually
large fraction of Tcells are able to recognize foreign MHC proteins: whereas
fewer than 0.001% of an individual's T cells respond to a typical viral antigen,
more than 0.1% of them respond to a single foreign MHCantigen. Third, some
of the genes that code for MHCproteins are the most polymorphic known in
higher vertebrates. That is, within a species, there is an extraordinarily large
numberofalleles (alternative forms of the same gene) present (in some cases
more than 200), without any oneallele predominating. As eachindividual has at
least 12 genes encoding MHC proteins(see later), it is very rare for two unrelated
individuals to have an identical set of MHCproteins. This makesit very difficult
to match donorandrecipient for organ transplantation unless they are closely
related,

Of course, a vertebrate does not need to protectitself against invasion by
foreign vertebrate cells. So the apparent obsession of its T cells with foreign
MHCproteins and the extreme polymorphism of these molecules were a great
puzzle, The puzzle was solved only afterit was discovered that (1) MHC proteins
bind fragmentsofforeign proteins and display them on the surface of host cells
for T cells to recognize, and (2) T cells respondto foreign MHC proteins in the
same way they respondto self MHCproteins that have foreign antigen bound
to them.

Class | and Class ll MHC Proteins Are Structurally
Similar Heterodimers

Class I and class If MHCproteins have very similar overall structures. They are
both transmembraneheterodimerswith extracellular N-terminal domainsthat
bind antigen for presentation toTcells,

Class | MHC proteins consist of a transmembrane « chain, whichis encoded
by a class 1 MHC gene, and a small extracellular protein called B»-microglobulin
(Figure 24-49A). The Bz-microglobulin does not span the membrane and is
encoded by a gene that does notlie in the MHC gene cluster, The o chain is
folded into three extracellular globular domains(¢), 02, 3), and the «3 domain
and the Ba-microglobulin, which are closest to the membrane, are both similar
to an Ig domain, The two N-terminal domains of the o chain, whichare farthest
from the membrane, contain the polymorphic(variable) amino acids that are
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recognized by T cells in transplantation reactions. These domainsbind a peptide
and presentit to cytotoxic T cells.

Like class I MHCproteins, class II MHC proteins are heterodimers with two
conserved Ig-like domains close to the membrane and twa polymorphic (vari-
able) N-terminal domainsfarthest from the membrane.In these proteins, how-
ever, both chains (« and B) are encoded by genes within the MHC,and both span
the membrane (Figure 24-49B). The two polymorphic domainsbind a peptide
and presentit to helper T cells.

The presenceof Ig-like domainsin class I andclass II proteins suggests that
MHCproteins and antibodies have a commonevolutionary history. The loca-
tions of the genes that encodeclass I and class II MHCproteins in humansare
shown in Figure 24-50, where weillustrate how an individual can make six types
of class ] MHC proteins and morethansix types of class II proteins.

In addition to the classic class I MHC proteins, there are many nonclassical
class IMHC proteins, which form dimers with B2-microglobulin. These proteins
are not polymorphic, but some of them present specific microbial antigens,
including somelipids and glycolipids,to T cells, The functions of most of them,
however, are unknown.

B chain

centromere
class {| MHC gones class | MHC geneses|

 
human
chromosome 6

pe!
HLA complex

Figure 24-50 Human MHCgenes.This simplified schematic drawing
showsthe location of the genes that encode the transmembrane subunits of
classI(light green) and class II (dark green) MHC proteins.The genes shown
encode three types ofclass | proteins (HLA-A, HLA-B, and HLA-C) and
three types ofclass Il MHC proteins (HLA-DP, HLA-DQ,and HLA-DR). An
individual can therefore make six types of class | MHC prateins (three
encoded by maternal genes and three by paternal genes) and more than six
types of class Il MHC proteins.The number ofclass {| MHC proteins that
can be madeIs increased because there are two DR fi genesand because
maternally encoded and paternally encoded polypeptide chains can
sometimespalr. 
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Figure 24—49 Class | and class I]
MHCproteins. (A) The o chain of the
class | molecule has three extracellular

domains, &), &2 and 073, encoded by
separate exons,It is noncovalently
associated with a smaller polypeptide
chain, B2-microglobulin, which is not
encoded within the MHC.The a3 domain
and B2-microglabulln are Ig-like. While
B2-microglobulin is invariant, the o chain Is
extremely polymorphic, mainly in cha 0
and 02 domains. (B) In class It MHC
proteins, both chains are polymorphic,
mainly in the a and B; domains; the a2
and B2 domainsare ig-like. Thus, there are
striking similarities between class ! and
class I] MHC proteins, In both, the two
outermost domains (shadedin blue)
interact to form a groove that binds
peptide fragments of foreign proteins and
presents them to T cells
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Figure 24-51 The three-dimensional structure of a humanclass |
MHCprotein as determined by x-ray diffraction analysis of crystals
of the extracellular part of the molecule. The extracellular part of the
protein was cleaved from the transmembrane segmentby the proteolytic
enzyme papain before crystallization. (A) Each of the two domains closest to,
the plasma membrane(cu and B2-micraglobulin) resembles a typicalIg
domain (see Figure 24-34), while the two domainsfarthest from the
membrane (a) and 0) are very similar co each other and together form a
peptide-binding groove at the top of the molecule, (B) The peptide-binding
groove viewed from above.The small peptides that co-purified with the
MHC protein are shown schematically. (After PJ. Bjorkman, M.A. Saper,
B. Samraoui,WS. Bennett,|.L. Strominger, and D.C.Wiley, Nature
329:506—5 12, 1987.)
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An MHCProtein Binds a Peptide and Interacts
with aT Cell Receptor

Anyindividual can makeonly a small numberofdifferent MHCproteins, which
together must be able to present peptide fragments from almost any foreign
protein to T cells. Thus, unlike an antibody molecule, each MHC protein has to
be able to bind a very large numberofdifferent peptides. Thestructural basis for
this versatility has emerged from x-ray crystallographic analyses of MHC pro-
teins.

As shown in Figure 24-51A,a class 1 MHC protein hasa single peptide-bind-
ing site located at one end ofthe molecule, facing away from the plasma mem-
brane.Thissite consists of a deep groove between two long « helices; the groove
narrows at both ends sothatit is only large enough to accommodate an extended
peptide about 8-10 amino acids long, In fact, when a class 1 MHC protein was
first analyzed by x-ray crystallography in 1987, this groove contained bound
peptides that had co-crystallized with the MHCprotein (Figure 24-518), sug-
gesting that once a peptide bindsto this siteit does not normally dissociate.
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Atypical peptide binds in the groove of a class I MHCprotein in an extended
onformation, with its terminal amino group boundto an invariant pocket at

pne end of the groove andits terminal carboxyl group boundto an invariant
pocket at the other end of the groove. Other aminoacids(called “anchor amino
pcids”) in the peptidebindto “specificity pockets” in the groove formedbypoly-
morphic portions of the MHCproiein (Figure 24-52). The side chains of other

ino acids of the peptide point outward, in a position to be recognized by
eptors on cytotoxic T cells. Because the conserved pockets at the ends of the

binding groove recognize features of the peptide backbonethat are common to
nll peptides, eachallelic form ofa class I MHCprotein can binda large variety of

eptides of diverse sequence, At the sametime, the differing specificity pockets
hlong the groove, which bind particular amino acid side chainsof the peptide,
ensure that each allelic form binds and presents a distinct characteristic set of
peptides. Thus,the six types of class | MHCproteins in an individual can present
p broad range of foreign peptides to the cytotoxic T cells, but in each individual
hey do so in slightly different ways.

Class II MHCproteins have a three-dimensional structure that is very simi-
ar to thatof class I proteins, but their antigen-binding groove does not narrow

at the ends, so it can accommodate longer peptides, which are usually 13-17
amino acids long, Moreover,the peptide is not boundatits ends.It is held in the
mroove by parts ofits peptide backbonethat bindto invariant pockets formed by
onserved aminoacids that lineall class II MHC peptide-binding grooves, as
all as by the side chains of anchor aminoacids that bind to variable specificity

pockets in the groove (Figure 24-53). A class II MHC binding groove can accom-
modate a more heterogeneousset of peptides than can a class I MHC groove.
Thus, although an individual makes only a small numberof typesofclass II pro-
sins, each with its own unique peptide-binding groove, together these proteins

an bind and present an enormousvariety of foreign peptides to helperT cells,
ch have a crucial role in almost all adaptive immuneresponses,
The way in which the T cell receptor recognizes a peptide fragment bound

to an MHCprotein is revealed by x-ray crystallographic analyses of complexes
formed betweena soluble receptor and a soluble MHC protein with peptide in
ts binding groove. (The soluble proteins for these experiments are produced by
recombinant DNA technology.) In each case studied, the T cell receptor fits
diagonally across the peptide-binding groove and binds through its Vo and Vg
hypervariable loops to both the walls of the groove and the peptide (Figure
24-54). Soluble MHC-peptide complexes are now widely used to detect T cells
With a particular specificity; they are usually cross-linked into tetramers to
ncreasetheir avidity for T cell receptors.
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Figure 24-52 A peptide boundin the
groove of a class | MHC protein,
(A) Schematic drawing of a top view of
the groove.The peptide backbone|s
shown as a string of red balls, each of
which represents one of the nine amine
acids of the peptide, The terminal amino
and carboxyl groups ofthe peptide
backbonebind to Invariant pockets at the
ends of the groove, while the side chains
of several anchor aminoacids of the

peptide bind to variable specificity pockets
In the groove, (B) The three-dimensional
structure of a peptide bound In the
groove of a class | MHC protein,as
determinedby x-ray diffraction,
(B, courtesy of Paul Travers.)
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MHC Proteins Help Direct T Cells to Their
Appropriate Targets

Class I MHC proteins are expressed on virtually all nucleatedcells. This is pre-
sumably because effector cytotoxic T cells mustbe able to focus on andkill any
cell in the body that happens to becomeinfected with an intracellular microbe
such as a virus. Class II proteins, by contrast, are normally confinedlargely to
cells that take up foreign antigens from the extracellularfluid and interact with
helper T cells. These include dendritic cells, which initially activate helper T
cells, as well as the targets of effector helperTcells, such as macrophages and B
cells. Because dendritic cells express both class I andclass II MHCproteins, they
can activate both cytotoxic and helperT cells.

It is important that effector cytotoxic T cells focus their attack on cells that
maketheforeign antigens (suchasviral proteins), while helperT cells focus their
help mainly oncells that have taken up foreign antigens from the extracellular
fluid. Since the formertypeoftargetcell is always a menace,while thelatter type
is essential for the body’s immunedefenses,it is vitally important that T cells
never confuse the two target cells and misdirect their cytotoxic and helper
functions. Therefore, in addition to the antigen receptor that recognizes a pep-
tide-MHC complex, each of the two major classes of T cells also expressesa co-
receptorthat recognizes a separate, invariant part of the appropriate class of
MHCprotein. These two co-receptors, called CD4 and CD8,help direct helper
T cells and cytotoxicT cells, respectively, to their appropriate targets, as we now
discuss. The properies of class J and class II MHC proteins are compared in
Table 24-2.
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peptide

hypervariable
loops

T cell .
receptor peptide

a chaln of
(A) {B) class | MHC protein

1402 Chapter 24: THE ADAPTIVE IMMUNE SYSTEM

 
 
 Figure 24~53 A peptide bound \

the groave of a class |] MHc "4
protein. (A) Schematic drawing since
to that shownin Figure 24-524, Pel |
that the ends of the peptide are noe if i
tightly bound and extend beyong the |
cleft. The peptide is held in the pact
by interactions between parts of i ve
backbone andinvariant pockets In th,
groove and betweentheside chains 2
several anchor aminoacids of the a
peptide and variable specificity pack
in the groove, (B) The three- me
dimensional structure of 3 Peptide
bound in the groove of a class jj MHe
protein, as determined by x-ray
diffraction. (B, courtesy of Paul Travers.)

Figure 24-54 The interaction of a
T cell receptor with a viral peptide
bound to a class | MHC protein.
(A) Schematic view of the hypervariable
loops of the Vg and Vg domains of the
T cell receptor interacting with the
peptide and the walls of the peptide-
binding groove of the MHC protein. The
precise contacts are notillustrated.
(B) Drawing of the “footprint” ofthe
V domains(blue) and hypervariable loops
(dark blue) of che receptor over the =
peptide-binding groove, as determined by
X-ray diffraction. The Vq domain covers
the amino half of the peptide, while Cie
Vg domain covers the carboxy! half. Note
that the receptorIs oriented diagonally
across the peptide-binding groove,
(B, adapted from D.N, Garboczi et al.,
Nature 384:134~-[41, 1996.)
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TABLE 24-2 Properties of Human Class | and Class fl MHC Proteins 

 CLASS| CLASSII

Genetic loci HLA-A, HLA-B, HLA-C DBP DQ, DR

Chain structure o, chain + fz-microglobulin o. chain+ § chain
Cell distribution most nucleatedcells antigen-presentingcells

(includingB cells),
thymusepithelial cells,
someothers

Involved in presenting cytotoxic T cells helper T cells
antigen to

Source of peptide proteins made in cytoplasm endocytosed plasma
fragments membrane and

extracellular proteins

Polymorphic domains 0 + o2 o1+ By
Recognition by CD8 cD4

co-receptor 

CD4 and CD8 Co-receptors Bind to Nonvariable
Parts of MHC Proteins

Theaffinity of T cell receptors for peptide-MHC complexes on an antigen-pre-
senting cell or targetcell is usually too low to mediate a functional interaction
between the twocells byitself. T cells normally require accessory receptors to
help stabilize the interaction by increasing the overall strength of the cell-cell
adhesion. Unlike T cell receptors or MHC proteins, the accessory receptors do
not bind foreign antigens andare invariant.

When accessory receptors also havea directrole in activating the T cell by
generating their own intracellular signals, they are called co-receptors. The
most important and best understood of the co-receptors onTcells are the CD4
and CD68proteins, both of which are single-pass transmembrane proteins with
extracellular Ig-like domains. Like T cell receptors, they recognize MHC pro-
teins, but, unlike T cell receptors, they bind to nonvariable parts of the protein,
far away from the peptide-binding groove. CD4 is expressed on helper T cells
and binds to class II MHCproteins, whereas’CD8 is expressed on cytotoxic T
cells and binds to class ] MHCproteins (Figure 24-55). Thus, CD4 and CD8 con-
tribute to T cell recognition by helping to focus the cell on particular MHCpro-
teins, and thus on particular types of cells—helper T cells on dendritic cells,
macrophages, and B cells, and cytotoxic cells on any nucleated host cell dis-
playing a foreign peptide on a class I MHC protein. The cytoplasmictail of these
transmembraneproteins is associated with a memberofthe Src family ofcyto-
plasmic tyrosine protein kinasescalled Lck, which phosphorylatesvarious intra-
cellular proteins on tyrosines and thereby participates in the activation of the T
cell, Antibodies to CD4 and CD8are widely usedas tools to distinguish between
the two main classes ofT cells, in both humansand experimental animals.

Ironically, the AIDS virus (HIV) makes use of CD4 molecules (as well as
chemokine receptors) to enter helper T cells. It is the eventual depletion of
helper T cells that renders AIDS patients susceptible to infection by microbes
that are not normally dangerous. As a result, most AIDS patients die of infection
within several years of the onset of symptoms, unless they are treated with a
combination of powerful anti-HIV drugs. HIV also uses CD4 and chemokine
teceptors to enter macrophages, which also have both of these receptors on
their surface.

Before a cytotoxic or helper T cell can recognize a foreign protein, the pro-
tein has to be processed inside an antigen-presentingcell or target cell so thatit
can be displayed as peptide-MHC complexes on the cell surface. Wefirst con-
sider how a virus-infected antigen-presentingcell or target cell processes viral
Proteins for presentation to a cytotoxicTcell. We then discuss how ingested for-
eign proteins are processedfor presentation to a helperTcell.
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Figure 24-55 CD4 and CD8
co-receptors on the surface of
T cells. Cytotoxic T calls (Tc) express
CD8, which recognizes class | MHC
proteins, whereas helperT cells (TH)
express CD4, which recognizesclassII
MHC proteins. Note chat the
co-receptors bind to the same MHC
protein that the T cell receptor has
engaged, so that thay are brought together
with T cell receptors during the antigen
recognition process,Whereas the T cell
receptor binds to the variable
(polymorphic) parts of the MHC proteln
that form the peptide-binding groove,the
co-receptor binds to the invarlant part,far
away from the groove,
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Cytotoxic T Cells Recognize Fragments of Foreign Cytosolic
Proteins in Association with Class | MHC Proteins
Oneofthefirst, and most dramatic, demonstrations that MHCproteins present
foreign antigensto T cells camefrom an experimentperformedin the 1970s. It
was found that effector cytotoxic T cells from a virus-infected mouse could kill
cultured cells infected with the same virus only if these target cells expressed
some of the same class 1 MHC proteins as the infected mouse (Figure 24-56).
This experiment demonstrated that theT cells of any individual that recognize a
specific antigen do so only when that antigen is associated with theallelic forms
of MHCproteins expressed by that individual, a phenomenon known as MHC
restriction.

The chemical nature ofthe viral antigens recognized by cytotoxic T cells was
not discovered for another 10 years, In experiments on cells infected with
influenza virus,it was unexpectedly found that someofthe effector cytotoxic T
cells activated by the virus specifically recognize internal proteins of the virus
that would not be accessible in the intact virus particle. Subsequent evidence
indicated that the T cells were recognizing degraded fragments of the internal
viral proteins that were boundtoclass J MHCproteinson the infected cell sur-
face, Because a T cell can recognize tiny amountsofantigen (as few as one hun-
dred peptide~MHC complexes), only a small fraction ofthe fragments generated
from viral proteins have to bindto class I MHCproteins andgetto thecell sur-
faceto attract an attack by an effector cytotoxicTcell.

Theviral proteins are synthesized in the cytosolof the infected cell. As dis-
cussed in Chapter 3, proteolytic degradation in the cytosol is mainly mediated
by anATP- and ubiquitin-dependent mechanism that operates in profeasomes—
large proteolytic enzyme complexes constructed from manydifferent protein
subunits. Although all proteasomesare probably able to generate peptide frag-
ments that can bind to class 1 MHCproteins, some proteasomes are thought to
be specializedfor this purpose,as they contain two subunits that are encoded by
genes located within the MHC chromosomal region. Even bacterial protea-
somescutproteins into peptides of about the length thatfits into the groove of
a class I MHCprotein, suggesting that the MHC groove evolved tofit this length
of peptide.

How do peptides generated in the cytosol make contact with the peptide-
binding grooveofclass | MHCproteins in the lumenof the endoplasmicreticu-
lum (Figure 24~57)?The answer was discovered through observations on mutant
cells in which class 1 MHCproteinsare notexpressed at the cell surface butare
instead degraded within the cell. The mutant genes in these cells proved to
encode subunits of a protein belongingto the family of ABCtransporters, which
we discuss in Chapter 11, This transporter protein is located in the ER mem-
brane and uses the energy of ATP hydrolysis to pump peptides from the cytosol
into the ER lumen. The genes encodingits two subunits are in the MHC chro-
mosomalregion, and, if either geneis inactivated by mutation,cells are unable
to supply peptides to class 1 MHCproteins. The class | MHC proteins in such
mutant cells are degraded in the cell because peptide binding is normally
required for the properfolding ofthese proteins, Until it binds a peptide, a class
1 MHCprotein remainsin the ER, tethered to an ABCtransporter by a chaperone
protein (Figure 24-58).
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showing that an effector cYtotert N
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strain X are Infected with virus A, i
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fibroblasts and notjust the virus, Pinning
down the difference required the use of
special strains of mice (known as congenic
strains) that either were genetically
identical exceptfor the alleles at their
class | MHC loci or were genetically
different except for these alleles. {n this
way, it was found that che killing of
infected target cells required that they }
express at least one of the sameclass |
MHCalleles as expressed by the original
infected mouse. This suggested that
class | MHC proteins are necessary to
present cell-surface-boundviral antigens
to effector cytotoxic T cells.

Sevan,

endoplasmic
peptide fragment reticulum

 
class | MHC protein

Figure 24-57 The peptide-transport
problem. How do peptide fragments get
from the cytosol, where thay are
produced,Inco the ER lumen, where the
peptide-binding grooves of class | MHC
proteins are located? A special cransport
process [s required.
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In cells that are not infected, peptide fragments come from the cells’ own
cytosolic and nuclear proteins that are degradedin the processes ofnormal pro-
tein turnover and quality control mechanisms, (Surprisingly, more than 30% of
the proteins made by mammalian cells are apparently faulty and are degraded
in proteasomes soon after they are synthesized.) These peptides are pumped
into the ER andare carriedto the cell surface by class I MHC proteins. They are
not antigenic because the cytotoxic T cells that could recognize them have been
eliminated or inactivated during T cell development, as we discusslater.

Whencytotoxic T cells and some helperT cells are activated by antigen to
become effector cells, they secrete the cytokine interferon-y (IFN-y), which
greatly enhances anti-viral responses. The IFN-y acts on infected cells in two
ways. It blocks viral replication, and it increases the expression of many genes
within the MHC chromosomal region. These:genes include those that encode
class I (and class II) MHCproteins, the two specialized proteasome subunits,
and the two subunits of the peptide transporterlocated in the ER (Figure 24-59).

Thus, all of the machinery required for presenting viral antigens to cytotoxic T
cella is coordinately called into action by IFN-y, creating a positive feedback that

amplifies the immune response and culminates in the death of the infected
cells,

Helper T Cells Recognize Fragments of Endocytosed Foreign
Protein Associated with Class Ii MHC Proteins

Unlike cytotoxic T cells, helper T cells do notact directly to kill infected cells so
_ 48 to eliminate microbes.Instead, they stimulate macrophagesto be more effec-
tive in destroying intracellular microorganisms, and they help B cells and cyto-
toxic T cells to respond to microbial antigens.

Like the viral proteins presented to cytotoxic T cells, the proteins presented
to helper T cells on antigen-presenting cells or target cells are degraded frag-
‘Ments of foreign proteins, The fragments are boundto class II MHCproteins in
Much the same waythat virus-derived peptides are boundto class 1 MHCpro-
teins. But both the sourceofthe peptide fragments presented and the route they
take to find the MHC proteinsare different from those ofpeptide fragments pre-
®ented by class I MHCproteins to cytotoxicTcells,

, Rather than being derived from foreign protein synthesized in the cytosol
uo 4 cell, the foreign peptides presented to helper T cells are derived from
“Ndosomes, Some comefrom extracellular microbesor their products that the

F CELLS AND MHC PROTEINS

~~ ABC transporter @ibbaions protein
PROTEQLYSIS OF | sels 20R1SOME VIRAL PROTEIN 28 PEPTIDESINTO
MOLECULESBY ®ee ERLUMEN
PROTEASOMES proteasome peptides

iWITH Bz-MICROGLOBULIN; COMPLEX
1S TRANSPORTED TO THE GOLGI

|

| RNA INTO CYTOSOL
_BINDING OF PEPTIDE TO o CHAIN‘STABILIZES ASSEMBLY OF a CHAIN

Ba-microglobulin

‘Glass | MHC o chain

Figure 24-58 The processing of a
viral protein for presentation to
cytotoxlc T cells. An effector cytotoxic
T cell kills a virus-Infected cell when it

recognizes fragments of viral protein
bound to class | MHC proteins on the
surface of the infected cell. Notall viruses

enter the cell In the way that this
enveloped RNA virus does, but fragments
of internalviral proteins always follow the
pathway shown, Someof the viral protelns
synthesized in the cytosol are degraded,
and this is a sufficient amount to attract

an attack by a cytotoxic T cell.The folding
and assembly of a class | MHC proteinIs
alded:by several chaperone protelns In the
ER lumen, only one of which Is shown. The
chaperones bind to the class | MACa
chain and act sequentially. The last one
binds the MHC protain to the ABC
transporter, as shown,
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antigen-presenting cell has endocytosed and degraded in the acidic environ-
mentof its endosomes. Others come from microbes growing within the endo-
cytic compartmentofthe antigen-presenting cell. These peptides do not haveto
be pumped across a membrane because they do notoriginate in the cytosol;
they are generated in a compartmentthat is topologically equivalent to the
extracellular space. They never enter the lumen of the ER, where the class IT
MHCproteins are synthesized and assembled, but instead bind to preassembled
class II heterodimers in a special endosomal compartment. Oncethe peptide
has bound,the class II MHCprotein alters its conformation, trapping the pep-
tide in the binding groove for presentation at the cell surface to helper T cells.

A newly synthesized class II MHC protein must avoid cloggingits binding
groove prematurely in the ER lumen with peptides derived from endogenously
synthesized proteins. A special polypeptide, called the invariantchain, ensures
this by associating with newly synthesized class II MHC heterodimersin the ER.
Part of its polypeptide chain lies within the peptide-binding groove of the MHC
protein, thereby blocking the groove from binding other peptides in the lumen
of the ER. The invariant chain also directs class II MHC proteins from the trans
Golgi network to a late endosomal compartment. Here, the invariant chain is
cleaved by proteases, leaving only a short fragment boundin the peptide-bind-
ing groove of the MHC protein. This fragmentis then released (catalyzed by a
class IJ-MHC-like protein called HLA-DM), freeing the MHCprotein to bind
peptides derived from endocytosed proteins (Figure 24-60). In this way, the
functional differences between class I and class II MHC proteins are ensured—
the former presenting molecules that come from the cytosol, the latter present-
ing molecules that come from the endocytic compartment.

Mostofthe class I and class Ii MHCproteins on the surface of a target cell
have peptides derived from selfproteins in their binding groove. For class I pro-
teins, the fragments derive from degraded cytosolic and nuclear proteins. For
class II proteins, they mainly derive from degradedproteinsthat originate in the
plasma membraneorextracellular fluid and are endocytosed, Only a small frac-
tion of the 105 or so class II MHCproteinson the surface of an antigen-present-
ing cell have foreign peptides bound to them. This is sufficient, however,
because only a hundred or so of such molecules are required to stimulate a
helperT cell, just as in the case of peptide-class-I-MHC complexes stimulating
a cytotoxic T cell,

Potentially Useful T Cells Are Positively Selected in the Thymus
We have seen that T cells recognize antigen in association with self MHC pro-
teins but not in association with foreign MHC proteins (see Figure 24-56): that
is, T cells show MHCrestriction. This restriction results from a process of posi-
tive selection during T cell developmentin the thymus. In this process, those
immatureT cells that will be capable of recognizing foreign peptides presented
by self MHCproteinsareselected to survive, while the remainder, which would
be of no use to the animal, undergo apoptosis. Thus, MHCrestriction is an
acquired property of the immune system that emerges as T cells develop in the
thymus.

The mostdirect way to studythe selection processis to follow thefate of a set
of developing T cells of known specificity. This can be done by using transgenic

1406 Chapter 24 : THE ADAPTIVE IMMUNE SYSTEM

Figure 24-59 Someeffects of

interferon-y on infected cells. The
activated Interferon~y receptors signa| to
the nucleus, altering gene Transcription
which leads co the effects indicated,The
effects shadedin yellow tend to make the
Infected cell a better target for killing by i
an effector cytotoxic T cell, 4
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mice that express a specific pair of rearranged « and fi T cell receptor genes
derived from a T cell clone of known antigen and MHCspecificity. Such experi-
ments show that the transgenic T cells mature in the thymus and populate the
peripheral lymphoid organs only if the transgenic mousealso expresses the
sameallelic form of MHCprotein asis recognized by the transgenic T cell recep-
tor, If the mouse doesnot express the appropriate MHCprotein, the transgenic
T cells die in the thymus. Thus, the survival and maturation ofa T cell depend on
a match betweenits receptor and the MHCproteins expressed in the thymus.
Similar experiments using transgenic mice in which MHCexpression is con-
fined to specific cell types in the thymus indicate that it is MHC proteins on
epithelial cells in the cortex of the thymusthat are responsiblefor this positive
selection process.After positively selected T cells leave the thymus, their contin-
ued survival depends on their continual stimulation by self-peptide-MHC com-
plexes; this stimulation is enough to promotecell survival but not enough to
activate the T cells to becomeeffectorcells.

As part of the positive selection process in the thymus, developing T cells
| that express receptors recognizing class I MHCproteinsare selected to become
' cytotoxic cells, while T cells that express receptors recognizing class IT MHCpro-

teins are selected to becomehelpercells. Thus, genetically engineered mice that
Jack cell-surface class 1 MHCproteins specifically lack cytotoxic T cells, whereas

mice that lack class If MHCproteinsspecifically lack helperT cells. The cells that
__ are undergoingpositive selectioninitially express both CD4 and CD8 co-recep-

tors, and these are requiredfor the selection process: without CD4,helperTcells
fail to develop, and without CD8, cytotoxic T cells fail to develop.

Positive selection still leaves a large problem to be solved, If developing T
cells with receptors that recognize self peptides associated with self MHC pro-

_ teins were to mature in the thymus and migrate to peripheral lymphoidtissues,
they might wreak havoc. A second, negative selection process in the thymusis| required to help avoid this potential disaster.

 
   folded protein antigen 
 

plasma
membrane

   
    early

DELIVERYTO ENDOSOME CLASS-I-MHCCOMPLEXos sgn eat
iate invariant chain ‘BY HELPER TCELL

endosome / tas ve HLA-OM PROTEIN
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CHAININ BINDING GROOVE ANTIGEN-DERIVED iL ~
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Werecan CHAIN PEPTIDES AND SOME~—\.
class || MHC PROTEIN TO BIENOeOGEETIBESTO LYSOS

aea LATE ENDOSOME FURTHER DEGRADATION
Golgi
apparatus

lysosome
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Figure 24-60 The processing of an extracellular protein antigen for presentation to a helper
T cell, The drawing shows a simplified view of how peptide—class-ll-MHC complexes are formed In
endosomes and delivered to che cell surface. Note that the release of the invarlant-chain fragment from the
binding groove of the class II MHC protein in the endosomeIscatalyzed by a class-Il-MHC-like proteincalled
HLA-DM.Viral glycoproteins can also be processed by this pathway for presentation to helperT cells.
Thay are made in the ER, are transported to the plasma membrane,and can then enter endosomes
after endocytosis,
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Many Developing T Cells That Could Be Activated by Self
Peptides Are Eliminated in the Thymus
As discussed previously, a fundamental feature of the adaptive immune system
is that it can distinguish self from nonself and normally does not react against
self molecules. An important mechanism in achieving this state of immunolog-
ical self tolerance is the deletion in the thymus of developingself-reactive T
cells—thatis, T cells whose receptors bind strongly enough to the complex of a
self peptide and a selfMHCprotein to becomeactivated. Because,as we discuss
later, mostB cells require helperT cells to respond to antigen,the elimination of
self-reactive helperT cells also helps ensurethatself-reactive B cells that escape
B cell tolerance induction are harmless.

It is not enough,therefore, for the thymus to selectforT cells that recognize
self MHCproteins;it mustalso select against T cells that could be activated by
selfMHC proteins complexedwith self peptides, In other words,itmust pick out
for survival just thoseT cells that wil] be capable ofrespondingto self MHC pro-
teins complexed with foreign peptides, even though these peptidesare notpre-
sentin the developing thymus, It is thoughtthat theseTcells bind weakly in the
thymusto self MHCproteins that are carryingself peptides mismatched to the
T cell receptors, Thus, the required goal can be achieved by (1) ensuring the
death ofTcells that bindstronglyto the self-peptide-MHC complexesin the thy-
mus while (2) promoting the survival of those that bind weakly and (3) permit-
ting the death of those that do notbindat all. Process 2 is the positive selection
we havejust discussed. Process1 iscalled negative selection.In both death pro-
cesses, the cells that die undergo apoptosis (Figure 24-61).

The most convincing evidence for negative selection derives once again
from experiments with transgenic mice.After the introduction ofT cell receptor
transgenes encodinga receptorthat recognizes a male-specific peptide antigen,
for example, large numbers ofmatureT cells expressing the transgenic receptor
are foundin the thymusand peripheral lymphoid organs of female mice, Very
few, however, are found in male mice, where the cells die in the thymusbefore
they have a chance to mature, Like positive selection, negative selection requires
the interactionofaT cell receptor and a CD4 or CD8 co-receptorwith an appro-
priate MHCprotein. Unlike positive selection, however, which occurs mainly on

Precursorcell

|DIVERSIFICATION OF TCELL RECEPTORS (TCRe)_

no TCRs TCRs with no TCRswith strong TCRs with weak
expressed recognition of recognition of recognition of

self MHC + self MHC + self MHC +
self peptide self peptide self peptide
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_ DEFAULT DEFAULT ' (signaled death)

| | | SURVIVALand

@ @ MATURATION
apoptotic cell

to peripheral lymphoid organs

1408 Chapter 24: THE ADAPTIVE IMMUNE SYSTEM

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 24-61 Positive and negative
selection In the thymus,Cells:
receptors that would enable the
respondto forelgn peptides in assoc
with self MHC proteins survive, mature,”

and migrate to peripheral lymphold — | ;
organs. All of the othercells undergo
apoptosis. The cells undergoing positl
selection initially express both CD4
CD8co-raceptors. During the p
positive selection, helper T cells (Ty
cytotoxic T cells (Tc) diverge by |
understood mechanism.In this pro
helper cells develop that express
not CD8 and recognize foreign pe
association with class If MHC protel
while cytotoxic cells develop that
CD8 but not CD4 and recognizefor
peptides in association with class |
proteins (not shown).
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the surface of thymusepithelial cells, negative selection occurs on the surface of
thymus dendritic cells and macrophages, which, as we have seen, function as
antigen-presenting cells in peripheral lymphoid organs.

The deletion of self-reactive T cells in the thymus cannot eliminate all
potentially self-reactiveT cells, as someself moleculesare not presentin the thy-
mus. Thus, somepotentially self-reactive T cells are deleted or functionally inac-
tivated after theyleave the thymus, presumably because they recognizeselfpep-
tides bound to MHCproteins on the surface ofdendritic cells that have not been
activated by microbes and therefore do not provide a costimulatory signal. As we
discuss later, antigen recognition without costimulatory signals can delete or
inactivate aT or B cell.

Somepotentially self-reactive T cells, however, are not deleted or inactivated.
Instead, special regulatory (or suppressor) T cells are thought to keep them from
responding to their self antigens by secreting inhibitory cytokines such as TGF-
§ (discussed in Chapter 15). These self-reactive T cells may sometimes escape
from this suppression and cause autoimmunediseases,

The Function of MHC Proteins Explains Their Polymorphism
The role of MHCproteins in binding foreign peptides and presenting them to T
cells provides an explanation for the extensive polymorphism ofthese proteins.
In the evolutionary war between pathogenic microbes and the adaptive
immune system, microbes tend to change their antigens to avoid associating
with MHCproteins. When a microbe succeeds,it is able to sweep through a pop-
wation as an epidemic. In such circumstances, the few individuals that produce
a new MHCprotein that can associate with an antigenof the altered microbe
have a large selective advantage. In addition, individuals with twodifferentalle-
les at any given MHC locus (heterozygotes) have a better chance of resisting
infection than those with identical alleles at the locus, as they have a greater
capacity to present peptides from a wide range of microbesand parasites. Thus,
selection will tend to promote and maintain a large diversity of MHC proteins in
the population. Strong support for this hypothesis, that infectious diseases have
provided the driving force for MHC polymorphism, has come from studiesin
West Africa, Here,it is found that individuals with a specific MHC allele have a
reduced susceptibility to a severe form of malaria. Although the allele is rare
elsewhere,It is found in 25% of the West African population wherethis form of
malaria is common.

If greater MHC diversity means greater resistance to infection, why do we
each have so few MHC genes encoding these molecules? Why have we not
evolved strategies for increasing the diversity of MHC proteins—by alternative
RNAsplicing, for example, or by the genetic recombination mechanismsusedto
diversify antibodies and T cell receptors? Presumably, the limits exist because
each time a new MHCproteinis addedto the repertoire, the T cells that recog-
-hize self peptides in association with the new MHCprotein mustbe eliminated
to maintain self tolerance. The elimination of these T cells would counteract the

advantage of adding the new MHCprotein.Thus, the number of MHCproteins
We express may represent a balance between the advaniages of presenting a
wide diversity of foreign peptides to T cells against the disadvantagesof severely
restricting the T cell repertoire during negative selection in the thymus. This
explanation is supported by computer modelingstudies.

Summary
There are two mainfunctionally distinctclasses ofTcells: cytotoxicTcells kill infected
Cells directly by inducing them to undergo apoptosis, while helper T cells help actt-
ee B cells to make antibody responses and macrophages to destroy microorgan-
td that either invaded the macrophage or were ingested by it, Helper T cells alsa
ae activate cytotoxicTcells,Both classes ofTcells express cell-surface, antibodylike
‘tela which are encoded by genes that are assembled from multiple gene seg-

&nts duringTcell developmentin the thymus. These receptors recognizefragments
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offoreign proteins that are displayed on the surface of host cells in association
with MHCproteins. Both cytotoxic and helper T cells are activated in peripheral
lymphoid organs by antigen-presenting cells, which express peptide-MHC com-
plexes, costimulatory proteins, and various cell-cell adhesion molecules on their
cell surface.

Class [and class IfMHCproteins have crucialroles in presentingforeign protein
antigens to cytotoxic and helper T cells, respectively. Whereas class I proteins are
expressed on almostall vertebratecells, class II proteins are normally restricted to
those cell types that interact with helperTcells, such as dendritic cells, macrophages,
and B lymphocytes. Both classes of MHCproteins have a single peptide-binding
groove, which binds small peptidefragments derivedfrom proteins, Bach MHCpro-
tein can bind a large and characteristic set ofpeptides, which are produced intra-
cellularly by protein degradation:class I MHCproteins generally bind fragments
producedinthecytosol, while class IIMHCproteins bindfragments produced in the
endocytic compartment, After they have formed inside the target cell, the pep-
tide-~MHC complexes are transported to the cell surface. Complexes that contain @
peptide derived from a foreign protein are recognized by T cell receptors, which
interact with both the peptide and the walls of the peptide-binding groove.Tcells
also express CD4 or CD8&co-receptors, which recognize nonpolymorphic regions of
MHCproteins onthe target cell: helper cells express CD4, which recognizes class If
MHCproteins, while cytotoxic Tcells express CD8, which recognizes class 1 MHC pro-
teins.

TheT cell receptor repertoire is shaped mainly by a combinationofpositive and
negative selection processes that operate during T cell developmentin the thymus,
These processes help to ensure that onlyTcells with potentially useful receptors sur-
vive and mature, while the othersdie byapoptosis,Tcells that wiUbe able to respond
to foreign peptides complexed with selfMHC proteins are positively selected, while
many T cells that could react strongly with selfpeptides complexed with selfMHC
proteins are eliminated,Tceils with receptors that could react strongly with self
antigens not present in the thymus are eliminated, functionally inactivated, or
actively kept suppressed after they leave the thymus.

HELPER T CELLS AND LYMPHOCYTE ACTIVATION
Helper T cells are arguably the most importantcells in adaptive immunity, as
they are required for almostall adaptive immuneresponses. They not only help
activate B cells to secrete antibodies and macrophages to destroy ingested
microbes, butthey also help activate cytotoxicTcells to kill infected target cells.
As dramatically demonstrated in AIDSpatients, without helperT cells we cannot
defend ourselves even against many microbesthat are normally harmless.

Helper T cells themselves, however, can only function when activated to
becomeeffector cells. They are activated on the surface of antigen-presenting
cells, which mature during the innate immune responses triggered by an infec-
tion, The innate responsesalso dictate what kind of effector cell a helper T cell
will develop into and thereby determine the nature of the adaptive immune
responseelicited,

In this final section, we discuss the multiple signalsthathelp activate aT cell
and how a helperTcell, once activated to become an effectorcell, helps activate
other cells. We also consider how innate immune responses determine the
nature of adaptive responses by stimulating helper T cells to differentiate into
either Ty! or Ty2 effector cells.

Costimulatory Proteins on Antigen-Presenting
Cells Help Activate T Cells
To activate a cytotoxic or helper T cell to proliferate and differentiate into an
effectorcell, an antigen-presenting cell provides two kinds of signals. Signal 1 is
provided by a foreign peptide bound to an MHCprotein on the surface of the
presentingcell. This peptide~MHC complex signals through the T cell receptor

1410 Chapter 24 : THE ADAPTIVE IMMUNE SYSTEM
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andits associated proteins. Signal 2 is provided by costimulatory proteins, espe-
cially the B7 proteins (CD80 and CD86), which are recognized by the co-recep-
tor protein CD28 on the surface of the T cell. The expression of B7 proteins on
an antigen-presentingcell is induced by pathogens during the innate response
to an infection. Effector T cells act back to promote the expression of B7 proteins
on antigen-presenting cells, creating a positive feedback loop that amplifies the
T cell response,

Signal 2 is thought to amplify the intracellular signaling process triggered by
signal 1, IfaT cell receives signal 1 without signal 2, it may undergo apoptosis or
becomealtered so that it can no longer be activated, even if it later receives
both signals (Figure 24-62). This is one mechanism by which a T cell can
becomefolerant to self antigens.

TheTcell receptor does not act on its own to transmit signal 1 into the cell.
It is associated with a complex ofinvariant transmembraneproteinscalled CD3,
which transduces the binding of the peptide-MHC complex into intracellular
signals (Figure 24-63). In addition, the CD4 and CD68co-receptors play impor-
tant parts in the signaling process, asillustrated in Figure 24-64.

The combinedactionsofsignal 1 and signal 2 stimulate theT cell to prolif-
erate and begin to differentiate into an effector cell by a curiously indirect
mechanism.In culture, they cause the T cells to stimulate their own prolifera-
tion and differentiation by inducingthe cells to secrete a cytokinecalled inter-
leukin-2 (IL-2) and simultaneously to synthesize high affinity cell-surface
receptors that bindit. The binding of IL-2 to the IL-2 receptors activates intra-
cellular signaling pathways that turn on genes that help theT cells to proliferate
and differentiate into effector cells (Figure 24-65). As discussed in Chapter 15,
there are advantages to such an autocrine mechanism.It helps ensure thatT ceils
differentiate into effector cells only when substantial numbers of them respond
to antigen simultaneously in the samelocation, such as in a lymph node during
an infection. Only then do IL-2 levels rise high enough to beeffective.

Once boundto the surface of an antigen-presentingcell, a T cell increases
the strength of the binding by activating an integrin adhesion protein called
lymphocyte-function-associated protein 1 (LFA-1). Activated LFA-1 now binds
More strongly to its Ig-like ligand, intracellular adhesion molecule 1 (ICAM-1),
On the surface of the presenting cell, This increased adhesion enablesthe T cell
to remain bound to the antigen-presenting cell long enough for the T cell to
becomeactivated.

Theactivation of aT cell is controlled by negative feedback. During theacti-
vation process, the cell starts to express another cell-surface protein called

HELPER T CELLS AND LYMPHOCYTE ACTIVATION

Figure 24-62 The twosignals that
activate a helper T cell. (A) A mature
antigen-presentingcell can deliver both
signal | and 2 and thereby activate the
T cell. (B) An Immature antigen-presenting
cell delivers signal | without signal 2,
which can kill or inactivate the T cell; this

is one mechanism for immunological
toleranceto self antigens. Qne model for
the role of signal 2 is that it Induces the
active transport ofsignaling proteins In
the T cell plasma membraneto the site of
contact between the T cell and the

antigen-presenting cell. The accumulation
of signaling proteins around theTcell
receptor is thoughtto greatly enhance the
intensity and duration of the signaling
process activated bysignal |, In this way,
“immunological synapses” form in the
contact zone, with the T cell receptors
{and their associated proteins—see Figure
24-63) and co-receptorsin the center and
celHeell adhesion proteins forming a
peripheral ring (not shown).

T cell regcaptor

CYTOSOL 
Figure 24-63 TheTcell receptor and
its associated CD3 complex. All ofthe
CD3polypeptide chains (shown in green),
exceptfor the ¢ (zeta) chains, have
extracellular Ig-like domains and are
therefore members ofthe |g superfamily.
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CTLA-4, whichacts to inhibit intracellular signaling. It resembles CD28, butit
binds to B7 proteins on the surface of the antigen-presenting cell with much
higheraffinity than does CD28, and, whenit does,it holds the activation process
in check, Mice with a disrupted CTLA-4 gene die from a massive accumulation
of activated T cells.

Most ofthe T (andB) effector cells produced during an immune response
must be eliminated after they have donetheir job. As antigen levelsfall and the
responsesubsides, effector cells are deprived of the antigen and cytokinestim-
ulation that they needto survive, and the majority die by apoptosis. Only mem-
ary cells and some long-lived effectorcells survive.

Table 24-3 summarizes someof the co-receptors and other accessory pro-
teins found on thesurface ofTcells.

Before considering how effector helper T cells help activate macrophages
and B cells, we need to discuss the two functionally distinct subclasses of effec-
tor helperT cells, Ty1 and T;2cells, and how they are generated.

The Subclass of Effector Helper T Cell Determines
the Nature of the Adaptive Immune Response
Whena an antigen-presentingcell activates a naive helperTcell ina peripheral
lymphoid tissue, the T cell can differentiate into either a Tyl or Ty2 effector
helpercell. These two types of functionally distinct subclassesofeffector helper
T cells can be distinguished by the cytokines theysecrete,If the cell differenti-
ates into a Ty)cell,itwill secrete interferon~y (IFN-y) and tumornecrosisfactor-a:
(TNF-a) and will activate macrophages to kill microbes located within the
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Figure 24-64The signaling :
initiated by the binding of “°"S
peptide-MHC complexes to
T cell receptors (signa) When
T call receptors are clustered a
binding to peptide-MHC COmplax,
on an antigen-presenting call, Coq
molecules on helpercells oy
molecules on cytotoxic T cals are
clustered with chem, binding to
invariant parts of the same chgs Il 6
class | MHC proteins, respective) y
the presenting cell.This brings the tl
Sre-like cytoplasmic tyrosing
Lckinto the signaling complex and
activatesit. Once activated, Le,
phosphorylates tyrosines on thy
Gand € chains of the CD3 com
which now serve as docking sites fe
yet another cytoplasmic tyrosina
kinase called ZAP-70, Lek

phosphorylates, and theraby act)
ZAP-70, Although not shown, ZAP-70
then phosphorylates tyrosines on the
tall of another transmembrane

protein, which then serve as docking
sites for a varlety of adaptor proteins
and enzymes. These proteins then
help relay che signal to the nucleus
and other parts ofthe cell by
activating the Inositol phospholipid
and MAP kinase signaling pathways
(discussed in Chapter 15), as well as a
Rho family GTPase that regulates the
actin cytoskeleton (discussed in
Chapter 16).

 

Figure 24-65 The stimulationof
T cells by IL-2 in culture. Signals | and
2 activate T cells to make high affinity IL-2
receptors and to secrete {L-2. The binding,
of IL-2 to Its receptors helps stimulate me
cell to proliferate and differentiate into
effectorcells,Although someT calls do
not make IL-2, as long as they have bean
activated by thelr antigen and therefore
express IL-2 receptors, they can be hel
t0 proliferate and differentiate by IL-2
madeby neighboring T cells (not show?)
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macrophages’ phagosomes.It will also activate cytotoxic T cells to kill infected
cells. Although, in these ways, Ty] cells mainly defend an animal againstintra-
cellular pathogens,they mayalso stimulateB cells to secrete specific subclasses
of IgG antibodies that can coatextracellular microbes andactivate complement.

If the naive T helpercell differentiates into a Ty2 cell, by contrast, it will
secrete interleukins 4, 5, 10, and 13 (IL-4, IL-5, IL-10, and IL-13) and will mainly
defend the animal against extracellular pathogens. A Tj;2 cell can stimulate B
cells to make mostclasses of antibodies, including IgE and some subclasses of
[gG antibodies that bind to mast cells, basophils, and eosinophils. Thesecells
release local mediators that cause sneezing, coughing, or diarrhea and help
expel extracellular microbes and larger parasites from epithelial surfaces of the

ody.P Thus, the decision of naive helper T cells to differentiate into Ty1 or Ty2
effector cells influences the type of adaptive immune response that will be
mounted against the pathogen—whetherit will be dominated by macrophage
activation or by antibody production.The specific cytokines present during the
process of helperT cell activation influencethetypeofeffector cell produced.
Microbesata site ofinfection not only stimulate dendritic cells to make cell-sur-

face B7 costimulatory proteins; they also stimulate them to produce cytokines.
The dendritic cells then migrate to a peripheral lymphoid organ and activate
naive helper T cells to differentiate into either Tz] or Ty2 effectorcells, depend-
ing on the cytokinesthe dendritic cells produce. Someintracellular bacteria,for
example, stimulate dendritic cells to produce IL-12, which encourages Ty1
development, and thereby macrophage activation. As expected, mice that are
deficient in either IL-12 orits receptor are much more susceptible to these bac-
terial infections than are normal mice. Manyparasitic protozoa and worms, by
contrast, stimulate the production of cytokines that encourage Ty2 develop-
ment, and thereby antibody production and eosinophil activation, leading to
parasite expulsion (Figure 24—66).

Once a Ty1 or Ty2 effector cell develops,it inhibits the differentiation of the
| othertype ofhelperTcell. IFN-yproduced by Ty]cells inhibits the development
| ofTy2 cells, while IL-4 and IL-10 produced by Ty2cells inhibit the development

of Ty1 cells. Thus, the initial choice of responseis reinforced as the response
proceeds,

TABLE 24-3 Some Accessory Proteins on the Surface ofT Cells
A

PROTEIN® SUPERFAMILY EXPRESSED ON LIGAND ON FUNCTIONS
i TARGET CELL

CD3 complex Ig (except all T cells — helps transduce signal when antigen-MHC
for ¢) complexesbind to T cell receptors; helps

transport T cell receptors to cell surface
CD4 Ig helper T cells class I] MHC promotes adhesion to antigen-presenting

cells and to target cells; signals T cell
CDs Ig cytotoxic T cells class I MHC promotes adhesion to antigen-presenting

cells and infected target cells; signals T cell
CD28 Ig most T cells B7proteins provides signal 2 to someT cells

(CD80 and CD86)
| CTLA Ig activated T cells—_B7 proteins inhibits T cell activation

(CD80 and CD86)

CD40 ligand_—Fasligand effector helper CD40 costimulatory protein that helps activate
family T cells macrophages andB cells

LFA-] integrin most white blood ICAM-1 promotescell-cell adhesion
cells, including
all T cells

  
"CD stands for clusterof differentiation, as each of the CD proteins was originally defined as a blood cell “differentiation antigen”
-Tecognized by multiple monoclonal antibodies, Their identification depended on Jarge-scate collaborative studies in which hundredsof
Auch antibodies, generated in many laboratories, were compared and foundto consist ofrelatively few groups(or “clusters”), each
Tcognizing a single cell-surface protein. Since these initial studies, however, more than 150 CD proteing have beenidentified.
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Ty CELL ACTIVATION

The importance ofthe T};1/T}2 decision is illustrated by individuals infected
with Mycobacterium leprae, the bacterium that causes leprosy. The bacterium
replicates mainly within macrophages and causeseither of two formsofdisease,
depending mainly on the genetic make-up ofthe infected individual. In some
patients,the tuberculoid form ofthe disease occurs. Tul cells develop and stim-
ulate the infected macrophagestokill the bacteria, This produces a local inflam-
matory response, which damagesskin and nerves. The result is a chronic disease
that progresses slowly but doesnotkill the host. In other patients, by contrast,
the lepromatous form ofthe disease occurs. Ty2 cells develop andstimulate the
production of antibodies, As the antibodies cannot get through the plasma
membrane to attack the intracellular bacteria, the bacteria proliferate
unchecked and eventually kill the host,

Ty! Cells Help Activate MacrophagesatSites of Infection
Ty1 cells are preferentially induced by antigen-presenting cells that harbor
microbesin intracellular vesicles.The bacteria that cause tuberculosis for exam-
ple, replicate mainly in phagosomes inside macrophages, where they are pro-
tected from antibodies. Theyare also notreadily attacked by cytotoxic T cells,
which mainly recognize foreign antigens that are produced in the cytosol(see
Figure 24-58). The bacteria can survive in phagosomes because they inhibit
both the fusion of the phagosomeswith lysosomes andtheacidification of the
phagosomesthat is necessary to activate lysosomal hydrolases, Infected den-
dritic cells recruit helperT cellsto assist in the killing of such microbes. The den-
dritic cells migrate to peripheral lymphoid organs, where they stimulate the pro-
duction of Ty;1 cells, which then migrate to sites of infection to help activate
infected macrophages to kill the microbes harboring in their phagosomes(see
Figure 24-66).

Ty1 effector cells use two signals to activate a macrophage, They secrete
IFN-y, which binds to IFN-y receptors on the macrophage surface, and they dis-
play the costimulatory protein CD40 ligand, which binds to CD40 on the
macrophage (Figure 24-67). (Weseelater that CD40 ligandis also used by helper
T cells to activateBcells.) Once activated, the macrophagecankill the microbes
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Figure 24-66 Theactivation ofTy
and TH2 cells. The differentiation of
helper T celts into either Ty! or Ty2
effector cells determines the nature of the

subsequent adaptive immune responses
that the effector cells activate.Whether a

naive helper T cell becomes aTy! or TH2
cell depends malnly on the cytokines
present when the helper T cell is activated
by a mature dendritic cell in a peripheral
lymphoid organ.The types of cytokines
produced depend on thelocal
environment and the nature of the
microbe or parasite that activated the
immature dendritic cell at the site of
infection, IL-12 produced by mature
dendritic cells promotes TH! cell
development,The cytokine(s) produced by
dendritic cells that promotes T}2 cell
development(cytokine X) is not known.
although IL-4 produced by T cells ean
serve this function. In this figure, the
effectorTy! cell produced in the
peripheral lymphold organ migrates co the
site ofinfection and helps a macrophage
kill the microbes ic has phagocytosed.The
effectorT}2 cell remains in the lymphold
organ and helps activate a B cell £0
produce antibodies against the parasite.
The antibodies arm mast cells, basophils,
and eosinophils (not shown), which then
can help expel the parasite from the gute
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jt contains: lysosomes can now fuse more readily with the phagosomes,
unleashing a hydrolytic attack, and the activated macrophage makes oxygen
radicals and nitric oxide, both of which are highly toxic to the microbes (dis-
cussed in Chapter 25). Because dendritic cells also express CD40, the Tyy1 cells at
sites of infection can also help activate them. Asaresult, the dendritic cells
increase their production of class II MHC proteins, 87 costimulatory proteins,
and various cytokines, especially IL-12. This makes them more effective at stim-
ulating helperT cells to differentiate into Ty1 effector cells in peripheral lym-
phoid organs, providing a positive feedback loop that increases the production
ofTi] cells and, thereby, the activation of macrophages,

Ty! effector cells stimulate an inflammatory response by recruiting more
phagocyticcells into the infected site. They do so in three ways:

| 4, They secrete cytokines that act on the bone marrow to increase the pro-
duction of monocytes (macrophageprecursorsthatcirculate in the blood)
and neutrophils.

_ 2. They secrete other cytokines that activate endothelial cells lining local
blood vessels to express cell adhesion molecules that cause monocytes
and neutrophils in the blood to adhere there.

3. They secrete chemokinesthatdirect the migration of the adherent mono-
cytes and neutrophils out of the bloodstream into thesite of infection.

Ty] cells can also help activate cytotoxic T cells in peripheral lymphoid
organsby stimulating dendritic cells to produce more costimulatory proteins. In
addition, they can help effector cytotoxicTcells kill virus-infected target cells, by
secreting IFN-y, which increases the efficiency with which target cells process
viral antigens for presentation to cytotoxic T cells (see Figure 24-59). An effector
Tyi cell can also directly kill somecellsitself, including effector lymphocytes: by
expressing Fas ligand on its surface, it can induce effector T or B cells that
express cell-surface Fas to undergo apoptosis (see Figure 2446B).

mature dendritic call with
ingested bacteria i  
 
 

 
  

 
 

effector TH’ cell

bacterlum

 
   clase ll

MHC
protein

bacterial
peptide  

bacteria

interferon-y
receptor receptor

naive helper T ceil infacted macrophage

  
Figure 24-67 Thedifferentiation ofTu! cells and their activation of macrophages.(A) An infected
dendritic cell that has migrated froma site of infection to a peripheral lymphoid organ activates a naive
helper T cell to differentiate into a Ty! effector cell, using both cell-surface B7 and secreted IL-12. (B) ATH!
effector cell that has migrated fram the peripheral lymphoid organ to an infected site helps activate
macrophagesto kill the bacteria harboring within the macrophages’ phagosomes.TheT cell activates the
macrophage by means of CD40ligand onits surface and secreted interferon-y.
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Both Ty] and Ty2cells can help stimulateBcellsto proliferate and differen-
tiate into either antibody-secreting effector cells or memory cells. They can also
stimulate B cells to switch the class of antibody they make, from IgM (and IgD)
to one of the secondary classes of antibody. Before considering how helper T
cells do this, we needto discuss therole ofthe B cell antigen receptorin the acti-
vation of B cells.

Antigen Binding Provides Signal | to B Cells
LikeT cells, B cells require two typesofextracellular signals to becomeactivated.
Signal 1 is provided by antigen bindingto the antigen receptor, which is a mem-
brane-bound antibody molecule. Signal 2 is usually provided by a helperT cell.
Like aTcell, if a B cell receives thefirst signal only, it is usually eliminated or
functionally inactivated, which is one way in which B cells become tolerant to
self antigens.

Signaling through theB cell antigen receptor works in much the same way
as signaling through theTcell receptor (see Figure 24-64). The receptor is asso-
ciated with two invariant protein chains, Igo. and Ig, which help convertanti-
gen bindingto the receptorinto intracellular signals. When antigen cross-links
its receptors on the surface of a B cell, it causes the receptors andits associated
invariant chainsto cluster into small aggregates, This aggregation leads to the
assemblyofan intracellular signaling complex at the site of the clustered recep-
tors andto the initiation of a phosphorylation cascade (Figure 24-68).

Just as the CD4 and CDBco-receptors on T cells enhancetheefficiency of
signaling through theT cell receptor, so a co-receptor complex that binds com-
plementproteins greatly enhances theefficiency ofsignaling through theBcell
antigen receptor andits associated invariant chains. Ifa microbe activates the
complementsystem (discussed in Chapter 25), complementproteins are often
deposited on the microbesurface, greatly increasing the B cell response to the
microbe, Now, when the microbeclusters antigen receptors on aBcell, the com-
plement-binding co-receptor complexes are broughtinto thecluster, increasing
the strength of signaling (Figure 24~-69A). As expected, antibody responses are
greatly reduced in mice lackingeither oneofthe required complement compo-
nents or complementreceptors onBcells,

Later in the immuneresponse, by contrast, when IgG antibodies decorate
the surface of the microbe, a different co-receptof comes into play to dampen
down theB cell response, These are Fe receptors, which bindthetails of the IgG
antibodies. They recruit phosphatase enzymes into the signaling complex that
decrease the strength of signaling (Figure 24-698). In this way the Fe receptors
on B cells act as inhibitory co-receptors, just as the CTLA-4 proteins do on T
cells, Thus, the co-receptors on aT cell or B cell allow thecell to gain additional
information about the antigen boundtoits receptors and thereby make a more
informed decision as to how to respond.

Unlike T cell receptors, the antigen receptors on B cells do more thanjust
bind antigen and transmit signal 1. They deliver the antigen to an endosomal

foreign antigenB cell receptor
a

 
Figure 24-68 Signaling events
activated by the bindIng of antigen
to B cell receptors (signal !). The
antigen cross-links adjacent receptor
proteins, which are cransmembrane
antibody molecules, causing the receptors
and their associated invariant chains(I20
and IgB)to cluster.The Sre-like tyrosine
kinase associated with the cytosolle tail of
Igjoins thecluster and phosphorylates
Igor and Ig (for simplicity, only the
phosphorylationon Igfi Is shown). The
resulting phosphotyrosines on Igand 'g8

\ serve as docking sites for another Sreclike
tyrosine kinase called Syk, whichIs
homologous to ZAP-70 in T calls (see
Figure 24-64), Like ZAP-70, Syk becomes

__ phosphorylaced and relays thesignal
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compartment wherethe antigen is degraded to peptides, which are returned to
the B cell surface boundto class II MHC proteins (see Figure 24-60). The pep-
tide-class-II-MHC complexes are then recognized by effector helper T cells,
which can now deliver signal 2. Signal 1 prepares the B cell for its interaction
with a helperTcell by increasing the expression of both class II MHC proteins
and receptorsfor signal2.

Helper T Cells Provide Signal 2 to B Cells

Whereas antigen-presenting cells such as dendritic cells and macrophagesare
omnivorous and ingest and present antigens nonspecifically, a B cell generally
presents only an antigen that it specifically recognizes. In a primary antibody
response, naive helper T cells are activated in a peripheral lymphoid organ by
binding to a foreign peptide boundto a class II MHC protein onthe surface of a
dendritic cell. Once activated, the effector helper T cell can then activate a B cell
that specifically displays the same complexof foreign peptide and class [I] MHC
protein on its surface (see Figure 24-66).

Thedisplay of antigen on the B cel] surface reflects the selectivity with which
it takes up foreign proteins from the extracellular fluid. These foreign proteins
are selected by the antigen receptors on the surface of the B cell and are ingested
by receptor-mediated endocytosis, They are then degraded andrecycled to the
cell surface in the form of peptides bound to class II MHC proteins. Thus, the
helper T cell activates those B cells with receptors thatspecifically recognize the
antigen that initially activated the T cell, although the T andBcells usually rec-
ognize distinct antigenic determinants on the antigen (see Figure 24-70). In
secondary antibody responses, memoryB cells themselves can act as antigen-
presenting cells and activate helperT ceils, as well as being the subsequenttar-
gets of the effector helper T cells, The mutually reinforcing actions of helper T
cells and B cells lead to an immune responsethat is both intense and highly
specific.

Oncea helper T cell has been activated to becomean effectorcell and con-
tacts a B cell, the contactinitiates an internal rearrangementofthe helpercell
cytoplasm. TheT cell orients its centrosome and Golgi apparatus toward the B
cell, as described previously for an effector cytotoxic T cell contacting its target
cell (see Figure 24-45). In this case, however, the orientationis thought to enable
the effector helperT cell to provide signal 2 by directing both membrane-bound
and secreted signal molecules onto the B cell surface. The membrane-bound
signal molecule is the transmembrane protein CD40 ligand, which we encoun-
tered earlier and is expressed on the surface of effector helper T cell, but not on
nonactivated naive or memory helperT cells,It is recognized by the CD40 pro-
tein on the B cell surface. The interaction between CD40 ligand and CD40 is
required for helperT cells to activate B cells to proliferate and differentiate into

HELPER T CELLS AND LYMPHOCYTE ACTIVATION

 

Figure 24-69 The influence of B cell
co-receptors on the effectiveness of
signal |. (A) The binding of
microbe-complement complexes to a
B cell cross-links che antigen receptors to
complement-binding, co-receptor
complexes. The cytosclic tail of one
componentof the co-receptor complex
becomes phosphorylated ontyrosines,
which then serve as docking sltes for
PI 3-kinase.As discussed in Chapter |5,
PI 3-kinase is actlvated to generate
inositol phospholipid docking sites in the
plasma membrane, which recruit
intracellular signaling proteins (not
shown). Thesesignaling proteins act
together with the signals generated by the
Syk kinase to amplify the response,
(B) When IgG antibodies become bound
to foreign antigen,usually late in a
response,the Fe regions of the antibodies
bind to Fe receptors on the B cell surface
and are thus recruited into the signaling
complex. The Fc receptors become
phosphorylated on tyrosines, which then
serve as docking sites for an Inositol
phospholipid phosphatase.The
phosphatase dephosphorylates the Inositol
phopholipid docking sites in the plamsa
membrane generated by Pl 3-kinase,
thereby reversing the activating effects of
PI 3-kinase. The Fe receptorsalso Inhibit
signaling by recruiting protein tyrosine
phosphatases into the signaling complex
(not shown).
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memory or antibody-secreting effector cells. Individuals that lack CD40 ligand
are severely immunodeficient. They are susceptible to the sameinfections that
affect AIDS patients, whose helperT cells have been destroyed.

Secreted signals from helperT cells also help B cells to proliferate and dif-
ferentiate and, in somecases,to switch theclass ofantibody they produce.Inter-
leukin-4 (IL-4) is one such signal. Produced by Tx2cells, it collaborates with
CD40 ligand in stimulating B cell proliferation and differentiation, and it pro-
motes switching to IgE antibody production. Mice deficient in IL-4 production
are severely impairedin their ability to make IgE.

The signals required for T and B cell activation are compared in Figure
24-70, and someof the cytokines discussed in this chapter are listed in Table
24-4,

Someantigens can stimulate B cells to proliferate and differentiate into anti-
body-secreting effector cells without help from T cells. Most of these T-cell-inde-
pendent antigens are microbial polysaccharides that do not activate helper T
cells. Someactivate B cells directly by providing both signal 1 and signal 2. Oth-
ers are large polymers with repeating, identical antigenic determinants(see Fig-
ure 24-29B); their multipoint bindingto B cell antigen receptors can generate a
strong enough signal 1 to activate the B cell directly, without signal 2. Because z
T-cell-independent antigens do notactivate helperT cells, they fail to induce B eed

TABLE 24~4 Properties of Some Interleukins 

 CYTOKINE SOME SOURCES SOME TARGETS SOME ACTIONS  

 
  

 
 
 
 
 

 
 
 
 
 

  

  

 
 

all helperT cells; all activated T cells stimulates proliferation
somecytotoxicT cells; and B cells and differentiation
activated mastcells ,

IL-4 Ty2 cells and mastcells B cells and Ty cells stimulates B cell proliferation, ,
maturation, and class switching to
IgE and IgG1; inhibits Ty! cell
development ’

IL-5 Ty2 cells and mastcells B cells, eosinophils promotesproliferation and maturatl
IL-10 Ty2 cells, macrophages, macrophages and inhibits macrophages and Ty1 cell

and dendritic cells Tulcells development
IL-12 B cells, macrophages, naive T cells induces Ty2cell developmentand —

and dendritic cells inhibits Ty] cell development
IFN-y Ty! cells B cells, macrophages, activates various MHC genes and

endothelial cells macrophages; increases MHC
expression in many cell types

Ty]lcells and macrophages_endothelial cells activates   
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cell memory, affinity maturation, or class switching, all of which require help
from T cells. They therefore mainly stimulate the production of low-affinity (but
high-avidity) IgM antibodies. Most B cells that make antibodies without T cell
help belongto a distinct B cell lineage. They are called B1 cells to distinguish
them from B2 cells, which require T cell help, B1 cells seem to be especially
important in defense against intestinal pathogens.

Immune Recognition Molecules Belong
to an Ancient Superfamily

Mostofthe proteins that mediate cell-cell recognition or antigen recognition in
the immunesystem contain Ig or Ig-like domains, suggesting that they have a
commonevolutionary history. Includedin this Ig superfamily are antibodies, T
cell receptors, MHCproteins, the CD4, CD8, and CD28 co-receptors, and most
of the invariant polypeptide chains associated with B and T cell receptors, as
well as the various Fc receptors on lymphocytes and other white bloodcells.All
of these proteins contain one or more IgorIg-like domains.In fact, about 40%
of the 150 or so polypeptides that have been characterized on the surface of
white blood cells belongto this superfamily. Many of these molecules are dimers
or higher oligomers in which Igor Ig-like domains of one chain interact with
those in another(Figure 24-71).

The amino acids in each Ig-like domain are usually encoded by a separate
exon. It seems likely that the entire gene superfamily evolved from a gene cod-
ing for a single Ig-like domain—similar to that encoding B2-microglobulin (see
Figure 24-50A) or the Thy-1 protein (see Figure 24~71)—that may have mediat-
ed cell-cell interactions. There is evidence that such a primordial gene arose
before vertebrates diverged from their invertebrate ancestors about 400 million
years ago, New family members presumably arose by exon and gene duplica-
tions,

The multiple gene segments that encode antibodies and T cell receptors
may have arisen when a transposable element, or transposon (discussed in

Figure 24-71 Someof the
membraneproteins belonging to the
Ig superfamily. The Ig and Ig-like
domains are shaded in gray, except for the
antigen-binding domains (notall of which
are Ig domains), which are shaded In blue,
The function ofThy-| Is unknown,butIt is
widely used to Idenitfy T cells in mice. The
Ig superfamily also includes many cell-
surface proteins involvedIn cell-cell
Interactions outside the immune system,
such as the neural cell-adheslon molecule

(N-CAM)discussed in Chapter |9 and the

¢ = disulfide bond

 
Thy-1 Fe receptor class | MHC class Il MHC T cell transmembrane IgM receptors for various protein growth

Protein protein receptor factors discussed In Chapters 15 and 17

generated by gene-segment (not shown),There are about 765
“rearrangement membersof the Ig superfamily In humans.

e

 
e

Igoe (op _——————s|CDsCD3 complex
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Chapter5), inserted into an exon of a gene encodingan Ig family memberin an
ancestral lymphocyte-like cell. The transposon may have contained the ances-
tors of the rag genes, which,as discussed earlier, encode the proteins that initi-
ate V(D)J joining; the finding that the RAG proteins can act as transposonsin a
test tube strongly supportsthis view. Oncethe transposon hadinsertedinto the
exon, the gene could be expressed only if the transposon wasexcised by the RAG
proteins and the two endsof the exon were rejoined, much as occurs when the
the V and j gene segments of an Ig light chain gene are assembled (see Figure
24-37), A secondinsertion of the transposon into the same exon may then have
divided the gene into three segments, equivalent to the present-day V; D, and J
gene segments, Subsequent duplication ofeither the individual gene segments
or the entire split gene may have generated the arrangements of gene segments
that characterize the adaptive immunesystemsofpresent-day vertebrates.

Adaptive immunesystems evolved to defend vertebrates against infection
by pathogens, Pathogens, however, evolve more quickly, and they have acquired
remarkably sophisticated strategies to counter these defenses, as we discuss in
Chapter25.

Summary

NaiveTcells require at least two signalsfor activation. Both areprovided byan anti-
gen-presenting cell, which is usually a dendritic cell: signal I is provided by
MHC-peptide complexes binding to Tcell receptors, while signal2 is mainly provided
by B7 costimulatory proteins binding to CD28 on the T cell surface. If the T cell
receives only signalI,it ts usually deleted or inactivated. When helperT cells areini-
tially activated on a dendriticcell, they can differentiateinto either Ty1 or Tu2 effec-
tor cells, depending on the cytokines in their environment: Ty] cells activate
macrophages, cytotoxicTcells, and B cells, while Ty2 cells mainly activate B cells. In
both cases, the effector helperTcells recognize the same complex offoreign peptide
and class I!MHCprotein onthe target cell surface as they initially recognized on the
dendritic cell that activated them. They activate their target cells by a combination
ofmembrane-bound and secreted signal proteins. The membrane-bound signal is
CD40 ligand. Like T cells, B cells require two simultaneous signals for activation.
Antigen binding to the B cell antigen receptors provides signal 1, while effector
helperT cells provide signal 2 in theform ofCD40 ligand and various cytokines,

Mostofthe proteins involved in celi-cell recognition and antigen recognition in
the immunesystem, includingantibodles, Tcell receptors, andMHCproteins, as well
as the various co-receptors discussed in this chapter, belong to the ancient Ig super-
Jamily. This superfamily is thought to have evolvedfrom a primordialgene encoding
a single Ig-like domain.
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